Investigation of "Whole Tree" Combustion in a
Packed-Bed.

by

ABDOULAYE OUEDRAOGO

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of

Doctor of Philosophy

Department of Mechanical and Aerospace Engineering

Raleigh

1994

APPROVED By:

o_M ML"%@OAJ

Dr.J. M. Anthony Danby

Dr. R. R. Johnson / Dr.M. N. Ozisik

obl W

Co;chalr of Advxso&§ Committee hair of Advisory Committee




DEDICATION

This work is dedicated to my wife, ZOURATA OUEDRAOGO and son

CHECK ABBAS TEWENDE for their love and understanding.

index-ii



BIOGRAPHY

Mr. A. OUEDRAOGO holds a Licence de Physique (1977) de I’ Universite Chech Anta
Diop de DAKAR (west Africa), a Maitrise de Recherche es Sciences Physiques Appli-
quees (1978) and a Diplome D’ Etudes Approfondies (D.E.A.) D’ Energie Solaire (1980)
from the same University. Prior to joining (1987) the Institut de Mathematique et Phy-
sique now the Faculte des Sciences et Techniques de I’ Universite de OUAGADOU-
GOU (west Africa), Mr. A. OUEDRAOGO has work as managing officer for SOLAR
POMPS (6 units of 1 KW Rankine Cycle type Pomps, known as Thermodymanics
pomps and 1 Photovoltaic Pomp of 4.5 KW) and latter earned (1986) a Master of Sci-
ence in Mechanical Engineering Degree from the Department of Mechanical Engineer-
ing of the University of TUSKEGEE (U.S.A.) where he has investigated the use of bio-

fuels in farm equipments. |

index-iii



ACKNOWLEDGEMENTS

The author wishes to express his deepest appreciation and thanks to Dr. James C.
Mulligan and Dr. John G. Cleland, Co-chairmen of his advisory committee, who have

given their time generously in guiding and reviewing all the work.,

The author wishes to thank Dr. M. N. Ozisik for exposing him to many new topics

and for serving in his advisory committee.

The author also wishes to thank Dr. R. R. Johnson for fruitful discussions and for

serving on his advisory committee.

The author also wishes to thank Dr. J. M. Anthony Danby for serving on his advisory

comimittee.

The author would gratefully like to acknowledge the financial support and encourage-

ment of the African-American Institute through the AFGRAD Fellowship.

Finally, the author wishes to thank his Parents and Parents-in-law for their under-
standing and encouragement, ldrissa Ouedraogo and Ron E. Burke for their constant

support.

index-iv



TABLE OF CONTENTS

Page
LIST OF FIGURES. .......ootitieticteetietesteessesreesnesensiessssornsnasssssnsssssseassassasasnsessesasass ix
LIST OF TABLES ..o ietereiieei et eeseesersisssessstssssssesnesssssesssssassassassssassessasssaces Xii
1. A quasi-steady shrinking core analysis of wood
COMDUSLION........oovrvereeverrstesreessesncs s eseseesbsessesssesssesssesasesssenne 1
L.l ADSITACK....cceiiiiieeeieteeeceeeerreseeseateesssreneessiteeseseaeecessessssesenesssseesassesssastesene 2
1.2 Introduction.........cceerveinnenne oo e 2
1.3 Shrinking core model..........ccoccviiiininniiiiiii 5
1.3.1 Equations of the shrinking core model............cccoeeiiivnnnnnnenenncnnenn. 6
1.4 Modeling of the mass transfer coefficient
and char Jayer thiCKINEsS. ........ccovievriiriieeciiniectccreeniierre e st reesa e e e sreae 9
1.4.1 Modeling of the mass transfer coefficient..........ccceoeveecenenrinirsnecnennn. 9
1.4.2 Modeling of the char layer thickness............. et eertes e ee e raiaas Tleeeeneennes 11
1.5 Model validation.........ccoceeriiriiiiiiiieiiiaieeiecinnretennie e cte e sre et e e be e eenas 13
1.6 CONCIUSION.....uiiitiiiriieteeireteettr it et et eesae e sbaeesaesete s taseasesnsessenssessens 15
L7 REfEIONCES. . uviceieeiereieeeereereteeeenersre e et esreesstteestaessesessestsesssess sessensnesrens 31

index-v



1.8  INOMENCIATUTIEC. .....ooveeeeeeieeeeeetiriiireeeeeeeeeereeeessiereeeaeeeesessossnranesesarsssaaaaaas 32
1.9 APPENAiX.euitiririeiriieiiiin it e 33

1.9.1 Code for a single fuel element combustion model.............c.cccoceenecs 34

2. A quasi-steady state shrinking core model of
"whole tree" combustion in a countercurrent

fixed-bed reactor..........cocoemenrreneieenrecse e 43
2.1 ADSETACK...cueiieeeeeeeerceeenienat ettt et r s sas s sane s s en 44
2.2 INOAUCHION......cc.eiieeeeeeneeemereeertreieteeeee s cresreetesseeseneessreee s e e e neecnne 44
2.3 Model develOPmMENt.........ccccveurremeirrereieieiieeeerretrete e eereeseeeseesseeseessesaaees 46
2.3.1 Burning rate submodel..........ccccccoiriiiriiiniiiinre e 46
2.3.2 Conservation equations in the solid phase..........c.ccccceeviiniinnecianannn. 49
2.3.3 Conservation equations in the gas phase..........cccocvueeerrinnievieeveeennennee. 51
2.4 Results and diSCUSSION.....c..cceecuerrmtriiriierriiiecereritenteeteesiee e e e esaeese e 53
2.5 CONCIUSION.......eecuiriiiierieeeceteete ettt s e s e esaeeetseeae e bs e resneetsenbeersesnas 55
2.6 REfEreNCES.......cooviriiiiciiiieticteerte ettt 78
2.7 NOMENCIAUTE. ..ottt ettt 79
2.8 APPENIX...uiiiiiiiiiiiict et 82
2.8.1 Code for the quasi-steady model...........c.coovveviererriiriiiiiiiiiieeeeee. 83

index-vi



3. Transient moving boundary shrinking core model

of "whole tree" combustion in a countercurrent

fixed-bed reaCtOr.........co.oovireee e 91
3.1 ADSITACE. c.veiei ittt ettt a e re e 91
3.2 INFOAUCHION. .....oveueececnrcciiietcnereniererinerese st ssssssssssnnees 92
3.3 Upper region modeling : Preheat submodel..........cccoooiiiiiiiniinninnis 94
3.4 Solid phase cOMbBUSHON. ......ccccoceiviiriniiiniiiiiine e 97
3.4.1 Shell combustion submodel............cccoovuerviininininniniieciinnneienes 97
3.4.2 Core drying and pyrolysis submodel...........cccoveiviivcnnniniinninnennne 99
3.4.3 Core-shell interface modeling.......c.ccceeceeevviiiiiiicvencciennenneecininnennne 100
3.5 Gas phase COMbBUSHON........c.cceiiieiirientinireieeeeece e 100
3.6 Numerical method : Finite Difference Approximation ............................. 101
3.6.1 Internal NOAES. ... .cocveerireriiiieeteeceeecrre e sttt sae e 102
3.6.2 Convective boundary nodes..........cceeeeeeeeeernienrcennieennreeeseeeeereresseennns 104
3.6.3 Centerline NOAES........coocuiiiiiiiiiirieeieete sttt ere et e et e e eee e 104
3.6.4 Interface NOAES. ......c.coroviiiiiiiiiieciceiie ettt eete et e e e vr e s seeesnenreanns 105
3.6.5 Determination of the time Step.......ccccoveeriervirvieriinnrieee e 105
3.6.6 Bed spatial Brid..........ccooiiiviviineciiiiiiiicin et 106
3.7 Continuous Mapping Variable Grid Method : CMVGM........................... 106
3.8 Results and diSCUSSION. ........ccoiiiiiiiiereieeniir et et ee et 110
3.8.1 Preheat profile...........coccoeiiiiiiiiiiiiicee e 110
3.8.2 CMVGM solution of the combustion model...............ccccooeevvinvennnnnnne.. 111
3.9 CONCIUSION. c...eitiiiieterierten et te ettt ettt s et eeeeeeeeenesaes 113
310 REfEIONCES. ....ueeeeiiieririeeiie ettt ettt e 127

index-vii



311 NOMENCIATUTE. ...ttt ettt e e eeaseessseserranaas 128
312 APPENAIX...iiiiiiiiiiiiiicc e e 132
3121 CMVGM COAC....eeeeeeeeeeeeeeee et eteeeeeereneaessarraaeeeeeeneennaaaeenans 133

index-viii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
2.1
22
23
24
25

2.6

LIST OF FIGURES

Fuel element model........cccccoviiiniiiiiiiiniiiiiiinnineeee
Energy balance at the char surface.........ccccoovniiniinnniiiiininn
Energy balance at the core surface..........ccococvvivviiiiniiniinincnnnne
Fractional mass 10SS........cocceriiiiiiiimniinecceccccereerereeaeeeenenns
Normalized radial shrinking rate.............ccccooeviiinniiinincinieenenes
Burnout time of 10 mm cubic particles..........cccoceeeevirininvnicinneenee
Variation of burnout time with radius..........occcovereveercircivemecrcrcenne
Effect of moisture on burnout time.......ccccocceveerererenennccsenreneenenne
Burnout time of small particles...........c.ccceevveiniiiiecceneeneeceeee e,
Moisture effect on average shrinking rate..............ccccoueevvvverrieennnnnn.
Char layer thickness of small particles..........cccocvvrorrvnnnnieciesrennenne.
Char layer thickness of 10 cm long chunkwood..............ccceunen.e.e.
Surface temperature of 10 cm long chunkwood..............ccocveneeee..
Surface temperature of 10 cm long chunkwood, a =72%................
Effect of moisture on particles burnout time..........c.ccocovvereievironnene.
"Whole tree" burn fuel conversion sequence....................ccooueeene.....
"Whole tree" burn power plant.............c.ccoeeveeieiuviviiiiiiieeieeeeennn

FUCL eIl .ot

.....................................................
..................................

.......................................

Page
17
18
18
19
20
21
22
23
24
25
26
27
28
29
30
58
59
49
60
61

62

index-ix



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.7
2.8
29
2.10
2.11
2.12
2.13
2.14
2.15

2.16

2.17

2.18
2.19
2.20
2.21
3.1
32
33
34
3.5
3.6

3.7

Effect of fuel elements size on combustion zone depth.................... 63

Residence time of small particles..........ooooieiiiii 64
Combustion zone depth of small particles............cooenniiniicninnnn. 65
Moisture effect on average shrinking rate.............cocooiiveininnicnnene 66
Gas temperature, R =0.1016 m, a=100%, y= 80%......cecrunne. 67
Surface temperature, R j = 0.1016 m, @ =100%, y =80%................. 68

Surface and gas temperatures, R j = 0. 1016 m, ¢ =80%, ¥ =80%.. 69
Surface and gas temperatures, R j = 0.1016 m, @ =100%, ¥ =80%. 70
Surface and gas temperatures, R0 =0.1016 m, a=100%,y =100%.. 71
Surface and gas temperatures, R | = 0.1016 m, a=100%, y =80%.

INC = 50PD...nvenreeieeiieieentereeeeteereeet e escs s esat s re s s rbssare s sa e raeas 72

Surface and gas temperatures, R | =0.1016 m, @ =100%, ¥ =80%

MC = 00T0....eouriiiirreenceiree ettt retesetes crerenreesie e eeesnens 73
OXygen CONCENIALION. ........ooiiiiiviinrtriie ittt 74
Normalized radial shrinking rate..........c.cccceocevvviiiennieanienniniecieeee. 75
Effect of superficial gas velocity on residence time...........cccccocueennen. 76
Effect of superficial gas velocity on combustion zone depth........... 77
Interface and nearest core and shell nodes............cccocvveniecinienennene. 119
Computational domain : Variable fuel and bed grids........................ 120
Preheat profiles. Ro=0.1016 m, mc =33.3 %......ccccevverenrenrnnene. 121
Preheat profiles. Ro =0.2540 m, mc =33.3 %......ccccvevs veevvennnen. 122
Core and shell temperature profiles. Ro=0.1016 m......................... 123
Core and shell temperature profiles. Ro = 0.2540 m............c........... 124
Selected temperature profiles, Ro = 0.1016 m...........cccceevenvenennnen. 125

index-x



Fig. 3.8 Selected temperature profiles, Ro=0.2540 m..........cccovnnnnnnnnn, 126

index-xi



Table 1.1

Table 2.1

Table 2.2

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

LIST OF TABLES

Constant thermal properties............cccocivviininiiiiiiiininieeeeenes

CharacteristiCs Of the bed......c..oivvvieniiiieeiiieeeeeteeiie e eeeeiene

Constant thermal Properties...........cccovuiveniiniinniiniiiiniece e

Constant thermal Properties. ........couviiuiiiiiiirieicnmiennennreceenenrerereeenes

Bed depth of the two models............ccoooviiiiniiniiniiiiiiens

Burnout time of the two models........coooemieiieeeiieveeeeeeeeean,

Oxygen concentration and preheated gas temperature at the

...........

DOLEOM OF the DEd..... oo eeeeereeeseeeeeennaesssennnns

Page
16
56
57
114
115

116

117

118

index-xii



P—— pra—— —_—— — —— — — ' L ] —— T — —— T — — p— — S— ———— .

1 A quasi-steady shrinking core analysis of wood

. *
combustion.

* A short version of this work was submitted for publication in Combustion and Flame,
(1994).
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1.1 Abstract

A shrinking core model of the combustion of individual chunkwood and particle
wood elements is developed and validated by comparison with literature data. The
model is formulated on the physical evidence that large wood specimens inserted into a
hot environment lose weight mostly over a relatively thin outside layer, while the inte-
rior (core) remains relatively undisturbed. The modeling of the complete process re-
quires a correlation of the turbulent heat and mass transfer coefficients which includes
the effects of transpiration of volatilized organic compounds and moisture, geometry,
and shrinking radius. The fuel element burnout time is shown to be a function of fuel
properties, moisture content and size. Drier and smaller elements burn faster while mois-
ture is shown to slow the shrinking rate due to the cooling effects of transpiration and the

latent heat of evaporation.

1.2 Introduction

Early analysis of wood decomposition and combustion were almost entirely con-
cerned with pyrolysis reactions and the kinetics of small water-free samples because of
the lack of data in these areas. The physics and heat transfer aspects were usually
lumped into an apparent activation energy and frequency factor, and the entire decompo-
sition process modeled following a first-order Arrhenius reaction. The temperature was
obtained by solving the classical heat conduction equation with the heat of reaction as a
source term. This approach, however, has been proven in recent years to be an oversim-
plification of the sequence of processes which actually occur, particularly for large sam-
ples. As the external surface of wood is exposed to a heat flux, the solid heats up at first
mostly by transient conduction, although there is evidence of moisture migration and
perhaps even convection in this phase. When the surface is hot enough, it starts to pyro-
lyze into volatiles and residual char. At a certain stage in the heating process, a network
of cracks and fissures develops on the surface and propagates into the wood in associa-
tion with the pyrolysis wave. The gases produced in the early pyrolysis flow back

through the char layer, which becomes a zone of secondary reactions and heat exchange.
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In the unfissured zone, volatile products are somehow trapped, increasing the internal
pressure. A portion of the volatiles and moisture are forced toward the interior where va-
pors may condense and eventually re-evaporate as the pyrolysis front progresses. The
process is seen to be extremely complex and, therefore, it has become customary to at-
tempt to include such effects as transient diffusion and conduction, internal convection,
heat generation and radiation energy, along with the Arrhenius decomposition, in the
formulation of a burning model. Contrary to early formulations, it is now common prac-
tice to consider wood pyrolysis and combustion as a heat and mass transfer constrained
process, either alone or combined with chemical kinetics. In fact, for large particles con-
fined in a hot environment, the reaction rate is so great that the reaction itself is localized
at the external surface of the fuel element and mass transfer becomes the rate controlling

factor.

Blackshear and Kanury [1.1] used the similarities between the burning of cellulosic
material in air and the burning of fuel-soaked wicks employing CH3OH, whose driving
force is known, to infer the heat and mass transfer coefficients of a-cellulose cylinders.
The mass flux is expressed in diffusion form as the product of the mass transfer coeffi-
cient and the driving force. It was found that the mass transfer coefficient, which is for-
mulated as a product of a constant mass transfer coefficient without blowing and a driv-

ing force, is dependent upon the thickness of the pyrolyzing solid and time.

Maa and Bailie [1.2] are believed to be the first to apply the shrinking core model to
the description of the pyrolysis of cellulosic material. The pyrolysis is assumed to take
place at the surface of an unreacted shrinking core which is surrounded by a layer of ma-
terial that has been pyrolyzed. The char in the char layer is assumed to be inert and does
not undergo reaction. Hence, the reaction is taken to occur at the interface between the
two solid regions. It is assumed that the thickness of the pyrolyzing zone is negligible
and there is a sharp interface between the unreacted central core and the outer char layer.
The unreacted core is modeled following the Arrhenius first-order dedomposition equa-
tion. The temperature profile is obtained by solving the classical heat conduction equa-

tion with the addition of the bulk flow term with the shrinking core characteristics.
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Saastamoinen and Richard [1.3] have also used a shrinking core formulation and ob-
tained a total combustion time as a sum of the combustion time with infinitely fast
chemical reaction and the combustion time with infinitely fast diffusion rate. The equa-
tion used for the diffusion coefficient is similar to that of Blackshear and Kanury but is
expressed in terms of the mass flux, which is itself a function of the diffusion coefficient.
Hence, unless an independent correlation can be found, no apparent closure exists for

these relations.

Ragland et al. [1.4] followed a similar concept in modeling chunkwood, although the
burning rate formulation was based on mass transfer considerations alone. The heat
transfer equation used is a replica of the early models. The mass transfer equation was
modeled following the evaporation of a single sphere in forced convection, hence is only
a function of the fuel radius and flow characteristics. For unspecified reasons, however,
the radius was kept constant as the fuel element shrinks, consequently the mass transfer
coefficient remains constant for prescribed flow characteristics. The model is reported to
predict the experimental findings of a constant shrinking rate of 1.8 mm / min. The burn-
ing rate is shown to depend on the chunkwood size but independent of its initial moisture

content.

In this paper the shrinking core model is developed further and applied to the case of
combustion of chunkwood and particle wood elements. The basic concept of an unre-
acted core is well established and assumed here. Additional assumptions will be dis-
cussed in the following sections. The present work differs from previous studies in that

attention is focused primarily on the following elements:

1) The development of an appropriate mass transfer coefficient and its explicit correla-
tion as a function of the transpiration of volatilized organic compounds and moisture, ge-

ometry and shrinking radius.
2) The quantitative evaluation of the fuel element moisture content on the burnout time.

3) The appropriate correlation of the heat transfer coefficient.



4) The complete modeling of the shrinking char layer and the possible replacement of
the general thermal equations by quasi-steady balance equations at the char and core sur-

faces.

The work is divided into three main parts. First, a more complete theoretical basis of
the shrinking core model is ’formulated. Secondly, the char layer thickness and the mass
transfer coefficient are correlated using the experimental results of Ragland et al. [1.4]
on the combustion of chunkwood and Simmons and Ragland [1.5] on the combustion of

small cubes. Third, the results are compared with those of previous investigators.

1.3 Shrinking core model

Experimental observations have shown [1.6] that large cylindrical logs inserted into a
hot environment lose weight over a relatively thin outside layer while the interior (core)
remains relatively undisturbed. The logs lose weight due to transpiration of volatilized
organic compounds and water vapor through their surface, leaving behind a char layer
which also shrinks while reacting with oxygen in heterogeneous combustion. The de-
composition and combustion of cellulosic material may then be regarded as the superpo-
sition of two physical processes. First, the thermal decomposition process, which is re-
lated to the accumulation and propagation of heat by conduction and convection. This
process occurs with the passage of a pyrolysis wave and results in the internal release of
volatiles and water vapor. Second, the combustion process, which consists of heteroge-
neous combustion of a surface char layer as well as the combustion of gaseous products

(volatiles). The heat release then in turn sustains the combustion.

While physical evidence shows that pyrolysis and combustion processes of large po-
rous fuel elements occur simultaneously [1.6], many investigators, have formulated
models on the assumption of separate and distinct phases. Mukunda et al. [1.7] modeled
the combustion of dried wooden spheres assuming two separate regimes. These were
first, the flaming regime during which the spheres lose weight exclusively due to the loss
of volatiles, followed by a glowing regime describing the surface combustion of porous

char. The effects of blowing of volatiles and moisture (transpiration) are usually ignored



[1.4,1.7], or not explicitly accounted for [1.1-1.3]. The mass transfer coefficient pro-
posed by Ragland et al. [1.4] is in fact a mass transfer coefficient without blowing and
while it may be an approximation, it is not adequate in describing the simultaneous proc-
ess of decomposition and combustion of cellulosic materials. Likewise, neither Black-
shear and Kanury [1.1] nor Saastamoinen and Richard [1.3] explicitly correlated the
overall mass transfer coefficient to account for both the effects of transpiration and oxy-
gen diffusion. In analyzing the glowing combustion even for fuel particles as small as
coal, Yoon et al. [1.8] began speaking of the concept of the three phases of drying, py-

rolysis and combustion which, in reality, overlap.

To model the complete process, consider the motionless one dimensional fuel element
sitting in a gravity-free environment shown in Figure 1.1 An unreacted shrinking core of
radius r, is surrounded by a char layer of thickness bc and a gas film. The pyrolysis
layer is assumed thin and, for simplicity the secondary reactions comprising the process
of "cooking" and internal pressure build-up are ignored. Also, the heat of reaction of py-
rolysis is neglected [1.9]. Because of differences in geometry between the model and ac-
tual three dimensional fuel elements, a geometry correction factor K is introduced to ac-
count primarily for end and corner effects on the overall transfer coefficients. The model
fuel element is conceived from actual fuel elements [1.4] of yellow poplar and black
spruce wood chunks of 7.5 cm radius and 5, 7.5 and 10 cm length, and 10 mm cubes of
sugar pine [1.5]. The conditions of modeling of the heterogeneous combustion have been
clearly postulated by Walker, Rusinko and Austin [1.10] in the three-temperature-zone
theory. It is assumed in our model, however, that when the fuel elements are inserted
into the hot environment, their surface temperature reaches instantly a quasi-steady state
condition with the subsequent formation of a char layer. This excludes, of course, the

short initial phase of transient warming to ignition.

1.3.1 Equations of the shrinking core model

Following Ragland et al. [1.4], the rate of mass loss may be written as

am ——iAm (1.1)
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where m is the mass of the fuel element, A is the external surface area, | represents the

stoichiometric index and ;; isthe surface mass flux.

Defining the free stream oxygen concentration as C,, and the concentration at the fuel
surface by Cs' the mass flux may be expressed in a form similar to that of Blakshear and
Kanury [1.1], as the product of the overall mass transfer coefficient (the oxygen mass

transfer coefficient modified by transpiration) and the driving force

i’ = hp (Cge— Cs) (1.2)

The reaction rate at the surface is a function of the concentration of the oxidizer, which
depends itself on the actual kinetics of the mechanism at the surface. If we assume this
functional relationship to be of the form f(CS), then under stationary conditions, the reac-
tion rate at the surface must be equal to the rate at which the reactant reaches the inter-
face by diffusion [1.11]. That is,

m = f(Cq) (1.3)

Now, if the reaction is taken to be of first-order, Equation (1.3) may be explicitly writ-

ten as

m = KpCs (1.4)

where Kp is the rate of chemical reaction. Combining equations (1.2) and (1.4) yields

WM Kp h
m o= K,,+;?DC°° (1.5)

In their model, Saastamoinen and Richard [1.3] have computed the burnout time as a
function of both the chemical reaction rate and diffusion rate. But if we assume the ki-
netic rate to be faster than the diffusion rate [1.12], which implies that Kp >> hpy or that

the process is controlled solely by diffusion, it is seen that
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i’ = hy Co, (1.6)

Substituting equation (1.6) into (1.1) yields
I ——iAhy C, (1.7)

Furthermore, experimental evidence has shown that in a diffusion controlled environ-
ment the product of the heterogeneous char combustion is CO, and the conversion of CO
to C02 takes place externally in the gas phase (gas film) [1.11]. The stoichiometric in-
dex, defined as the number of grams of fuel that burns with one gram of oxidizer, is then
equal to (12/16). Finally, equation (1.7) becomes

i ——2)AhpC,, (1.8)
We then make the approximation that the burnoff of the char layer may well offer a good

estimate of the total burnout time of the fuel element. That is, we assume that the total

mass of the solid that burns represents the fixed carbon, i.e.

tm = char

Thus equation (1.8) is written as

o =—(18)hpCa / e (1.9)

where r is the outside radius and @c the char density. Neglecting the ash layer and writ-
ing the burning rate as a sum of the unreacted core shrinking rate and the diffusion lim-
ited char-oxygen surface reaction rate in Figure 1.1, it is seen that

dv,
L = 0c X+ (ow— 0 (1.10)
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where v is the volume of the fuel element. Applying equation (1.10) to the spherical fuel

element in Figure 1.1 and expanding and rearranging yields

2dry,
%"=4H[Qc’2%+(9w" 0c)(r— be) 7] (1.11)

where bC is the char thickness, Iy, = I- b c the core radius, and the core density is ex-

pressed as [1.13]

Ow = Sg (1 +mc) Qe

Sg is the specific density of wood and mc its moisture content (on wet basis) expressed
in percent. The solution of these equations requires explicit relationships for the overall

mass transfer coefficient and the char layer thickness.

1.4 Modeling of the mass transfer coefficient
and char layer thickness

1.4.1 Modeling of the mass transfer coefficient

As suggested by Blackshear and Kanury [1.1] the external boundary layer thickness
and diffusional characteristics are constantly modified by the effects of blowing. Hence,
the overall mass transfer coefficient is assumed to have the same form as in reference
[1.1], wherein experimental results indicated the driving force is a function of the fuel
elements size and time. The Reynolds number is assumed sufficiently high so that the
mass transfer is turbulent. In an experimental study of the hydrodynamic and heat-
transfer behavior of equilibrium and near-equilibrium turbulent boundary layers subject
to blowing, Kays and Moffat [1.14] proposed the following correlation to described the

effect of blowing:

St _ b
st R = 7507 (1.12)
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where St and St o e the Stanton number with and without blowing measured at the same
Reynolds number Re,, b is the blowing parameter. Applying these results to the fuel
element in Figure 1.1 and using the experimental results of Simmons and Ragland [1.5]
and Ragland et al. [1.4], the overall mass transfer coefficient may be correlated using a
relation slightly different from that of Kays and Moffat to account for the physical dif-

ferences between the two problems. That is

D _- 1 (1.13)

where b, =766mcr, [ r and b, =5T3mcr, [ r

and the mass transfer coefficient without blowing h;) [1.15] is given as

hy, = 2.06 DR&S [ 2r

This relationship is seen to be similar to the mass transfer coefficient in the Ragland ’ s
model [1.4], which is

hy = D (2+.6Rel/28c1/3) [ 2r (1.14)

At high Reynolds number, the constant term (i.e. 2.) in this equation is negligible.

In equation (1.13), K is a geometry correction factor, D the molecular diffusivity,
Rep the Reynolds number, mc the moisture content of the logs, and I, and r the initial
and outside radii. The Schmidt number is taken to be equal to one. For cases of dried fuel

elements, the mass transfer coefficient collapses to a corrected value of its no-blowing

- counterpart.

hp = 27SKDR&Y [ 2r (1.15)

The heat transfer coefficient is correlated from the mass transfer coefficient as
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h = hyeC (1.16)

where oC is the volumetric heat capacity of air at the gas film temperature. The transpi-
ration gases are assumed ideal. We still need an explicit relation for the char layer thick-
ness which will be shown to be a function of the surface temperature of the fuel elements

and the rate at which the pyrolysis front progresses.
1.4.2 Modeling of the char layer thickness

A quasi-steady state condition is assumed within the fuel elements. The core tem-
perature is taken to be uniform and equal to the ambient temperature. Clearly, this as-
sumption is justified during most of the combustion process due to the size of the fuel
elements. It certainly becomes critical near the end of the combustion, but it is believed
that this will not significantly affect the determination of the burnout time (defined as the
time of a given percentage of initial weight loss). This assumption also ensures that the

surface temperature remains the only unknown.

An energy balance at the char surface, figure 1.2, labeling V and V,, respectively the

regression velocities of the core and char and A, and A their surface areas, yields

[oc+apo, |H,;VA— A (T;— T) — OwVw [ €.Cp, +

k. (T;~T;) (1.17
€,Cp, + €mCp, 1 (T;— T;) A, = #Ac +q )
o H,+apo,H, ]
e, = Legged
Ay ro\2 dr,, dr
and (R)—(W) Vi == V=—=

Recall that under boundary layer diffusion control, the char goes only to incomplete
combustion at the char-gas interface. Also it is known that of all the volatiles released,

sometimes only a fraction ¢ burn incompletely at the gas-solid interface and the re-
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mainder escapes to the gas phase. Hence, H_  represents the average incomplete heat of

combustion of the char and volatiles at the interface.

In equation (1.17), the first term on the left represents the total heat released by the
combustion, the second term is the convected energy between the combustion front and
the gas phase, and the third term represents the internal convected energy through the
char towards the unreacted core. The first and second terms on the right are respectively
the heat transported by thermal conduction away from the combustion zone and the ra-
diative exchange between the surface of the solid media and the furnace walls, assuming
the flue-gas to be non-participative. Basically the equation expresses the fact that the net
heat exchange between the gas and solid phase represents the enthalpy of combustion of
the char and volatiles. To keep the formulation simple, the existence of thermal equilib-

rium between the two phases is assumed.

Now consider the energy balance at the core surface, figure 1.3. The energy entering
the core is assumed sufficient enough to heat it up to pyrolysis with the subsequent tran-
spiration of organic compounds and moisture due to the phase change of active material
to pyrolysis gas (hfg, ) and liquid water to water vapor (hfg_ ).

ke ( Ts_Ti )
owVvAw [ €08y + €hfgm ] = _bc_AC (1.18)

As it is, equations (1.17) and (1.18) represent a quasi-steady state formulation of a mov-
ing boundary type problem since the core-char interface changes its position continu-
ously due to pyrolysis with the subsequent phase-change of active matters and moisture
respectively to volatiles and water vapor. The core being at uniform temperature
throughout, only the surface temperature is unknown. Hence, the problem is a one-phase -

problem (ablation) sometimes referred to as a "Stefan problem".

Combining equations (1.17) and (1.18) yields the surface temperature Ts' The thermal

radiation term has been neglected compared to the other thermal quantities. Hence,
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[@c+@ 0y 1HoV (L) +h (£) (Tw = T;) — 0wV (€, hfgy + €m hfgm)
T~ T; = L L

4

(1.19)

3
h (AA_W ) +owVw Z €jcl’j
=

where j =m, c, V.

Now after some manipulations in equation (1.18) where A is the log-mean area and ne-
glecting higher order terms, b, is obtained. It is clearly seen that the char layer thickness
is a function of the surface temperature and the core shrinking rate. That is,

kc (T s~ T, i )

b, = e p— (1.20)

Ow Vi (€, hfgy + €3 hfgm ) + T

1.5 Model validation

In their experiments, Ragland et al. [1.4] measured a char layer thickness of 3 mm
and 15 mm respectively for green and air-dried chunkwood of 15 cm diameter. For prac-
tical purposes then, a solution for a thin char layer approximation may be sufficient. Un-
der this assumption, the core and surface recession velocities are assumed to have ap-
proximately the same magnitude. However, both this assumption and the uniform core
temperature approximation may become critical towards the end of the combustion. We

also assume constant thermal properties and negligible radiation transfer.

Instead of a classical moving boundary type solution, the thin char layer approxima-
tion is solved 'by a simple iterative procedure using the constant thermal properties given
in table 1.1 Logs of radius equal to 0.2540 m (10 inches) down to particles of 0.10 mm
radius have been tested at various moisture content and selected results are presented.
Whenever possible, these results are compared with literature data. All the volatiles are

assumed to go to incomplete combustion at the char surface (i.e., a =1).

Figure 1.4 shows a plot of the fractional mass loss of 15 cm diameter wood chunks
(10 cm long) at 20 and 75 % moisture for both the present model and the model used by

Ragland and al. to investigate their experimental data. The burnout time was said to be
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32 min for both values of moisture but this value is shown to fall approximately between
the values of our model. This is clearly shown in Figure 1.5, where the averaged experi-
mental radial shrinking rate is plotted together with our model curve. This averaging
process seems to have precluded the observation of any difference between the experi-
mental data at the two moistures and may have smoothed out any moisture effect. Rec-
ognizing the difficulties of properly accounting for the complete burnout time of the
chunkwood after a 30 % initial mass loss, the investigators concluded that it appears that
moisture has little effect on the rate of combustion at the conditions of these tests. Also
by neglecting the blowing effect and keeping the mass transfer coefficient constant in
equation (1.9), one would naturally expect to get a constant shrinking rate (1.8 mm / min
here) rcgardlesé of the initial moisture content of the fuel elements.

Using additional data, the burnout time of small cubic particle elements of 10 mm
size at 15 and 240 % moisture is plotted in Figure 1.6. Here again, the model shows
good agreement with the experimental data of Simmons and Ragland [1.5] and it is
clearly stated by the authors that the presence of moisture does slow the mass loss rate. If
we let the fuel elements shrink indefinitely or longer than needed, they would seem to
have the same burnout time. We should keep in mind, however, that the burnout time is
an asymptotic value which for practical purposes should be clearly defined as the time
corresponding to a mass loss of 99 %, since it will not make sense on physical grounds
to have a solid media whose mass shrinks to zero.

The validated mass transfer coefficient is then used to investigate further the effect of
fuel elements size and moisture content on the burnout time ty- As was anticipated, the
burnout time is function of the diameter of the logs for a given moisture content, Figure
1.7. It is also shown in Figure 1.8 to be both a function of the fuel element size and
moisture content contrary to earlier publications [1.4]. The thicker and greener elements
take longer to burnout. Also, for a given log the burnout time is not rigorously a simple
linear function of its moisture content. As a matter of fact, the burnout time varies from
40 to 60 min for logs of 0.1016 m (4 inches) radius at 15 and 75 % moisture respec-
tively, but increases approximately threefold between the same moisture for logs of
0.2540 m (10 inches) radius. Thus, the effects of moisture are more sensible for large

size fuel elements than for small ones. It is known that free-water molecules are easily
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removed, while bound water molecules in the inner trunks especially when the diameters
are large, become harder to remove. These smooth variations become somehow erratic
for small samples, Figure 1.9. This was certainly expected and is speculated to be caused
by both the uniform core temperature assumption and the thin char layer approximation.
Finally, moisture definitely slows the shrinking rate, which is shown to vary from
approximately 2 mm / min at 20 % moisture content to 1.25 mm / min at 70 % moisture
content for a chunkwood of 0.1016 radius Figure 1.10. As predicted by the model, Fig-
ure 1.11 and 1.12 (moisture content equal 33.3 %) show that bc varies not only with the
log radius but also shrinks with time while reacting with oxygen. The same best fit value
of 0.60 for K has been used for all chunkwood samples, and a slightly lower value of
0.40 for the cubic particles, due to the difference between the two shapes. The surface
temperature of the 15 cm diameter chunkwood, Figure 1.13, is quite similar to that found
by Ragland et al. [1.4] especially for lower values of @ (72 %), figure 1.14. The model
not only predicts the burnout time of chunkwood and cubic particles but also the burnout
time of particles as small as 0.10 mm radius. Figure 1.15 shows that it takes about 1 min
to combust particles of 10 mm radius (the same burnout time approximately is obtained

for the 10 mm cubic particles in Figure 1.6) while 0.10 mm particles burn instantly.

1.6 Conclusion

The overall mass transfer coefficient correlation in this study is shown to be the cen-
tral element of the shrinking core model. Under boundary layer diffusion control, the ex-

ternal boundary layer thickness and diffusional characteristics are constantly modified by

~ the effects of blowing. Hence, for green wood specimens, the cooling effects of transpi-

ration of organic compounds and moisture and the latent heat of evaporation do slow the
burning rate contrary to earlier publications. These chilling effects are found to increase
with the amount of moisture content and fuel elements size. The model is simple and yet
reliable enough to predict adequately the burnout time of chunkwood and particle fuel
elements of different sizes and shapes. Additionally, the model may be used as well to

investigate the combustion of coal of different sizes and moisture content.
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Table 1.1 Constant thermal properties

Properties Values Units References
Co 0.049 Kg/m> 1.4
Cpe 0.670 KJ/Kg-°K 1.16
(0]
Com 4.20 KJ/Kg-°K
0o
Cpy 1.1 KJ/Kg-°K 1.16
D 3. 15)(10'4 m2/sec 1.4
hfg, 2250 KJ/Kg
hfg, 200 KI/Kg
H, 31,100 KI/Kg 1.17
H, 13,500 KI/Kg 1.18
K, 0.41x10™ KW/m-°K 1.16
Re,, 17,400t - 1.4
€c 95 Kg/m> 1.4
Sg 0.46 - 1.4
T; 25 °c
T 1200 °c 1.4
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1.8 Nomenclature

A external surface area (m2)
blowing parameter
char thickness (m)

32



WD RN 42 Ty 2PN TTEEy 42U 42NN TR TN # T e R W 4 www .

BSS AR

- - 3

o"‘l

~-

oxygen concentration (kg/m3 )

specific heat of component j (KJ/kg®K)

molecular diffusivity (m2/sec)

heat transfer coefficient (KJ / m2—sec-°K)

mass transfer coefficient (m/sec)

mass transfer coefficient without blowing (m/sec)
enthalpy of phase change of liquid water (KJ/kg)
enthalpy of phase change of active matter (KJ/kg)

average heat of combustion at the interface (KJ/Kg)

enthalpy of component j (KJ/kg)
stoichiometric index

geometry correction factor

char conductivity (KW/m-°K)
reaction rate constant (m/sec)
mass (kg )

mass loss rate (kg/sec)

mass flux (kg/sec-mz)

outside radius (m)

initial radius (R, in Figures) (m)
rate of radius recession (m/sec)
time (sec)

temperature (OC)

volume (m3)

velocity (m/sec)

Dimensionless variables

Reynolds number
Reynolds number

specific gravity
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Stanton number

Stanton number without blowing

Greek Letters

fraction of the volatiles which burn to CO at char-gas interface
ratio of the heat of combustion of C to CO to that of C to CO,
mass fraction

density (kg/m°)

Subscripts

burnout time

char

gas

initial (ambient)
components (¢, m , V)
moisture

surface

volatiles

virgin wood

free-stream
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1.9.1 Code for a single fuel element combustion model

O 58855 5555555555555558555555555555855555585988555585588888

c This program simulates the combustion of a single

C

C

C

CHUNKWOOD of radius r and length 1 and a single CUBIC
PARTICLE of size 1.
You may prescribed one moisture content mc (greater

than 0%) at a time for each case.

ALL UNITS ARE IN SI.

fofclelclcleleleleleleleleleleYeleletelete eYeteleYeleelclelelelel et eletceletelelelclelclefeclelelefefelelcleleIele

implicit double precision (a-h,o-z)
parameter (n=20000)
double precision k,kc,1l,m{(n),mc,mi

double precision rs(n),mstar(n),u(n)
double precision b(n),hd(n),ts

c**********************************************************************

aOaao0a0aa0n0a0a0n0000aaa0nn

Input data for the thermal properties

hc and kc are the enthalpy of combustion and the conductivity
of the char.

ti is the initial temperature of the wood.

tf is the gas temperature.

cpv,cpm and cpc are respectively the specific heat of the
volatile, vapor and char.

rocg is the volumetric heat capacity of air.

hfgv and hfgm are the enthalpy of phase change of volatile
and liquid water.

sg is the specific gravity of wood.

co is the oxygen concentration.

d is the molecular diffusivity and ck the negative of the
stochiometric ratio divided by the char density, rc.

36



hc=31100.040
hv=13500.0d0
kc=.000042040
ti=25.040
t£=1200.040
cpv=1.10d40
cpm=4.2040
cpc=.670d0
rocg=.324040
hfgv=200.0d40
hfgm=2250.040

rc=95.0d40
sg=.460d40
co=.049040

d=.00031504d0
ck=-(12.0d0/16.0d0) *co/rc

c**********************************************************************

9]

(1 200 o T o T o T K o T o T T T T o N0 I 0 T 0 O 0 N # R 9

Input moisture content and additional data.

mc is the prescribed moisture content (say .15 for 15 %).

r and 1 are the radius and length (size for the cubic ele
ment) of the chunkwood.

step 1s the step size in time (may be as small as .005 for
r=.lmm and as big as 3. depending on the initial radius;
you may try values between 1. and 3. for r greater or equal
to .075m).

v is the volume of the cylindrical log or the cubic element
k (suggested value for the chunkwood is .60 and .40 for the
cubic element) is an empirical constant for the computation
of the mass and heat transfer coefficients.

tol is a shrinking limit (.001 for the chunkwood and .001
or .01 for the cubic element, depending on mc).

fe is the amount of volatiles that burns at the char-gas
interface fe is assumed equal to 1, but to obtain approxima
tely the same temperature as in reference (1.4), input fe =
72 %

pi=4.0d0*datan(1.0d40)

print*, ‘input 1 if you want to run the CHUNKWOOD'
print*, ‘and otherwise if running the CUBIC PARTICLE’

read*, nm
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if(nm .eqg. 1l)then

print*, ‘input mc,r,1l,step,k,tol, fe’
read*,mc,r,1l,step,k, tol, fe

ri=r

v=pi*l*r**2

the equivalent radius
r=((3.0d40/4.040)*(r**2)*1)**(1.0d40/3.040)

else

print*, ‘input mc,l, step, k,tol,fe’
read*,mc, 1, step,k, tol, fe

v=1**3

the equivalent radius
r=1*((3.040/(4.040*pi))**(1.040/3.0d0))

endif

c**********************************************************************

Qa0 00000

rw is the density of wood.

ec,ev and em are the mass fraction of the char,volatile and
liquid water.

cqg is a computational constant.

pl and p2 are empirical constants for the computation of
the mass and heat transfer coefficients.

rw=1000.0d0*(1.0d0+mc) *sg

ec=rc/rw

em=mc/(1.040+mc)

ev=1l.0d0-ec-em

cqg=(2.060d0*k*d/2.0d40) *(17400.0d0) **(.4250d40)

pl=.00475040/.0062040

p2=.00355040/.0062040
hcl= (ec*hec + ev*hv*fe)*(.280d40)/(ec + ev*fe)

38



p—— o T ——— -——— gm—— g — —— gy

c hd and h are the mass and heat transfer coefficients.

c we start the iterations for the determination of the radius r.
rs(l)=r
i=2

1 do 10 j=i,i+2

hd(j-1)=cq*rs(j-1)**(-.575040) *((pl*rs(l) *mc/rs(j-1))
&/ (dexp(p2*rs(1)*mec/rs(j-1))-1.040))

if((rs(j-1) .1lt. .0d0) .or. (hd(j-1) .1lt. .0d40))then
print*, ‘negative radius or mass transfer coefficient’
print*, ‘you may check the time step’

go to 2

endif

gl=rs(j-1)+step*ck*hd(j-1)
fl=cqg*ql**(-.5750d0)*((pl*rs(1l) *mc/rs(j-1))

&/ (dexp(p2*rs (1) *mc/rs(j-1))-1.0d40))
g2=rs(j-1)+step*ck*(f1+hd(j-1))/2.0d40
f2=cq*q2**(-.575040) *((pl*rs(1l) *mc/rs(j-1))

&/ (dexp (p2*rs(1l)*mc/rs(j-1))-1.0d40))
g3=rs{j-1)+step*ck*(f2+hd(j-1))/2.040
£3=cq*q3**(~.575040) * ((pl*rs(1l) *mc/rs(j-1))

&/ (dexp(p2*rs(l)*mc/rs(j-1))-1.0d40))
gd=rs(j-1)+step*ck* (£3+hd(j-1))/2.040
rs(j)=q4

10 continue
output the normalized radial shrinking rate

write(l, *)dfloat(i-1)*step,rs{i-1)/r
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compute the surface temperature ts
c=dabs((rs(i-1)-rs(i)))/step
h=hd(i-1) *rocg
al=h* (tf-ti)
bl=(ec + ev*fe)*hcl-ev*hfgv-em*hfgm+al/ (rw*c)
cl=ec*cpc+ev*cpv+em*cpm+h/ (rw*c)
ts=ti+bl/cl
output the mass and heat transfer coefficients
write(2, *)dfloat(i-1)*step,hd(i-1) . ,h
output the surface temperature
write(3,*)dfloat(i-1) *step,ts
compute the char layer thickness
dl=kc* (ts-ti)
el=ev*hfgv+em*hfgm
do 20 j=i,i+2
u{j-1l)=dabs(rs(j)-rs(j-1)) /step
b(j-1)=dl/(rw*u(j-1) *el+(dl/rs(j-1)))
bi=b (1)
if(b(j-1) .gt. rs(j-1))then
print*, ‘char thickness greater than the radius’
print*, 'the model is no more valid’
print*,‘you may check the inputs’
go to 2
endif

20 continue

output the char layer thickness

write(4,*)dfloat(i-1)*step,b(i-1)*1000.0d0
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c ——————————————————————————————————————————————————————————————————————
c compute the fractional mass loss
c mi is the initial mass

g1=rc*(rs(i—1)**2)*((rs(i)—rs(i*l))/step)+(rw-rc)*((rs(i—l)
&-b(i-1))**2)*((rs(i)-rs(i-1))/step-(b(i)-b(i-1))/step)
g2=rc*(rs(i)**2)*((rs(i+l)-rs(i))/step)+(rw-rc)*((rs(i)
&-b(i))**2)*((rs(i+l)-rs(i))/step-(b(i+l)-b(i))/step)
mi=rw*v-4.0d0*pi*(r**3-(r-bi)**3)* (rw-rc)/3.0d40
m(1l)=mi
m(i)=m(i-1)+2.0d0*pi* (gl+g2)*step
mstar (1)=m(1l) /mi
mstar(i)=m(i)/mi
R R R R I I I I T,
c output the fractional mass loss mstar

if ((mstar(i) .gt. tol) .and. (mstar(i-1)-mstar(i)
&.gt. .0d0))then

write(7,*)dfloat(i-2)*step,mstar(i-1)
c compute the burnout time tb
tb=dfloat(i-1) *step
i=i+l
go to 1
endif

tb=tb/60.040

C compute the average shrinking rate (mm/min)

sr=1000.0d4d0* (r-rs(i-1))/tb

if(nm .eqg. 1)then
write(8, *)ri
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format(//////,

20x, ‘the initial radius (m) =',£6.5)
else

write(8,15)1

format(//////,

20x, ‘the size or length (m) =',£6.5)
endif

write(8,25)100.0d0*mc, tb, sr

format(/,

20x, 'the moisture content (%) =',f6.2,//,
20x, 'the burnout time (min) =’,£10.6,//.,
20x, ‘the shrinking rate {(mm/min) =',£6.2)
pPrint*, ——— e ’

print*,7it is important to remember that the burnout time’
print*,‘tb (time to 99.99% or 99% mass loss) is an asymp
print*,’totic value which is best determined sometimes by’
print*, ‘looking at the fractional mass loss curve’
print*, ' - ’
print*, 'the burnout time (min)’

write(*,*)tb

print*,’'the shrinking rate (mm/min)’

write(*, *)sr

if((tb .eq. .0d0) .or. (sr .eq. .0d0))then

print*, ‘check the time step’

end

S N e N e e e e e e e 11 1
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2 A quasi-steady state shrinking core model of
"whole tree" combustion in a countercurrent

*
fixed-bed reactor.

* A short version of this work was submitted for publication in Combustion Science and

Technology, (1994).
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2.1 Abstract

A one dimensional, fixed-bed model of "whole tree" combustion is developed and
the results are compared with operating data from existing "whole tree" facilities. The
fuel elements are assumed to be loaded uniformly from the top with a frequency of N
rows / sec, countercurrent to the preheated air stream of superficial velocity V.. The
"whole tree" elements then migrate downward with a velocity V¢, modeled as a product
of the typical row velocity and its characteristic depth. The mass loss rate is formulated
in a quasi-steady state shrinking core submodel with a uniform core temperature ap-
proximation. The model is simple and yet reliable enough to predict adequately the burn-
out time t,, and the depth of the combustion zone L of a 100 MW "whole tree" facility
combusting 0.1016 m (4 inches) radius fuel at 33.3 % moisture content (wet basis). The
model also handles relatively well the combustion of small particle specimens of the or-
der of 0.10 mm radius. It shows that fuel elements properties (size, moisture content)
strongly influence combustion characteristics, especially that higher moisture produces

depressed flame temperature, longer t,, and larger values of L.

2.2 Introduction .

Biomass energy technology has shown substantial potential as an energy supply al-
ternative and has received attention in recent years due to both a growing concern for
the environment as well as the perception of a need to develop renewable energy
sources. Bain and Overend [2.1] reported that after the Public Utilities Regulatory Poli-
cies Act (PURPA) of 1978, biomass electric power generation experienced a dramatic
increase from less than 200 MWe in 1979 to approximately 6 GWe by 1989, with wood
fired systems accounting for 88% of the total capacity. In addition to supplying power
utilities, wood is also burned directly in residential stoves and many developing coun-
tries. rely on biomass (especially wood) to provide much of their energy requirements.
Biomass is virtually free of sulfur and thus minimizes the production of SO, and acid
rain when properly burned. The growth of biomass resources provides a sink for atmos-

pheric CO, that may offset the combustion emissions of CO, from biomass electricity



production, hence providing a portion of the solution to global warming concerns. In
addition, the development of a biomass electric industry may have other national advan-
tages, by first reducing our dependence on foreign supplies and second by putting oth-
erwise idle lands to use and providing a new market for farm products.

In recent years, a new approach in utilizing wood resources has been proposed
wherein "whole tree" (without pre-processing operations such as chipping, etc.) are
burned directly as a bed in a stoker boiler to produce electricity by steam turbine conver-
sion. "Whole tree" burn, however, is more than just a novel combustion concept as it also
includes improvement in such operations as fuel resource utilization, fuel drying, fuel
handling, and heat recovery. It emphasizes hardwood tree species that are not acceptable
to the pulp and paper industry and, therefore, not to most chip suppliers. Potentially,
such units could be capable of operating less expensively if fuel throughput, air flow and
other variables can be optimized.

A report by the Research Triangle Institute (RTI) [2.2] indicates that the first testing
of the concept on a large scale took place in a municipal solid waste boiler in July 1985.
More recent and larger scale "whole tree" burn combustion took place in 1986 in a con-
verted coal-fired unit. Figure 2.1 shows the sequence of operations in a "whole tree"
plant. Some of the advantages of the "whole tree" combustion provided by the early fea-
sibility assessment and technologies comparison by the same Report are

- minimized fuel preparation and handling
- combined fuel drying and storage
- allow for deep-bed combustion (potentially efficient countercurrent flow and high
heat release rate).
The primary disadvantages are the uncertainties in terms of interaction of various com-
ponents and in terms of large-scale operation.

Extensive work has been done over the years on countercurrent fixed-bed coal gasifi-
ers. Complete literature review may be found in a report by Smoot [2.3] and the recent
publication by Hobbs er al. [2.4]. Ragland and Purnomo [2.5] reported the performance
of a downdraft woodchip packed bed combustor to power a gas turbine. Boiler technol-
ogy is reasonably well established for woodchips and pulverized-coal firing. Additional

modifications are required, however, for the design of "whole tree" fired boilers and
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most investigations focus on the boiler efficiency (steam enthalpy produced per fuel
heating value input) and heat release rate.

The objective of the present work is then to provide reliable basic data on "whole
tree” residence time as a function of fuel elements properties (size, moisture content) and
gas flow characteristics, for the design of wood fired boilers. The work is divided in two
main parts. First, a one-dimensional "whole tree" fixed-bed combustion model is devel-
oped based on a shrinking core burning rate submodel and second, the results of the

model whenever possible are compared with existing "whole tree" combustion facilities.

2.3 Model development

An under-fired "whole tree" fixed-bed, is loaded uniformly from the top in rows of N
fuel elements at a frequency of V" rows / sec which corresponds to a total fuel rate of 75
ton / hr. This fuel bed rests on a water-cooled fixed grate and is designed to fire a 100
MW "whole tree" power plant. For computational purposes, dimensions and characteris-
tics shown in table 2.1, are assumed to be those of an actual unit described by the Re-
search Triangle Institute (RTI) {2.2], Figure 2.2. The fuel elements are then subjected to
an upward flow of preheated air stream at a theoretical requirement of 5.5 Kg of air per
Kg of wet wood, with a superficial velocity Vs at a constant pressure of 1 atm. The
"whole tree" elements migrate through the bed with velocity V¢ while their initial radius
r,, shrinks to r¢ at the fixed grate. The distance traveled defines both the residence time
and the depth of the combustion zone which are functions of fuel properties and gas flow
characteristics. The bed is assumed to be one-dimensional, steady state, while quasi-
steady state conditions are assumed within the fuel elements. The partial drying of the
fuel elements, which takes place over the outside layers and occurs during the transient
warming period is neglected compared to the total burnout time. The boiler startup, as-

sumed to be accomplished in a 4 hr time is not modeled.
2.3.1 Burning rate submodel

It is reported by the RTT [2.2] that for large cylindrical logs, a popular conclusion is

that the rate of combustion is basically heat and diffusion controlled rather than reaction
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kinetics controlled. Oxygen must diffuse from the bed environment to the solids reaction
site (solid-gas interface) and heat must diffuse from the combustion front into the "whole
tree", raising their interior temperature. The increase of the inner temperature is followed
by pyrolysis at around 500 °C. Moisture and volatiles also diffuse away from the pyroly-
sis front, possibly inward where they increase the interior pressure and temperature
("cooking") and outward where their cooling effect (blowing) produces depressed gas
flame temperature inside the bed. It is believed that the best formulation for the combus-
tion of large wood specimens is the shrinking core model, where it is understood that
burnout is not accomplished until the combustion front reaches the center of the fuel ele-
ments. This combustion in the firing system of the "whole tree" power plant is divided
into three stages, Figure 2.2. First, the tree elements burn in the bed with volatiles being
released throughout the process. Second, a large fraction of the gases burn inside the bed
while the remaining volatiles are combusted above the bed using overfire air. Third, char

of final radius Ie and ashes fall through the grate openings.

The radial shrinking rate of the cylindrical elements may be expressed as [2.6]

& =—(LZ)n,C /o, @1

where r is the outside radius, C is the oxygen concentration inside the bed, Q¢ is the
constant char density, and A, is the overall mass transfer coefficient, i.e. the oxygen
mass transfer coefficient modified by blowing. The actual mass transfer coefficient
which includes the bed volume fraction is modified from that of of a single chunkwood
element, correlated in a recent study by Ouedraogo et al. [2.6]. The expression is

s 2.06 K D Re2 166 mer, [ r
D — €,(2r) e SBmery[r) _

where r and r, are respectively the outside and initial radius, K is a geometry correction
factor, D is the molecular diffusivity, € p 1S the bed volume fraction, and mc is the fuel
element moisture content (wet basis). The combustion is assumed complete when the

element shrinks to approximately 99.99% of its initial mass. A residual char element of

final radius rp then falls through the grate. That is,
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rp=r, 0.001)(0->)

Now shifting from a material time-rate derivative to a_one-dimensional spatial-rate,

yields

Ih.

L= Vi =i = () hpC /e 2.2)

.

where V¢ is the migration velocity of the "whole tree" elements with respect to the top of
the bed. Contrary to chunkwood, "whole tree" may be considered as infinite long cylin-
ders. The shrinking core mass loss rate is formulated as the sum of the mass loss by the
external char layer under heterogeneous combustion plus the mass loss by the core due

to pyrolysis and loss of moisture. That is,

dn - (2 r1)[0c% + (0w — 0c)(1 - 2)%] 2.3)

where [ is the length of the "whole tree", Iy

and density and b ¢ is the char layer thickness. The core density [2.7] is given by

and @ are respectively the core radius

Ow = Sg(1+mc) Qe

The migration velocity is modeled as the product of a typical row velocity V*and the

characteristic depth of a row L, figure 2.3.
V _ %
f=VL
where ESL21=IIr21 and L=r(€—7)('5)
5
The system loading rate would then be
N,=V'N

where N = W/L is the number of fuel elements per row at the upper inlet plane of the

bed. Hence,

. V. VeW
- wy
Ni=(gXT) =7
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Since Ni is a given constant, the migration velocity is

N'H c'r
Vi= (&) = ¢

— 1 4
where C =

Fuel cell

A Y
.

4

Fig. 2.3 : Fuel cell

2.3.2 Conservation equations in the solid phase
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The char combustion is assumed to take place at constant density. The heterogeneous
oxidation of carbon (char) can produce either CO or CO, as primary products, although
CO is favored in diffusion controlled convective environment because oxygen molecules
are in short supply at the solid-gas interface. Hence, it is assumed that a fraction a of
pyrolysis gases go to incomplete combustion (CO) at the char interface after there re-
lease. The combustion of both qoml;ustiblc (char and volatiles) is modeled with the as-
sumption that they release the sgg;;;ggunt B of heat as the incomplete combustion of
pure carbon to carbon monoxide. H,  then defines the average incomplete heat of com-
bustion of the char and volatiles at the solid-gas interface. The core temperature is taken

to be uniform and equal to ambient temperature.

Performing an energy balance at the char surface [2.6] yields the following equation

[0c+aoy | HyVA— hA (Ts— Tg) = o4V [ €.Cp, +

k. (T,-T;) .
€Cp, + €nCp, 1 (T— T;) A, = —5—L A + @ 2.9
l[ocH,+apy,H,
where Has = L Qz+ggv ]ﬂ and h = hD Qg Cpg

The heat transfer coefficient h, is correlated as the product of the mass transfer coeffi-
cient and the volumetric heat capacity of the gases, V and V., represent respectively the
char and core regression velocities, A and A, their respective surfaces. This equation
expresses the fact that to sustain the process, the rate of heat released by the combustion
front should be equal to the rate of heat transfer away from it into the gas phase and into

the pyrolyzing core.

A similar energy balance at the core surface [2.6] shows that the energy entering the
core by conduction is sufficient enough to heat it up to pyrolysis with the subsequent
phase change of liquid water to water vapor (hfg ) and active matter by pyrolysis
(hfgv). That is,

ke (T,—T,
OV g, + Emhfgm] = 304, @.5)

where A, is the log-mean area between the core and char.
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As it is seen, equations (2.4) and (2.5) represent a quasi-steady state formulation of a one
phase moving boundary type problem since the core-char interface changes its position
continuously and the core temperature is assumed constant during the process. Now

combining equations (2.4) and (2.5), neglecting radiation and using appropriate relations

for the surface areas

A=2Irl
A=20r,l
A =21IT71

where F=(rp+r)/2=r-b./2

and neglecting higher-order terms, we get the surface temperature T and the char layer

thickness b c These are,

[ec+ae, ] GE) () Has+ h () (Tg=T;) [ (—ey 1)

T~ T, = 3
h(i:_v)/(—Qwiw)+E€]ij
=0

(€m hfem + € gy ) (2.6)

3

h(%)/(-Qw"’w)""ZGJij
Jj=1
k. (T, ~T;)
bc = c\dsy— 1; T @.7)
Qwvw(evhfgv"'emhfgm)"'T

2.3.3 Conservation equations in the gas phase

The products of the incomplete combustion at the char-gas interface (CO for the most
part) and the fraction of volatiles that escapes early combustion, go to complete combus-

tion in the gas phase. A sizable portion is burned inside the bed, and the remaining part is
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combusted above the bed. It is assumed that the fraction of the total amount of gases pro-
duced that actually burn inside the bed is ¥, the remaining is burned by secondary air
above the bed of fuel. The gas phase then consists primarily of oxygen (air) and carbon
monoxide and in a lesser extend of carbon dioxide, pyrolysis gases and water vapor. The
preheated air, with maximum prescribed concentration at the bottom of the bed, moves
in countercurrent to the flow of solid fuel and is assumed completely depleted of oxygen
at the top of bed. Neglecting higher order terms, the following mass and heat balance

equations are used to model the bed. The axial oxygen balance is

v A
Vs % == o, (78) 2.8)
where the surface area-to-volume ratio of fuel ( m? fuel / m3 system ) (i;ll) = $
(2]
and rh"o2 is the oxygen surface mass flux given by
ro, =—im [ (2IIrl) (2.9

where m is the rate of mass loss. The bed solid fraction €; and volume fraction

€, are respectively defined as
€& = o, € =1~ ¢
Neglecting radiation, the conservation of energy for the gas phase may be written as

dT, .2¢€
QZCPsVs'dTg =—Qwr—+[(€ + €,)y Hy

3 .
- €Cp(Ts—T;) — (6, hfgy + €phfgm)] (2. 10)
j=1
where H ag is the average complete heat of combustion of the gases

How = [(ecHc+ae, Hy)(1-B)+(1—a)e,H,]
ag — €. t€,
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This equation reflects the balance between the net heat of reaction and the change in en-

thalpy of the gases.

2.4 Results and discussion

Instead of solving the model equations by a classical moving boundary type solution,
they are rather solved iteratively starting from the bottom of the bed, assuming a thin
char layer approximation, Ouedraogo et al. [2.6], and constant thermal properties, table
2.2. A geometry correction factor K equal to 0.225 is introduced in the mass transfer
equation to account primarily for end and corner effects. The initial oxygen concentra-
tion as well as the initial gas temperature are specified. The bed bulk density is also
specified at the onset and a variable solid volume fraction is computed assuming that as
the fuel elements shrink, a redistribution occurs inside the bed resulting in a changing
value. Our computation, however, indicated this to have only a minor effect. At the fuel
exit, the combustion is assumed completed and taken to correspond to a 99.99 % weight
loss or approximately a 97 % radius reduction. The residual char and ash are assumed
collected under the grate. The computation is carried out until the outside radius r equal
to the initial radius r  of the fuel elements at the top of the bed. Two types of model

simulations were obtained. These were
1. Fixed bed characteristics and variable fuel size and / or moisture content.
2. Varied superficial gas velocity while holding the bed characteristics fixed.

Of particular importance for the design of wood boiler furnaces is the burnout time tye
that is the actual residence time, and the combustion zone depth L. Figures 2.4 to 2.21
show selected results of our investigation for fuel elements of radius equal to 0.2540 m
(10 inches), down to particles fuel of 0.10 mm radius. The burnout time and combustion
zone depth are found to be a function of both the fuel element size and their moisture
content, Figures 2.4 to 2.7. For small fuel elements, irregular patterns of these profiles
are observed in figures 2.8 and 2.9, speculated to be due to the assumption of a uniform

core temperature and a thin char layer. The difference in burnout time t, comes from the
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difference in average shrinking rate plotted in Figure 2.10. As a matter of fact, equation
(2.1) shows that the shrinking rate is a function of not only the fuel element properties
(size and moisture content), but also is a function of the oxygen concentration inside the
bed. Fuel elements of 0.1016 m (4 inches) radius at 33.3 % moisture take approximately
40 min to burnout with a combustion zone depth of 3.26 m. These results are similar to
those found in "whole tree" burn facilities of 100 MW investigated by the RTI [2.2].

In developing our model, the transient warm-up regime has been neglected compared
to the total burnout time. The maximum temperatures reported accordingly are those of
the actual combustion period. These temperatures are shown to be not only a function of
the fuel element properties (size and moisture content) and flow characteristics (V), but
also a function of the amount of volatiles @ and maximum amount of gases ¥ that
burn respectively at the char surface and inside the bed. Higher flame and surface tem-
peratures are provided by the drier elements, while wet wood takes longer to burnout and
produces depressed temperatures, Figures 2.11 and 2.12. This is so because a higher
moisture means higher transpiration. Furthermore, a large portion of the heat generated
must be used for phase change of the fuel moisture from liquid water to vapor. The ef-
fects of both the burning of volatiles at the solid-gas interface and the burning of the
gases inside the bed are clearly shown in Figures 2.13 to 2.15 where the moisture content
has been set equal to 33.3 %. It is seen that the temperatures increase with increasing
a and ¥y for a given moisture content. On the other hand, maintaining these parameters
constant and increasing the moisture content (respectively at 50 and 60 %) once again
confirms the adverse effect of moisture on the temperature, figures 2.16 and 2.17. An-
other singular effect is clearly shown in Figures 2.11 and 2.12 where at very large mois-
ture (60 and 75%), the temperatures seem to "plateau” before increasing. Similar effect
have been reported by Kanury [2.8] and said to be due to the deceleration of the local
heating rate in the interior of the solid fuel when the coupling between thermal and mass
diffusion occurs. The depletion of oxygen and the distribution of the fuel elements size

(at 33.3 % moisture content) along the bed are indicated respectively by figures 2.18 and
2.19.
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The model predicts rather adequately the temperature range reported by the RTI [2.2]
which also found fuel moisture to significantly reduce boiler efficiency in the same
"whole tree" burn facility. Drier fuel elements provide the best fuel input with increased
heat release rate, smaller required furnace volume, and subsequently reduced boiler cost.
But Schwleger [2.9] indicates that some experimental results have shown that less mois-
ture is not always desirable. A moisture level possibly around 35 % is required to give
optimum balance among drying costs, furnace and dryer performance, system efficiency,
and problems such as dusting and explosions that are associated with handling dry, pul-

verulent fuels.

As expected, it is found that a drastic reduction in residence time and combustion
zone depth is obtained with an increase of the superficial gas velocity, Figures 2.20 and
2.21.

2.5 Conclusion

The simplified "whole tree" fixed-bed model adequately predicts the burnout time,
combustion zone depth and the temperature of a combustor of a 100 MW facility com-
busting 0.1016 m (4 inches) radius "whole tree" fuel elements. The proper determination
of the burnout time allows a rigorous scaling of the volume of the boiler furnace and
subsequently the calculations of the boiler heat release rate and efficiency. The shrinking
core burning rate submodel is simple and yet reliable enough to show that the fuel ele-
ments moisture is an important variable in "whole tree" operations as it may affect di-
rectly boiler costs and efficiency. It is also instructive to see that the model can be ap-
plied, although with care, to the combustion of small particle fuel elements in the size of

coal in a countercurrent fixed-bed.
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Table 2.1. Characteristics of the bed

Properties Values
CO (initial Oxygen concentration) 0.1365 Kg/m>
H (high) 4.572m
L. (length) 9.144m
Lr (loading rate) 75.0 t/hr
m, (air flow rate) 5.5 Kg air / Kg fuel
@p(bulk density) 240 Kg/m1
Sg (specific gravity) 0.64
T, (preheated temperature) 260 °C
W (width) 4.572m
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Table 2.2 Constant thermal properties

Properties Values Units References

Cpe 0.670 KJ/Kg-°K 2.11
0

Com 4.20 KJ/Kg-°K

Cov 1.1 KJ/Kg-°K 2.11

D 3.15x1074 mZ/sec 2.10

hfg 2250 KJ/Kg

hfg, 200 KJ/Kg

H, 31,100 KJ/Kg 2.12

H, 13,500 KJ/Kg 2.13

K, 0.41x10™ KW/m-°K 2.11

Qc 95 Kg/m> 2.10

S 0.64 - 2.2

T; 25 °c
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Fig. 2.11 : Tg, Ro = 0.1016 m, @ =100%, y =80%

67



Surface temperature (0C)

1800

1600

1400

1200

1000

800

600

400

{ 1 T I
mc=15.0%
B mc = 33.3 % --— -
mc =60.0% -----
- mc =75.0% - |
+ ..................................................................
1 | 1 N
1 2 3 4

Combustion zone depth (m)

Fig. 2.12:Ts, Ro =0.1016 m, @=100%, y =80%

68



Gas & surface temperatures (oC)

1200 T T . l T - |
1100
1000
900
800
700
600
500
400
300

=/ Surface temperature —
/ Gas temperature -----
.

200 | | 1 { { {
0 0.5 1 1.5 2 2.5 3
Combustion zone depth (m)

Fig. 2.13 : Tsand Tg, Ro=0.1016 m, @ =80%, y =80%

69



Gas and surface temperatures (oC)

1300 | - T I
1200 |-
1100
1000
900
800 - -
700 e

600 - -~
500 +

400
300

-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-

-/ Surface temperature —
;o Gas temperature ----
A

200 ] | —_
0 1 2 3

Combustion zone depth (m)

Fig.2.14 : Tsand Tg, Ro =0.1016 m, ¢ =100%, y =80%



Gas and surface temperatures (oC)

1400

1200

1000

800

600

400

200

Surface temperature —
Gas temperature -----

! {

0 1 2

Combustion zone depth (m)

Fig. 2.15:Tsand Tg, Ro=0.1016 m, @ =100%, y =100%

71



1000 | - u
3 900 ////_—_;
- - -
2 soOF T Ny
s %°r
§ """ -
@ 700 7 N
Q. .',a/
£ o
-93 600 = ”’r - -
@ e
= 500 /" 7
- /7
v e
= 400 - / Surface temperature — 7
:g Gas temperature -----
© H -
&5 300 ¢

200 = - '

0 1 2 3

Combustion zone depth (m)

Fig. 2.16 : Tgand Ts, Ro = 0.1016 m, @ =100%, y =80%
mc = 50 %

72

S




Oxygen concentration (Kg/m3)

0.14
0.13
0.12
0.11

0.1
0.09
0.08
0.07
0.06
0.05
0.04

| i 1 L I

Ro=0.1016 m
Ro=0.1524 m
Ro =0.2032 m
Ro =0.2540 m

o,
-,

...........

2 4 6 8 10 1

Combustion zone depth (m)

Fig. 2.18 : Oxygen concentration

14

74



S T ._t ------ | ] ¥
'/ /“" |
o
Ro=0.1016 m — -
Ro=0.1524 m ----
Ro=0.2032m -----
Ro =0.2540 m -~
| 1 1 q r N
2 4 6 g8 10 12 14

Combustion zone depth (m)

Fig. 2.19 : Normalized radial shrinking rate

75



e ot

Residence time (min)

| T T l T
Ro=01016m —
- 0=01524m - _
=0 Ro=0.2032m -----
Ro=0.2540m -
160 b T i
120 e 1
80 - e |
40 F\! , | L

3 3.5 4 4.5 5 5.5 6
Superficial gas velocity (m/sec)

Fig. 2.20 : Effect of Vs on residence time

76



combustion zone depth (m)

. ' ! | T T

18 | Ro=0.1016m — _
Ro=0.1524 m -----

16 Ro=0.2032m ------ |
Ro = 0.2540 m -

14 0 el -

12 - e T e -

10 - e :

8 F . ) _

6 - e ]

4 F—~—0 R

2 | - [ 1 H
3 3.5 4 4.5 5 5.5

Superficial gas velocity (m/sec)

Fig. 2.21 : Effect of Vs on Lc

77



2.6 References

2.1. R. L. Bain and R. P. Overend. Biomass Electric Technologies : Status and Future

Development. in Advances in Solar Energy (K. W. Boer ed.), American Solar Energy
Society inc. Boulder, Colorado, 7:449-494, 1992.

2.2. Draft Final Report, EPRI Project RP 2612-15. Contractor Research Triangle Insti-
tute, Research Triangle Park , NC 27709, 1991.

2.3 L. D. Smoot. Modeling of coal-combustion processes. Prog. Energy Combust. Sci.
10:229-272, 1980.

2.4 M. L. Hobbs, P. T. Radulovic and L. D. Smoot. Modeling fixed-bed coal gasifiers.
AICHE J., 38:681-702, 1992.

2.5 K. W. Ragland and D. J. A. Purnomo. Pressured downdraft combustion of wood-
chips. Twenty-Third Symposium (International) on Combustion, 1025-1032, 1990.
2.6 A. Ouedraogo, J. C. Mulligan and J. G. Cleland. A quasi-steady shrinking core

analysis of wood combustion. Combustion and flame, (to be published), 1994.

2.7 J. Dinwoodie. Wood : Nature’s cellular, polymeric fibre-composite. The Institute of
Metals, 3-37, 1989.

2.8 A. M. Kanury. Thermal decomposition kinetics of wood pyrolysis. Combustion and
Flame, 18:75-83, 1972.

2.9. B. Schwleger. Power from wood. A special Report. Power, 124(2):1-32.

2.10. K. W. Ragland, J. C. Boeger and A. J. Baker. A model of chunkwood combustion.
Forest Products J, 38(2):27-32, 1988.:

2.11. K. Hsiang-Chen and A. S. Kalelkar. On the Heat of Reaction in Wood Pyrolysis.
Combustion and flame, 20:91-103, 1973.

2.12. J. Diebold and J. Scahill. Ablative Pyrolysis of Biomass in Solid-Convective Heat
Transfer Environments. in Fundamentals of Thermochemical Biomass Conversion (R. P.
Overend, T. A. Milne and L. K. Mudge, Ed.), Elsevier Applied Science Publishers, 539-
555, 198s5.

78



2.13. W. J. Parker. Prediction of the Heat Release Rate of Wood. Ph.D. Thesis, The

George Washington University, 1988.

2.7

=2
L 0F >

2 B = U
@ oo O
< B

8
(e}

T m T
7

S

(¢)

ol

iy

" 2 Z 3 B

Nomenclature

external surface area (m2)

char thickness (m)

oxygen concentration (kg/m3 )

specific heat of component j (KJ/kg°K)
molecular diffusivity (m2/sec)

heat transfer coefficient (KJ / m2-sec-°K)

mass transfer coefficient (m/sec)

enthalpy of phase change of liquid water (KJ/kg)
enthalpy of phase change of active matter (KJ/kg)
height of the bed (m)

average heat of combustion of gases inside the bed (KJ/Kg)
average heat of combustion at the interface (KJ/Kg)
enthalpy of component j (KJ/kg)

geometry correction factor

char conductivity (KW/m-OK)

wood thickness (m)

cell dimension (m)

combustion zone depth (m)

length of bed (m)

bed loading rate (kg/hr)

mass (kg )

mass loss rate (kg/sec)

number of fuel elements per row

loading rate (log/sec)

outside radius (m)
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il 4

initial radius (R0 in Figures) (m)
rate of radius recession (m/sec)
time (sec)

temperature (OC)

velocity (m/sec)

migration velocity (m/sec)

row frequency (row/sec)
superficial gas velocity (m/sec)
width of the bed (m)

bed coordinate (m)

Dimensionless variables

Reynolds number

Specific gravity

Greek Letters

fraction of the volatiles which burn to CO at char-gas interface

ratio of the heat of combustion of C to CO to that of C to C02

mass fraction
bed volume fraction

solid volume fraction
density (kg/m3 )

fraction of the total gases that burn inside the bed

Subscripts

burnout time




char

gas

initial (ambient)
components (c, m, V)
moisture

surface

volatiles

virgin wood
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2.8 Appendix
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2.8.1 Code for the quasi-steady combustion model

RERRRRTRREEEER AR RARRRERANNANANRNRRRRRRFEARARANNNARRRRENNRRRIRNNRINNAR
¢ This program simulates a steady state one dimensional, fixed-bed model of "whole
¢ tree" combustion. Quasi-steady condition are assumed inside each fuel element.

cE@PPRRRRARARAARPPEPEPEPRPEPAARAQAAAEACAPARAEPPREPEPPRE@

o) The fuel is loaded from the top of the bed with initial
C radius ri which shrinks to rf at the grate.

c The initial gas (air) temperature is taken to be tgi (oC)
o at a pressure of 1 atm.

c You may run the program for one prescribed moisture at a
c time (greater than 0% ).

c ALL UNITS ARE IN SI.

C**********************************************************************

implicit double precision (a-h,o-z)
parameter (n=50000)

double precision r{(n),co(n),tg(n),ts(n)
double precision f(n),g(n),rs(n),cs(n)
double precision rp(n),v(n),w(n),tgf(n)
double precision hd(n),h{(n),tsf(n),bc(n)
double precision mc,k,1lni,mi,1lr,1

c**********************************************************************

Bed characteristics and wood properties

c
c sg 1s the specific gravity of the wood.

c rc is the density of the char.

c rg and cpg are the density and specific heat of air.

c rb is the bulk density.

c d is the molecular diffusivity.

c vs is the superficial gas velocity as computed from the
c air flow rate mi (5.5 lbair/lbfuel),the loading rate 1r
c (75 tons/hr) and the bed cross-section area (wi*l).

c wi and 1 are the width and depth of the bed.

c ckl 1is the negative stochiometric ratio divided by rc.
c tol is a convergence criteria. )
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e

sg=.640d0

rc=95.0d0

rg=.650d40

rb=240.0d40

d=.000315040
wi=4.5720d40

1=9.1440d0

mi=5.5040
1r=75.0d40*%907.2040/3600.040
vs=(mi*1lr)/(rg*l*wi)
ckl=-(12.040/16.0d0) /rc
tol=.000001040

c*****************************ii***k*****i****i*************************

0

(0 T 0 T o T T o T © T & T # TN 0 T © BN 0 B ¢

Thermal properties

ti is the initial wood temperature.

cpv,cpm and cpc are respectively the specific heat of
the volatile,moisture(vapor) and char.

rocg is the volumetric heat capacity of air.

hfgv and hfgm are the enthalpy of phase change of the volatile
and liquid water respectively.

hc is the enthalpy of combustion of the char

hv is the enthalpy of combustion of the volatiles

hcl and he2 turn out to be the complete and incomplete
heat of combustion of the gases inside the bed and the
char and volatiles at the char-gas interface.

ti=25.0d0
cpv=1.10d0
cpm=4.2040
cpc=.67040
cpg=1.034040
rocg=rg*cpg
Hc =31100.0d0
Hv =13500.040
hfgv=200.0d0
hfgm=2250.040

c**********************************************************************

c

Moisture content, initial conditions and additional data.
mc is_the moisture content (input say .15 for 15%).

r(l)=rf is the dimension of the radius as it falls through
the grate.
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o co is the concentration of oxygen at the bottom of the bed
c k ( suggested value .225) ,cl and c2 are empirical coeffi
o) cients for the mass and heat transfer coefficients.
c vfo is the volume fraction of oxygen (21%).
c dz is the grid size : suggested values ; for ri > .102 i.e
c i.e.4" dz=.001 ; dz may be as low as .0000001 for ri =
c .0001 m. In general look for faster convergence.
c fe is the percentage of total gas ( CO + volatiles) that
c actually burn inside the bed.
print*, —-——=—memm e e '
print*, input the radius ri, moisture content mc, grid '
print*, ‘size dz and % of gas that actually burn inside the’
print*, ‘bed fel and fe2 the % of gas that actually burn’
print*, 'incompletely at the solid-gas interface’
print*, '——-—— e g
read*,ri,mc,dz, fel, fe2
r{l)=ri*(.0010d40)**(.50d40)
vio=.21040
co(l)=rg*vfo
rs(l)=r(1)
cs(l)=co(l)
k=.2250d40
cl=.7660d0
c2=.5730d40
c ——————————————————————————————————————————————————————————————————————
c alfa is an exponent used to introduce a correction factor
c for the void fraction as we move upward along the bed.
tgi=260.0d40
tg(l)=tgi
alfa=.0d0

c**********************************************************************

rw is the density of the wood.

ec,and ev are the mass fraction of the char, liquid water
and volatile.

Ini is the loading rate (log/sec as computed from lr ).

aOa0o00a0n

rw=1000.0d40* (1.0d0+mc) *sg
ec=rc/rw

em=mc/ (1.0d0+mc)
ev=1.0d0-ec-em

esi=rb/rw
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epsiloi=1.0d0-esi
epsilo=epsiloi*(r(1l)/ri)**(alfa)
es=1.0d0-epsilo
pi=4.0d40*datan(1.0d0)

lni=lr/ (pi*rw*1l*ri**2)

C**********************************************************************

o000

e]

j=i
computational constants

ck2=rw/ (rg*cpg*vs)
ck3=(12.040/16.040)*(2.0d0*es) *rw*ckl/vs
ck4=((2.06040*k*d/2.0d40)*(17400.040)**(.425040) ) /epsilo
cc=pi*lni/wi

gql=-ckl*ckd*es/cc

q2=ck3*ck4

qg3=2.0d0*ck2*es

Hcl=((ec*Hc + ev*Hv*fe2)*(.720d40) + ev*hv*(1.0d40-fe2))
$*fel/(ec + ev)

Hc2=(ec*Hc + ev*Hv*fe2)*(.280d0)/(ec + ev*fe2)

we start the iteration for the radius and oxygen concen
tration by using the initial values specified above
(first step) the new values are introduced back into the
equations (step two ) and the result is averaged with
step one to give new values of r and co; we then check
for convergence.

since we start the computation from the bottom of the bed,

r=rf, we stop the program when r=ri (the initial radius).

if((r(i-1) .eq. ri) .or. (r(i-1) .gt. ri))go to 4

f(3)=(rs(j-1)**(-2.5750d0)) *cs(j-1) *(cl*mc*ri/rs(j-1))
&/ (dexp(c2*mc*ri/rs(j-1))-1.0d40)

g(j)=(rs(j—l)**(—1.5750d0))ics(j—l)*(cl*mc*ri/rs(j—l))
&/ (dexp(c2*mc*ri/rs(j-1))-1.040)

if(j .eq. i)then

rs(j)=r(i-1)+ql*dz*£(j)
cs(j)=co{i-1)+g2*dz*g(j)
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J=j+1
go to 2
else

rs(j)=xr(i-1)+gl*dz*(£(i)+£(3))/2.0d40
cs(j)=co(i-1)+g2*dz*(g(i)+g(j))/2.040

c check for convergence

if((dabs(rs{(j-1)-rs{(j)) .gt. tol) .or.

&-cs(j)) .gt. tol)) then
j=3+1

go to 2

else

r(i)=rs(j)

co(i)=cs(])

rs{i)=rs(3)

cs(i)=cs(3j)

endif
endif

(dabs{cs(3-1)

c**********************************************************************

c hd and h are the mass and heat transfer coeficients.

do 20 j=i-1,1i

hd(j)=ckd4*(r(j)**(-.5750d40) ) *(cl*mc*ri/r(]))

&/ (dexp({c2*mc*ri/r(3))-1.0d40)

h(j)=rocg*hd(j)

rp(j)=ckl*co(j) *hd(])

20 continue

c**********************************************************************

c ts and tg are the surface temperature of the wood
c and the gas temperature.
c we use the same computational steps as above.
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al=(ec + ev)*Hcl
a2=ev*cpv+ec*cpc+em*cpm
a3=em*hfgm + ev*hfgv

bl=(ec + ev*fe2)*Hc2-ev*hfgv-em*hfgm
b2=1.040/xrw

we start the iteration for tg and ts

ts(l)=ti+(bl-b2*h(1)*(tg(1l)-ti)/rp(1))/(a2-b2*h(1}/rp(1))
tsf(1l)=ts(1)

ji=i
j=i
v(j)=rp(ji-1)*(al-a2*(tsf(j-1)-ti)-a3)/r(ji-1)

if(j .eqg. i)then

tgf(j)=tg(i-1)-g3*dz*v(j)
w(j)=(bl-b2*h(ji-1)*(tgf(j)-ti)/rp(ji-1))/(a2-b2*h(ji-1)
&/rp(3i-1))

tsf(j)=ti+w(3)

j=j+1

Ji=ji+l

go to 3

else

tgf(j)=tg(i-1)-q3*dz*(v(i)+v(3))/2.0d0
w(j)=(bl-b2*h{(ji-1)*(tgf(j)-ti)/rp(ji-1))/(a2-b2*
&h(ji-1)/rp(ji-1))

tsf(j)=ti+(w(i)+w(j))/2.040

if((dabs(tgf(j)-tgf(j-1)) .gt. tol) .or. (dabs(tsf(j)
&-tsf(j-1)) .gt. tol))then

j=j+1
go to 3
else

tg(i)=tgf(3)
ts{i)=tsf(j)

endif
endif
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(o output selected quantities
z=dfloat(i-2)*dz
write(l,*)z,r(i-1)/ri
write(2,*)z,co(i-1)
write{(3,*)z,hd(i-1)
write(4,*)z,h(i-1)
write(7,*)z,tg(i-1)
write(8,*)z,ts(i-1)
write(9,*)r(i-1),hd(i-1)

epsilo=epsiloi*(r(i)/ri)**(alfa)
es=1.0d0-epsilo

i=i+l
go to 1

C**********************************************************************

c we compute the shrinking rate sr and the burnout time tb
c by Simpsons ‘' rule

4 Xi0=xr (1) **2+r (i) **2
xil=.0d40
xi2=.0d40
do 30 j= 2,i-1
if(int(j/2)*2 .eq. j)then
x12=xi2+f(j)**2
else
xil=xil+r(j)**2
endif

30 continue

xi=dz*(x10+2.040*xi2+4.0d40*xil) /3.0d40

vi=(xi*cc)/(z*es)
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tb=z/(vf*60.040)

sr={(ri-r(1l))/tb

print*, ‘the moisture content (%)’
write(*,*)100.0d40*mc

print*, ‘the combustion zone (m)’
write(*,*)z

print*, ‘the shrinking rate (m/min)’
write(*,*)sr

print*, 'the burnout time {min) ’
write(*,*)tb

print*, ‘the migration velocity of the logs (m/min)’
write(*,*)vf*60.0d0

if((tb .eq. .0d0) .or. (sr .eq. .0d0))then

print*,  ———-- e e !
print*, ‘check the grid size dz’

endif

print*, - - e e ’
write(11,5)ri,100.0d0*mc, z,sr,vE*60.040,tb

format(////7/,
&20x, ‘the initial radius (m) =',£6.5,//,
&20x, 'the moisture content (%) =',£6.2,//,
&20x, 'the combustion zone (m) =’,£f10.6,//,
&20x, 'the shrinking rate (m/min) =',£f5.4,//,
&20x, 'the migration velocity (m/min) =',£5.4,//,
&20x, 'the burnout time {min) =’,£f10.6,//)

end

OSSs8I 0080808000800 008000585 0080508585808 585555555355555555555858s
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3 Transient moving boundary shrinking core model
of "whole tree" combustion in a countercurrent
*
fixed-bed reactor.

* A short version of this work was submitted for publication in Numerical Heat Trans-
fer, (1994).
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3.1 Abstract

A transient shrinking core model of "whole tree" combustion in a one dimensional
steady state fixed-bed reactor is developed and the results are compared with those of a
quasi-steady model. The uniform core temperature and negligible heat of pyrolysis ap-
proximations commonly utilized in quasi-steady models are replaced by a transient
moving pyrolysis front submodel. A modified Variable Grid Method called Continuous
Mapping Variable Grid Method (CMVGM) is developed to solve the two-phase moving
boundary problem in which in addition to the moving interface, the external boundary
of the solid fuel is receding due to combustion. As anticipated and assumed in the
quasi-steady model, the core temperature remains approximately constant during most
of the combustion process, but close to the end, it rises steadily toward the interface

temperature. The CMVGM scheme is found to be very stable and converge rapidly.

3.2 Introduction

In a recently published paper by Ouedraogo et al. [3.1], a steady state one dimen-
sional model of "whole tree" combustion in a countercurrent fixed-bed combustor was
presented. The bed which was modeled was designed to fire a "whole tree" burn boiler of
a 100 MW net power plant [3.2] and to be loaded uniformly from the top at a rate of 75
ton / hr with a theoretical air wet fuel ratio of 5.5 kg / kg. Oxygen (air) is fed from the
bottom at a preheated temperature of 260 OC. The quasi-steady model was formulated
based on thin char layer and constant core temperature approximations. Also, the heat of
pyrolysis was taken to be negligible. Although simple, the model was seen as an exten-
sion from previous formulations. First, the combustion of wood, particularly large wood
specimens is assumed to be mostly diffusion rather than reaction kinetics controlled.
Second, the appropriate combustion model is believed to be the shrinking core model.
Third, an overall mass transfer coefficient comprising the effect of blowing is explicitly
correlated, modified and incorporated into the combustion model. The results were found
to be mostly in good agreement with those of an existing "whole tree" facility [3.2].

However, it has been speculated that the uniform core temperature assumption may be-
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come critical especially tower the end of the combustion process. The present model
uses the same bed characteristics but carries further the quasi-steady analysis by remov-
ing all the previous approximations. Therefore, both the core and shell temperatures be-
come now unknown, function of the interface conditions. Hence, the problem is a two-
phase moving boundary problem since the interface also changes its position continu-
ously due to pyrolysis with the subsequent phase-change of active matter and moisture
respectively to volatiles and water vapor. Yet another difficulty compared with the clas-
sical moving boundary type problem is that the external boundary of the solid fuel is re-
ceding due to combustion. Therefore, the solution of this problem requires not only
tracking the position of both the interface and the external surfaces of the fuel elements
but also tracking the position of the entire "whole tree" elements inside the bed. Compu-
tation starts from the top of the bed and the distance traveled by the fuel elements down
to the fixed grate defines as before the residence time and bed depth. The bed is still a
one dimensional steady combustor while unsteady conditions prevail inside each fuel
element. The "whole tree" elements then undergo an unsteady overlapping phases of dry-

ing (preheat), pyrolysis and combustion.

The sequence of the actual "whole tree" process is believed to be as follows: 1) The
exiting flue-gases dry and preheat the external layers of the fuel elements surfaces up to
pyrolysis, with the subsequent formation of a char layer or shell surrounding an interior
core which is still made of virgin wood. 2) The "whole tree" elements migrate to a area
of the bed where the oxygen concentration is appropriate to cause combustion. 3) The
heat released by the burning shell layers and pyrolysis products provides the necessary
energy to further dry and pyrolyze the core so that all three processes overlap during
most of the combustion process. This results in the formation of two distinct fronts : a)
The combustion front, which is the driving force and which rcxchanges heat and matter
with both the core and the gas phase and causes the recession of the external surface, b)
the drying and pyrolysis front, which pyrolyzes the virgin wood (core) and causes the
formation of the shell layer. The devolatilization of the wood layers is accomplished

only as the pyrolysis front reaches these layers.
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The complete model comprises then : First, the preheated process at the top of the
bed, which is modeled by the heat equation with internal moisture convection and evapo-
ration. This submodel is run until according to the experimental findings of Ragland ez
al. [3.3] on the combustion of green chunkwood, a char layer of approximately 6.00 mm
thickness is formed. This submodel also provides the following set of inputs for the solid
phase combustion model : core radius and shell thickness along with core and shell tem-
perature profiles. Second the solid phase combustion model which itself comprises - The
drying and pyrolyzing core submodel with internal moisture and pyrolysis gases convec-
tion, moisture evaporation and no internal heat generation - The burning shell layer sub-
model with convection of the exiting moisture and volatile gases. Heat is assumed to be
generated only at the external boundary by the combustion of the shell and escaping
volatile gases - The core and shell submodels cheer a common moving boundary. Third
the gas phase model. The solid and gas phases combustion models are checked for tem-
peratures convergence and specially for the convergence of the time step computed from

the velocity of the pyrolysis front (moving boundary).

The objective of this study is to extend further the investigation carried out in the
quasi-steady analysis by formulating a transient shrinking core model which removes all
the previous assumptions. The work is divided in three parts : First the unsteady submod-
els of the fuel drying process, core recession and pyrolysis, fuel shell combustion along
with steady state gas phase combustion equations are developed, second the numerical
method for solving the two-phase moving boundary problem is formulated and pre-
sented, third, the results of the model are compared with those of the previous quasi-

steady model.

3.3 Upper region modeling : Preheat submodel

"Whole tree" elements, assumed to be at uniform ambient temperature are loaded
from the top of a continuously operating countercurrent fixed-bed. They are assumed to
go through a pure drying (preheat) process which occurs at a much higher temperature

and faster rate than usual timber drying reported by Plumb et al. [3.4]. This particular
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type of drying actually only displaces moisture in the sapwood near the outer surface.
Moisture from the inner layers then reaches the surface by diffusion over a period of
time. When the trunk diameter is large as in the case of "whole tree" elements, it be-
comes more difficult for this process to occur. This may explain why such drying does
not go to completion as in conventional drying. Instead the outer layers are dried first by
the exiting flue-gases and their temperature increases to pyrolysis, while the interior lay-

ers remain practically virgin wood at ambient temperature.

The upper region is so close to the combustion zone that the initial gas temperature is
assumed to be the exiting gas temperature from the combustion zone. The fuel elements
are assumed to be made of fixed carbon (char called s here for shell to avoid confusion
with the core c), active matter which pyrolyzes to volatiles (v), and moisture (m) which
evaporates to water vapor. Each phase represents a continuum governed by conservation
laws and following Whitaker [3.5], a single governing equation is achieved which is
valid throughout all phases by phase averaging. The equations are developed with the as-
sumption that there is no viscous dissipation, the wood thermal conductivity is constant
and only radial movement of moisture and volatiles occurs. The phase averaged energy

equation of the preheat process is then

G 0w (€Cps + €.Cpv + €mCom ) 5t + Ow emComVe 3 = 13 (r KW 3= (3.1)

where Q= €m (Qw— de) (1- ¢w ) hfgmAm exp(_Em / RT)

Ow = Sg (1 +mc)0uuer and 0 <r < 1,

Vg is the velocity of the convective gases, given by the momentum equation or Darcy’s
law and is a function of the wood permeability, the viscosity of the gas mixture and the
gas phase pressure gradient. The pressure is assumed to be the saturated vapor pressure

P, given by Siau [3.6]. In S.L. units it is expressed as
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Py = pg, = 11.66375 x 10'%exp(~43472 / RT)
and the momentum equation is written as
kgc
The set of equations is subjected to the following initial and boundary conditions
T(r,t=0)=Ti , 0 =r =7,

where 7; is the ambient temperature.

aT =
S lr0=0, t >0

Kw%%lr:rozh(Tg_ T(r,0)) , t > 0

No heat is generated in the drying zone of the combustor and therefore, the energy equa-
tion of the gases as they pass upward through the steady-state upper regions of the com-

bustor is

a7,
0gCpsVsg 32 = hAg (Tg — T(rp,8)) (3.2)

At z=z; where z; is the fuel elements inlet plane, the gas temperature Tg(zzzl) is given
by the quasi-steady model. Tg(z=zl)=1010.0, 950.0, 900.0, and 860.0 OC for "whole

tree" elements at 25, 30, 33.3 and 40 % moisture respectively.

In this zone of the combustor, the "whole tree" radius remains constant and equation

(3.1) expresses the fact that the heat carried inside the elements by pure conduction plus
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the heat carried by the inward convected moisture is equal to the heat accumulated plus
the volumetric heat of evaporation. At the end of the preheat process, a shell layer of

thickness b is formed surrounding a core of virgin wood of radius r..

3.4 Solid phase combustion

3.4.1 Shell combustion submodel.

The "whole tree" elements migrate downward to a location of the bed where the oxy-
gen concentration is such that combustion begins. The combustion of the shell (char)
layer takes place at constant density. The volatiles and water vapor leaving the core con-
vect through the porous shell into the bed environment. Heat is generated only by glow-
ing combustion at the shell-gas interface. The phase averaged energy equation for the

shell layer is

oT T T
GstCPST'FQng(Evva'FGmem)T = %%(rKS-F (3.3)

where r varies between the core-shell interface and the external fuel radius I, ie.

r. < r < r. The shell thickness b is not modeled as in [3.7] but defined as

CcC ~

b(t) = rs(t) - rc(t)

s

Equation (3.3) is éubjected to the following conditions. The shell temperature,
T(rit=tp) ,ro =1 = 1

at this location Zp of the bed, where tp is the preheat time is given by the drying sub-
model described above. The convective boundary equation at the combustion front (r=r))

is written as

aT,
Qw(Vseshs'l"anevhv)'l"h(Tg— Ts(r=rs,t))=Ksa—:|r=rs , U > tp
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In this equation, the first term on the left represents the heat released by the shell com-
bustion, the second represents the heat released by the combustion of a fraction @ of
the volatiles and the third term is the convective heat exchange between the shell and gas
phase. The term in the right is the heat conducted away front the combustion front and
into the shell. The heat transfer coefficient A4 in the convective boundary relation has

been correlated in previous studies by Ouedraogo et al. [3.1, 3.7] as

h = hp 0 Cpg

where @gCpg is the volumetric heat capacity of the gases and h;, the mass transfer
coefficient [3.1]. The shell recession velocity V in the convective boundary relation has
been defined [3.1] as

where O is the constant shell (char) density and C the oxygen concentration inside the
bed. The gases are assumed to convect at a much higher velocity, given as before by the

momentum equation

k
Vg =—7§VP(r) >0

where kgs is the permeability of the gases inside the shell layer. Since there is no mois-

ture inside the shell, the pressure P(r) is modeled following a one dimensional steady

state temperature distribution in a hollow cylinder of radius r. That is,

1
P(r) = Pg+ (P,— Pg)%

:I“(\g “,-1“
where P g and P, are respectively the saturated vapor pressure and the atmospheric pres-
sure. They represent the limit of P(r) at the core-shell and shell-gas interfaces.
Finally, at the interface core-shell, the shell temperature is assumed to be equal to the in-

terface temperature T:,, . That is,
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Tr=re)=Ty ,t >t

3.4.2 Core drying and pyrolysis submodel

Part of the heat generated by the combustion front propagated inward and further
dries (lost of moisture by the core) and pyrolyzes the core which is made of virgin wood.
The conservation of energy in the core includes, heat conduction, internal convection of
moisture and volatiles, heat of evaporation, and accumulation. No heat is generated and
the pyrolysis is assumed to take place solely at a plane defined by the interface core-

shell. The core energy equation is

o, ar,
bw w (€5Cps + €,Cpv + €mCpm ) 7 + 0w Vg (6,Cpv + €mCpm )57 = (3.4)
T, :

O<r < Ios g
and the equation of the volumetric evaporation has also been defined. The following

where the convective gas velocity V_ is the same as in the preheat process

conditions apply to equation (3.4). The core temperature
T(r,it=t) ,0 =<r =<r,

at this particular location Zp of the bed is given by the preheat submodel. The boundary

condition at the "whole tree" midplane (r=o) is

aT,
- lrg=0, t >

At the interface core-shell, the core temperature is assumed to be equal to the interface

temperature. That is,

T(r=rot)=Ty .t >t
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3.4.3 Core-shell interface modeling

Right at the boundary i.e. for r = r_ the temperatures of the core and shell are equal

c
and equal to the interface (pyrolysis) temperature. That is,

Tr=ra)=Tr=rot) =Ty .t > (3.5)
Now the energy balance at the core-shell interface may be written as

aT, ar, .
K52 = Kygt =—0p Fc € hp (3.6)

where — 7 = VC is the core recession velocity and hp is the heat of pyrolysis. Assuming
that the heat of evaporation of moisture at the interface has little influence on the propa-
gation of the pyrolysis wave, the above equation expresses the fact that the heat con-
ducted from the combustion front through the shell dries the core and pyrolyzes the ac-

tive matter.

3.5 Gas phase combustion

The bed is assumed to be one dimensional and in a steady state and oriented upward.
Now we shift our attention from the "whole tree" elements as such, to formulate what

happens at a given location z of the bed. The axial oxygen mass balance is modeled as

follows
dc Lo A
ngz; = mOZ(V—ao;) 3.7
where A, = 2 ETW is the area to volume ratio and Mo, is the oxygen mass flux

defined [3.1] as
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mOz ==ilosrs+(Ow— Qs)(l—t‘r,)ic]

Hence, equation (3.7) may be compactly written as

. . 2€
Vg %S = ifogis+ (Quw—05) (1= 2) i 1552

where i is a stoichoimetric index (12/16). The oxygen concentration at the beginning of
the combustion process C(z—z ) where zp is the location of the bed where the combus-
tion begins is estimated from the quasi-steady model to be 0.040 kg/m for all moisture
and fuel elements size. The equation of energy conservation in the gas phase is a modi-

fied version of the quasi-steady model. That is,

3
dTy . " 2e,
0¢CpgVsg 7= = 1o, = [( €5+ €,) Y Hag— > €1Cpi (Ty— T.)—
j=1 (3.8)

(€y hfgy + €p hfgm )] ( % )
and Hag is the average complete heat of combustion of the gases inside the bed given as

[(eH,+ae,H,)(1-B)+(1~-a)eH,]
€+ €,

Hag

The gas temperature T g(z=zp) is given by the preheat submodel.

3.6 Numerical method : Finite Difference Approximation

Because the set of equations to be solved are nonlinear due to the nonlinearity of the
governing equations and boundary conditions (except for the boundary conditions in the
gas and oxygen equations), their exact analytical solutions are in general not possible to
obtain. Therefore, recourse is made here to numerical finite difference method. The flow
problem being decoupled from the temperature problem, the radial velocity Vg becomes
an input to the energy equation. Various schemes are available for the finite difference

approximation of nonlinear diffusion problems. Here we make use of the combined
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Crank-Nicolson method because of its versatility to yield the simple explicit, simple im-

plicit and the simple Crank-Nicolson schemes.

Let us write the general form of the diffusion equation compactly as follows

G F+UTIS = 15 (rKSH+Q(T) (3.9

Comparing relation (3.9) with equations (3.1), (3.3) and (3.4), the values of eCp

MT) = x Vg (where X is a constant for a given moisture), Q(T) and K are readily

available.

3.6.1 Internal nodes

Applying the simple explicit forward differencing for the time derivative, the upwind
and the central difference schemes to discretize respectively the convective terms and the
second order derivatives, we get the following finite difference approximation of the dif-

fusion equation (3.9) in the form of

ntl _ n n
Ar (roCp), = +1rMT") 1. 4r0 (5 )"+1+[ AT 1,4r (1~ 9)(3,)
n+l _ on+l n+l n+l "

=0l (rK)i"'l/ZLA’i—— + (rK)l I/ZI—A—] +(1-6)[ (rK)z+1/2 mAr l

l

T —
+ 0K _ypn R T L 1+ r;Ar Q(T}) .10)

where the upwind scheme in the convection terms yields for the (n) time step

’l T’l

( ) r"l for Vg > 0
T - T

(Gr)z =L for Vg < 0
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Similar relations may be written for the (n+1) time step. The sink relation and the coeffi-
cients of the convective terms are seen to be lagging by one time step i.e. when the com-
putation is perform at the time level (n+1), these relations are evaluated at the previous
time level (n). Assuming a positive convective velocity, expanding and collecting terms,

equation (3.10) may be written more compactly as

416 (1K), 1 . A0 (K),_ 1,  AOATH |
(reCp),Ar? (roCp), Ar? (Cp).Ar 17
P P); i
At (1-6) (K),,,

tal(T,-") 4t 0 (rK),_ 1/2] n+l
@Ch,ar " GoCp ar il

_ at e (rK)l+l/2 T.’H'l _ [At (1_9) l(Ti") . ar(l 9) ("I()l 1/2] T [ 1—

+[1+

(reCp),Ar? i+1 (eCp),4r (reCp),Ar? (reCp),Ar?
a(1=-6)(K);_ 1/, A(1-O)MT) . n 4‘<1-9)<'K>.-+1/z a”
B (roCp), Ar (eCp),Ar i ¥ (reCp), Ar? i+] (QC) AR
3.11)

O (0 = O =1)is the weight factor representing the degree of implicitness, i. e.
equation (3.11) reduces to the simple explicit form for @ = 0, to the simple implicit
scheme for @ =1 and to the Crank-Nicolson method for &= 1/2. A more useful form
of relation (3.11) is written as

AT +B T 4 T = DT +E T + F,T) + (QC) Aloa’y (.12
where the coefficients of the node temperatures are clearly defined by equation (3.11).
The simplest but sometimes less accurate method for computing the thermal properties is
to lag their evaluation by one time step. A more accurate approach, however, is the ex-
trapolation scheme, in fact a one order Taylor series expansion and may be found in the
book by Ozisik [3.8]. Here, the thermal properties are assumed constant and the core
density is only function of the moisture constant (mc). Assuming that the coefficients of
the node temperatures are available, two separate cases have to be envisioned. First, by
choosing an appropriate time step, the system (3.12) provides a complete set of equations
for the determination of the fuel preheat unknown internal node temperatures when the

temperatures at the boundary are prescribed. Second, in order to determine the core and

shell internal node temperatures, additional technique has to be developed to handle the
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moving boundary problem. In either case, since we are dealing with prescribed heat flux
or convective boundary conditions, the boundary temperatures are unknown and addi-

tional relations are needed and described below.

3.6.2 Convective boundary nodes

For the convective boundary at the external surface of the "whole tree" elements, the
diffusion equations (3.1) or (3.3) may be discretized with the Dupont-II scheme, Ozisik
[3.8], or simply discretized as in equation (3.9). We start by evaluating the corresponding
equations at the boundary s.

eCp s+ A = 1L (rkdD)| + 0D

Expanding this relation, collecting terms and making use of the corresponding convec-

tive boundary relation i.e.,

IM|s = k%ls » > 0
where M |5 = low(Vseshs + aVge, h,) + h (Tg— Ts (r,0)]] s or

SM|s=h(Tg— TT0)|s

discretizing the final relation and utilizing a fictive node inside the bed yields

k k
[1+zétae2] - Zé;A?i Tin—+11 =[1- zcdtf,a(l 611/
24tk _MIh . . (3.13)
+ bar 1= O T + (G (@), + - == Hha + o)

where the index i identifies the boundary node and j— 1 the internal nearest node.
3.6.3 Centerline nodes

Since the same boundary conditions are applied to the external surface of the cylin-

drical shaped "whole tree" elements, the preheat and combustion processes are symmet-
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rical about r=0. The finite difference equation is not applicable at this particular location
because it has a singularity. A expression applicable at r=0 can be developed by making
use of the symmetry condition (zero heat and mass flux at midplane) in equation (3.9).
Replacing the fictional temperature at the fictional node "-1" (in the region r negative) by
the temperature at node "+1" due to symmetry, the discretization of the appropriate ex-
pression is straightforward and yields the temperature ati =0 i.e. Ty,

4AtOk, ,,+1 4AtOk, . .n+1 _ 44t(1-6)k,
[1+ CAr2]0 CAr2T =[1 oCp AR 17

44t(1-6)k, ..n

3.14

3.6.4 Interface nodes

The interface although moving, has a prescribed temperature and therefore, is a
boundary for both the shell and core. Applying equation (3.12) to Figure 3.1, where the
core total number of grid points is N, the following relations are obtained for the tem-

perature of the nearest nodes to the interface in each subdomain

n+l n+l n n

Ay 1 Ten—p+By_ chN— =Dy 1T nyo+En_1 Ty

+(Fy_1— Cy_1) T + 4 & QTy_)) (3.15)
n+l n+l * n

By Toner + CN+1 Tonya = (Dyyy— Angr ) T + Enyq Tonyg

* Fyo Tz * 5 Q030 (3.16)

3.6.5 Determination of the time step

-

At this point we will only say that the time step is obtained by discretizing equation

(3.5) and making use of relation (3.6). Utilizing figure 3.1, it is written as
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- Ow €v hp Ar?
Atn = — Il = * n+l ntl _ o* (3.17)
Ky [Tp— Ty 1= Ks [ Topr— Tl

and the core recession velocity V _ is inferred from relation (3.17). That is,

1 * +1 n+l *
V. = [W][KW(T,,,— Toy-1)— K (T, — Tyl

3.6.6 Bed spatial grid

The migration velocity V¢ of the "whole tree” inside the bed is defined as

N, I c'r
V= (w&) =
N.IT
where C* = _;V

This relation allows for the determination of the bed spatial grid as

Az, = At, C—;:—Z (3.18)
where k here is clearly the bed grid index. It also represents a closure of the model equa-
tions. As can be seen, for a given moisture content and bed characteristics, the bed grid
size is a function of the time step and fuel radius. Therefore, the bed grid size is constant
in the upper region of the bed, but becomes increasingly small as the "whole tree" ele-
ments shrink during the combustion process. Furthermore, relation (3.18) transforms the
bed spatial grid into a virtual time step then allowing the incorporation of the steady state

gas equations into the computation of the time-dependent fuel temperature.

3.7 Continuous Mapping Variable Grid Method:CMVGM

Relations (3.9) to (3.18) are now used to develop a new technique to solve the tran-

sient moving boundary shrinking core model. Various numerical methods for solving
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moving boundary problems have been reported by many investigators in the literature, a
classification of these methods can be found in the book by OsiZik [3.8]. Here a modified
version of the Variable grid methods called Continuous Mapping Variable Grid Method
(CMVGM) is proposed to solve the transient shrinking core model of "whole tree” com-
bustion in packed bed. Under the previous methods, usually a plane geometry domain
"x-t" is subdivided into equal interval in one direction only. The corresponding grid size
in the other direction is then determined so that the moving boundary always remains at
a grid point. Murray and Landis [3.9] choose equal steps in time direction and keep the
number of space intervals fixed for all times. In another example, Douglas and Gallie
[3.10] divided the x-direction into equal intervals and choose time steps such that the
moving boundary crosses exactly one mesh during that interval. Yet another method is
due to Crank and Gupta [3.11] where the t-direction is divided into equal intervals and
the space intervals are kept fixed.

The method proposed here is a modified version of the previous schemes (Murray
and Landis and Douglas and Gallie) applied to a cylindrical domain. Consider a "whole
tree" element of radius r at the end of the preheat process where a shell layer of thickness
b is formed surrounding a core of virgin wood of radius I, represented by the computa-
tional domain shown in Figure 3.2. As in Marray and Landis scheme, the r-t domain,
as a matter of fact, the r -t and b-t subdomains at the beginning of the actual combustion
process, are subdivised into equal interval by fixing the number of grid points for each

subdomain, i.e.
drC(n=O)=dS(n=O)=dr

Therefore, the mesh size changes from one time step to the next as the interface moves
and both the external receding surface and the interface always remain at a grid point. In
order to keep the dynamics of the computational domain as close as possible to that of
the actual physical domain, a conformal mapping strategy is used to map in each subdo-
main the computational domain of time step (n+1) to that of the previous time step. To
do so, each subdomain (core and shell) is identified by two radial grid sizes correspond-
ing to time level n [dr(n)] and n+1 [dr(n+1)]. The computation is then performed by con-

tinuously mapping in each subdomain, the radial grid points of time level n to those of
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time level n+1. The transformation in the r-t subdomain actually maps a cylindrical re-
gion of radius r (n) and length | at time n into a geometrically similar region at time n+1.

Thus, at any grid point (i,n) of the computational domain at time level n,
[ r.;(n) = idrc(n), ty ] maps into [ rci(n+1) = idrc(n+l), sl ]

i.e. a contraction ratio

Fc — drc(") > 1

= T n+l)

andwhere 0 =< i =< N-latany timen=0,1,2,..

For the b-t subdomain, recall that the gas temperature has to be accounted for through
the mean of the shell convective boundary condition. Hence, the "b-t" computationai do-
main is now transformed into a "b-t,z" computational domain. But making use of rela-
tion (3.18), the "three dimensional" computational domain may be transformed back into
a two dimensional computational domain. The mapping in this subdomain transforms a
hallow cylinder of radius r and thickness b at time n into a geometrically similar region

at time n+1. Thus, at any grid point (i-n,k) of the computational domain at time level n,
[bi(n) = idrs(n) -t zk]maps into [ bi(n+1) =idrs(n+1) - el Zesl 1,

or a contraction ratio

Fs _ drgn)

and N+l < |1 = M atany time and bed location n =k =0,1,2,... where M is the
total grid number of the entire "whole tree" elements. Recall also that by setting these
indexes equal to zero in both subdomains, we are quantifying only the combustion proc-

€SS.

Now as in Douglas and Gallie scheme, the time step in equation (3.17) is selected

such that in the time interval from t _to t the interface moves exactly from the posi-

n+l’
tion r C(n) = Ndrc(n) to the position rc(n+1) = Ndrc(n+1). If J is the total number of grid
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of the shell layer, the following relations, therefore, always hold for the core and shell
subdomains at each time step. |
r.(n+l) =r (n) - dr (n) = Ndr (n+1)

b(n+1) =ry(n+1) - r (n+1) = Jdry(n+1)

[rs(n) - rs(n+1) 1/ A+ = Vs‘

Hence, it is seen that contrary to the previous schemes, both the radial grid and the time
step vary for all times and the computation is done by continuously tracking both the po-
sition of the interface and the external receding boundary. In addition, in solidification-
freezing problems, the last time step is computed when there is only one phase left.
Here, however, since for practical purposes neither r.(n) nor rs(n) ever go to zero, it is

assumed that the problem is an infinite one i.e. the two-phase problem is always present.
The following algorithm summarizes the CMVGM procedure.

1. Approximate Atl1 by computing At, as initial guess.

€, hpAr?
Atll = Ato = * gw d p 0 *
Ky [ Tp= Ty 1= Ko [ Ty = T
where TOcN—l and IOSN +1 are respectively the core and shell node temperatures at the

end of the preheat process.

2. Compute the core radius rc(n+1) =r C(n) - drc(n)
J - A clea,

3. Approximate the bed grid size. Apply the simple explicit forward differencing to dis-
cretize the burning rate and oxygen concentration equations and then iterates for the ap-
proximated values of the receding external radius r(n+1) or rs(n+l) and bed oxygen con-
centration C(n+1). Stop the computation when the difference between two consecutive

iterations satisfies a specific convergence criteria. That is,

I+1
| D= r@ | and | C1(+ - Cl([) |
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4. Approximate dr(n+1)=b(n+1)/J. With CMVGM, solve the finite difference equation
(3.12) [approximation of the diffusion equation (3.3)] subject to appropriate boundary
conditions [shell convective boundary (3.13) and equation (3.16)] and initial conditions
i.e. conditions at (tp , zp). Obtain an estimate for the shell node temperatures, holding the

gas temperature T g(k) constant.

5. Compute drc(n+1)=rc(n+1)/N. As in step (4), solve the finite difference equation
(3.12) [approximation of the diffusion equation (3.4)] subject to appropriate boundary
conditions [symmetry condition (3.14) and equation (3.15)] and initial conditions i.e.

conditions at (tp , zp). Obtain an estimate for the core node temperatures.

6. Obtain Atl1 using equation (3.17), the new shell and core temperature profiles and
Ar given by the average of the (n+1) radial grids computed in step (4) and (5).

7. Up-date rs(n+1), C(n+1) and drs(n+1) in light of step (6)
8. Discretize the gas temperature as in step (3) and approximate Tg(k+1)

9. Repeat step (3) to step (8) until the following quantities satisfy a convergence criteria
ie.

(P+1) P P+1) P P+1 P
EAARE LI E AT F LN TR A Au R L
and lAtn(P+l)_ At’SP)I

10. Continue marching by going back to step (2), then old At as approximation to
At21 and repeat step (3) to step (8). Continue the process until burnout is reached de-

fined as a given percentage of initial mass or radius loss.

3.8 Results and discussion

3.8.1 Preheat profile.
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For 0 < i < M, the finite difference equation (3.12) [diffusion equation
(3.1)] together with appropriate boundary and initial conditions are solved using only the
combine Crank-Nicolson scheme. This submodel is stopped following the experimental
findings of Ragland et al. [3.3] when a shell layer of thickness b approximately equal to
6.00 mm is formed. As anticipated, the exiting flue-gas prehéat progressively the exter-
nal layers of the solid fuel surface to pyrolysis, Figures 3.3 and 3.4, while the interior
still remains virgin wood at ambient temperature. This takes only about 2 to 4 min for
fuel elements of 0.1016 and 0.2540 m radius respectively at 33.3 % moisture. The core
and shell contours at this bed location estimated to be approximately equal to 94% of the
corresponding total bed depth (measure from the bottom of the bed), are clearly shown
by the temperature range in the previous figures. At the end of the preheat process, the
core and shell temperature profiles and their respective radii serve as input for the com-

bustion model.

3.8.2 CMVGM solution of the combustion model

The pyrolysis process of the "whole tree" elements surfaces according to Roberts
[3.12], proceeds as follows. The hemicellulose is said to decompose first, largely be-
tween 200 and 260 °C, followed by the cellulose between 240 and 350 °C and finally
the lignin between 280 and 500 °C. For practical purposes i.e. in order to have approxi-
mately the desired shell thickness in the appropriate temperature range, the interface
temperature is set equal to about 200 °C. The set of equations of the combustion model
is solved using CMVGM and the constant thermal properties shown in table 3.1. The
weight factor is set equal to 0.75. Selected results are shown for "whole tree" elements
at 33.3 % moisture and @ = Y =60 %. For computational purposes, the distances
shown are measured from the top of the bed. The start of the combustion process is illus-
trz.lted by the abrupt radial temperature difference between the core and shell shown in
- Figures 3.5 and 3.6. As the "whole tree" elements migrate downward, they shrink pro-
gressively with time and it is believed that the internal convection of moisture and vola-
tiles inside the core tends to increase its internal pressure and temperature, Figures 3.7
and 3.8. This phenomenon which is sometimes called "cooking" is neglected in the

quasi-steady model. As can be seen in the previous figures, the increase of the core tem-
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perature is specially true close to the end of the combustion process, set equal to approxi-
mately 95% of initial radius reduction. This "cooking" effect, however, does not alter
significantly the results of the quasi-steady model. It may explain on the other hand the
results of tables 3.2 and 3.3 which display differences between 10 to 25 and 3 to 10 %
respectively between the bed depth and burnout time computed from the two models. As
we get closer and closer to the prescribed burnout time, it is found that not only the tem-
perature of the core rises steadily tower the interface temperature but also the tempera-
ture of the interface and those of the nearest nodes are also becoming increasingly close.
Accordingly, the time step is found to decrease in the same period. Since the "whole
tree" elements have already shrinked to under 90% of their initial radii, the bed spatial
grids calculated from relation (3.18) become even smaller with time. In another word,
further computation beyond a certain burnout time will add little combustion time and
almost no additional bed depth. Remember that the time step is the time necessary for
the interface to move one radial grid size. But a reduced time step means that the process
has slow down and ended, at the bottom of the bed, the core and shell radii tend to
merge. As a matter of fact it has been found that for "whole tree" elements at 33.3 %
moisture and 0.1016 m initial radius, I and I, equal to 0.0087343 and 0.0087358 m re-
spectively. The same phenomenon is true for their temperatures. Therefore, at that par-
ticular period, the all process behaves as an infinite two-phase moving boundary prob-

lem.

Table 3.4 shows a very good recovery of the preheated gas temperature and oxygen
concentration at the end of the combustion process. Recall that, these are the bed pre-
scribed inlet conditions and were used as boundary values of the gas combustion equa-
tions in the quasi-steady model as the computation was started from the bottom of the
bed. Here, these quantities must be recovered in order to validate the boundary condi-
tions of the gas and oxygen equations at the top of the bed. The number of time steps
varies between 1400 and 7000 for "whole tree" elements of 0.075 and 0.2540 m radius.

4 8

The radial grid size decreases from 107" to about 10°

m at the end of the combustion

process. Although a huge volume of computation is handle at each time step, the CM-
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VGM scheme is found to be very stable and converges rapidly. Finally, the transient dies

out very fast and shows no particular influence on the overall process.

It may be useful to add that, the model indirectly estimates the sign and magnitude of
the heat of pyrolysis. The investigation of this property has been the subject of contro-
versy over the years, not only about its magnitude but also about its sign. In some cases,
the thermal decomposition has been formulated using the first order Arrhenius equation
which is found inappropriate in modeling the combustion of large wood specimens. This
model offers then, a novel approach in the investigation of the heat of pyrolysis, free
from previous constraints such as the variation of the activation energy with temperature.
The values presented in Table 3.5 are obtained solely as best fits in the computation of
the appropriate time step. They range between 17 and 24 cal/g and are seen to remain

practically constant for a given fuel radius but seem to vary with fuel moisture.

3.9 Conclusion

Depending on the accuracy needed, the results of the transient shrinking core model
somehow validate the assumptions made in chapter 2 by showing that the quasi-steady
model, although simple gives acceptable results. In particular, the assumption of a uni-
form core temperature is found to be appropriate during most of the combustion process
but close to the end, the core temperature rises steadily tower the interface temperature.
This is speculated to be due to the phenomenon of "cooking" believed to be caused by
rising internal pressure and fuel temperature carried inward by convective moisture and
pyrolysis gases. This may indeed explain the slight differences between the results of the
two models. With variable time step and variable radial grid, the CMVGM method is
found to be appropriate in solving this particular type of moving boundary problem by
continuously tracking the position of both the interface and the receding external bound-

ary. The scheme is found to be very stable and converges rapidly.
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Table 3.1. Constant thermal properties

a. Quantities at the bottom are best fits

- T ey "N N b -l

Properties Values Units References
A_ 1.08X10’ sec™! 3.13
Cps 0.670 KJ/Kg-°K 3.14
Cov 1.10 KJ/Kg-°K 3.14
D 3.15x10'4 m2/sec 33
dwd 640 Kg/m>
E_ 5.60x10* J/mol 3.13
hfgm 2250 KI/Kg
hfg, 200 KI/Kg
H, 31,100 KI/Kg 3.15
H, 13,500 KI/Kg 3.16
K 0.225 -
K, 0.41x10™* KW/m-°K 3.14
K, 1.254x10™ KW/m-°K 3.14
kg a 56.0x10"1° m? 317
5.00x10-19
et m
Sg 0.64 ; 3.2
0s 95 Kg/m> 33
Pw 0.45 - 3.18
ug a | 38.1x10'_2 Kgm™lsec” 3.17
40.0x10
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a. Percent difference

b. For a given r(m) and mc(%), the quantities at the top represent the Bed

Table 3.2. Bed depth B d(m) of the two Models

depth B 4(m) of the Quasi-steady Model.

c. The quantities at the bottomn are the B 4(m) of the Transient Model.

r (m) mc (%) %2
- 25 30 333 40 -
b
1.88 1.96 2.01 2.10
075 19 to 25
1.41° 1.51 1.61 1.69
3.07 3.19 3.26 3.41
.1016 12 to 25
2.30 2.46 2.60 2.74
5.78 6.00 6.14 6.42
1524 20 to 25
4.34 4.60 4.84 5.08
9.10 9.44 9.66 10.10
2032 , 21 to 25
6.80 7.20 7.56 7.94
12.93 13.41 13.72 14.35
2540 21 to 25
9.65 10.20 10.72 11.23
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a. Percent difference

Table 3. 3. Burnout time tb(min) of the two Models

b. For a given r(m) and mc(%), the quantities at the top represent the

burnout time tb(min) of the Quasi-steady Model.

c. The quantities at the bottom are tb(min) of the Transient Model.

r (m) mc (%) q,2
- 25 30 333 40 —
23.88P 24.88 25.52 26.80
075 -8to7
23.66C 25.46 27.16 28.80
38.86 40.42 41.42 43.50
1016 1to 10
39.30 42.42 45.09 48.12
73.24 76.10 78.00 81.92
1524 3to0 11
75.52 80.81 85.93 92.38
115.26 119.76 122.74 128.90
2032 - 3t012
' 118.91 127.96 135.99 146.35
163.86 170.20 174.45 183.20
169.25 182.04 193.99 209.29
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Table 3.4. Oxygen concentration and preheated gas temperature
at the bottom of the Bed.

. Percent difference
for the Quasi-steady Model the oxygen concentration is .1365 Kg/m3

and the preheated gas temperature 260°C for all mc.

. For a given r(m) and mc(%), the quantities at the top represent the
oxygen concentration (Kg/m~) of the Transient Model.

. The quantities at the bottom represent the preheated gas temperature
of the Transient Model.

r (m) mc (%) %2
— 25 30 33.3 40
b
.1359 .1333 .1298
075 1313 4 t05
260.65° 259.82 260.32 260.69 -061t0.2
1363 1333 1302 1314 1t
.1016 ° 3
256.04 261.03 260.49 261.66 21t .6
1524 .1360 .1344 1311 1326 3 to 4
260.66 259.81 257.64 255.11 2 to 2
.1366 1344 1313
02 | 1325 071t 4
260.07 260.57 257.45 256.84 1102
1366 1344 : 07
5540 1310 1322 to 4
260.12 260.63 260.78 259.86 -05t .3
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Table 3.5. Heat of pyrolysis hp(KJ/Kg) as a function of fuel properties

r (m) mc (%)

- 25 30 333 40
1016 78.20 92.00 98.86 100.32
1524 77.00 81.89 94.00 98.50
2032 72.00 81.00 92.00 97.00

.2540 71.00 79.50 91.50 95.50
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Shell subdomain
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Fig. 3.1 : Interface and nearest core and shell nodes
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Fig. 3.4 : Preheat profiles, Ro = 0.2540 m, m¢ = 33.3 %
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3.11 Nomenclature

Ay | area to volume ratio (m'l)

Ay pre-exponential factor (sec'l)

b char thickness (m)

B d bed depth (m)

C oxygen concentration (kg/m3)

ij specific heat of component j (KJ/kg®K)

E activation energy ( J/mol)
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heat transfer coefficient (KJ / m2-sec-°K)

mass transfer coefficient (m/sec)

enthalpy of phase change of liquid water (KJ/kg)
enthalpy of phase change of active matter (KJ/kg)
heat of pyrolysis (KI/Kg)

average heat of combustion of gases inside the bed (KJ/Kg)
enthalpy of component j (KJ/kg)

permeability of the gases in the core (m2)
permeability of the gases in the shell (m2)
geometry correction factor

shell (char) conductivity (KW/m-°K)

core (virgin wood) conductivity (KW/m-°K)
wood thickness (m)

mass (kg )

moisture content (%)

mass loss rate (kg/sec)

loading rate (log/sec)

pressure (Pascal)

radius (m)

initial radius (Ro in Figures) (m)

rate of radius recession (m/sec)

gas constant (J/mol-°K)

time (sec)

temperature (°C)

rate of core recession (m/sec)

migration velocity (m/sec)

gas convective velocity (m/sec)

rate of shell recession (m/sec)

superficial gas velocity (m/sec)

bed width (m)

bed coordinate (m)
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dimensionless variables

Reynolds number
Specific gravity

Greek Letters

fraction of the volatiles which goes to incomplete combustion
ratio of the heat of combustion of C to CO to that of C to CO,
mass fraction

bed volume fraction

solid volume fraction

density (kg/m3 )

fraction of the total gases that burn inside the bed

wood porosity

viscosity

weighed factor

Subscripts

atmospheric

burnout time

core

dry wood

gas

initial (ambient), grid index
components (s, m , v)

moisture
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SV

shell (external radius)
saturated vapor pressure
volatiles

virgin wood
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3.12 Appendix
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3.12.1 CMVGM Code

CE855855555558555555855855555555555555558859088855885598858%

c The CMVGM code simulates transient moving boundary

¢ shrinking core model of "whole tree" combustion

c in a countercurrent fixed-bed reactor.
felcleleleleleleteYeleleleleleleleleleletele leleleleleteletetetetelelelelelclelclelclelclelelelelelelclelelelelelelele
c Please read carefully the entire program because you

c need to select appropriate convergence criteria depen

¢ ding on the radius and moisture content. A given crite
¢ ria may not work for all moisture content and given

¢ radius. If this happens, the program guides you until

c you get the desired convergence by selecting a best fit
c for the heat of pyrolysis hp.

C*********************************************************

¢ The bed is loaded uniformly from the top with a frequency of

75 ton/hr. The fuel elements are then subjected to an upward flow
of exiting hot gases coming from the combustion zone. They are
first dried and heated to pyrolysis with the formation of a

shell layer and finally the combustion starts when the fuel
elements migrate to an area of the bed where appropriate oxygen
concentration exits.

The bed start-up process is not modeled.

aaoa0aaaaanan

9}

the model comprises:

¢ 1) The preheat process

c This process ends with the formation of a 6.0 mm shell layer and
¢ 1is solved with a combined Crank-Nickolson scheme.

c 2) The actual combustion process is made up of four separate
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submodels

- an iterative submodel for the external radius and oxygen
concentration

- a shell combustion submodel

- a core drying and pyrolysis submodel

The last two submodels are solved with CMVGM

- finally a simple explicit gas temperature submodel

the bed is assumed to be at atmospheric pressure

you may run the program for one prescribed moisture at a time
({ greater than 0% ).

ALL UNITS ARE IN SI.

SR N e e e N e N e e R

Implicit double precision (a-h,o-z)
parameter (nn=10000)

double precision le,1lr,1lni,mc,mi,mo

double precision k,kc,ke,kg,kr,kt,kw

double precision rr(0:nn),a(0:nn),b(0:nn)
double precision countl(0O:nn),count2(0:nn)
double precision r(0:nn),rw(0:nn),co(0:nn)
double precision tg(0:nn),tm(0:nn),dt(0:nn)
double precision tco(0:nn),cs(0:nn),c(0:nn)
double precision dr2(0:nn),ts(0:nn),dtn{(nn)
double precision al(0:nn),bl(0:nn),tcn(0:nn)
double precision rs{0:nn),tci(0:nn),cl(0:nn)
double precision tc(0:nn),tsp(0:nn),dl(0:nn)
double precision st(0:nn),tcl(0:nn),tcp(0:nn)
double precision drl(0:nn),tgi(0:nn),pr(0:nn)
double precision tso(0:nn),tsn(0:nn),tsi(0:nn)

data hv/13500.0d40/

data tol,d/1.00d-4,3.150d4-4/

data rg,beta,ta/8.3140d40, .28040, .750d0/

data hc,hfgm,hfgv/31100.040,2250.040,200.040/
data dc,cpc,cpm,cpv/95.0d0, .67040,4.200d40,1.1040/

S e N I I S A T X ¥ X 1 14 X
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9]

o000 00000a0n

e}

0000

print*, ‘input the computational parameters’

print*, ‘ro is the fuel radius, mc its moisture content’
print*,’gt is the initial gas temperature,and hp is the’

print*, ‘heat of pyrolysis’

Bed characterictics and computation of ng

sg is the specific gravity of the wood.

rga and cpa are the density and specific heat of the gases
wi and he are the width and height of the bed.

db is the bulk density.

vsg 1s the superficial gas velocity-computed from the air
flow rate mi (5.5 kg air/kg fuel),the laoding rate lr (75
ton/hr) and the bed cross-section area (wi*le) where le
is the length of the bed.

tol is a convergence criteria.

ta is a weighted factor for the Crank-Nickolson scheme

sg=.640d40

rga=.650d40

cpa=1.0340d0

wi=4.572040

db=240.04d0

le=9.144040

he=4.572040
1r=75.040*907.2040/3600.040
mi=5.50d0
vsg={(mi*lr)/(rga*le*wi)

dw and dwd are the density of green and dry wood.

mc its moisture content (%)

dc is the char density

ec,em and ev are the mass fraction of the char, liquid

135



aaao0aaa0ao0a0aaan

Q

Q

aao0oa0a0aaaaaan

water and volatile respectively.
sv and bv are the solid void fraction and bed void fraction

kw and kc are respectively the virgin fuel and char conductivity

pew and pec the saturated fuel permeability and char permeability

vis is the viscisity of the gases

hp is the heat of pyrolysis

pa the atmospheric pressure

vof is the fuel porosity

al and cq are pre-exponential factors

el and eg are activation energy

1ni is the bed laoding rate ( logs/sec ).

dw=sg* (1.0d0+mc)*1.0d3
dwd=sg*1.0d-3

ec=dc/dw
em=mc/ {1.0d0+mc)
ev=1l.0d0-ec-em

sv=db/dw
bv=1.0d0-sv

kw=1.254000d4-4
kc=.4104-4
pew=.5004-18
pec=15.0d4-17
vis=40.0d4-6

al=1.08047
cqg=1.3330410
el=50.60d44
eg=43472.0d40
pa=1.0132504d5
vof=.4504d0

pi=4.0d0*datan(1.0d0)
lni=1lr/(pi*dw*le*ro**2)

cpv,cpm and cpc are respectively the specific heat of

the volatile, moisture and char.

ckl 1is the negative stochiometric ratio divided by dc.

hfgv and hfgm are the enthalpy of phase change of the volatile
and liquid water respectively.

hc is the enthalpy of combustion of the char

hv is the enthalpy of combustion of the volatiles

alfa is the % of volatile that actually burn incompletely
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at the solid-gas interface

gamma is the % of gas that actually burn inside the bed

d is the molecular diffusivity.

k is a correction factor, pl and p2 are empirical coefficients
ck is a constant time step for the preheat process

rg is the gas constant

hw2=dw* (ev*cpv+em*cpm)
hw3=dw*em*cpm
qu=(ec*cpc+ev*cpv+em*cpm)
ckl=-(12.0d40/16.0d0) /dc
k=.2250d0

ck=2.040

sf=.8040

pl=.766040
p2=.5730d40

ck2=1.0d0/ (rga*cpa*vsg)
ck3=((2.06040*k*d/2.0d40) *(17400.040) **(.425040)) /bv

cc=pi*lni/wi

alfa=.60d40
gamma=.60d0

ahc=((ec*hc + ev*hv*alfa)*(1.0d0-beta) + ev*hv*(1.0d40
&-alfa)) *gamma/ (ec + ev)

si=em* (1.0d0-vof) *(dw-dwd) *al*hfgm

cg=5.795d0*1.0d14*pew/ (vis*rg)
cg=1.3330410

initial values : gas temperature, fuel radius and oxygen

concentration

ro is the fuel elements external radius prior to combustion
r is the external shrinking radius

rw the shrinking core radius

co and cs are the oxygen conentration

tg 1s the gas temperature

at this stage no shell is formed so that the inital
radius of the fuel ro is equal to the core radius rw(0).
the values of tg and co are taken from the quasi-steady model
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r(0)=ro
r(l)=ro
rs(0)=ro
rs(l)=ro
rw(0)=ro
co(0)=.04040
co(l)=co(0)
cs(0)=co(0)
cs(1l)=co(0)
tg(0)=gt

C 88 8c 8 8 S 8c 8c S 8 8c & e 8 & & 8 & & 8c 8 & 8c 8 & 8 8 8 & 8¢ ¢ 8 & & 8¢ & & 8¢ 8¢ 8 8 ¢ 8 c 8 8 & 8¢ 8¢ & 6 8 S ¢ 8 8¢ 8¢ & 8¢ 8 8¢ S 8 e & & S b &c &
c Preheat process
© 88 8 8 8 8c B 6 8 8 8 S e & & 8 e e & & 8 S 8c 8 & e 8 e & 8 8 S 6 8 8 e e & 8 8 e 8 8 8 & 8 8 c 6 8 B e 8 e & 6 6 6 e 6 K b & & & & & & & &

At this point the fuel elements are heated by the exiting

hot gases coming from the combustion zone. It is assumed

that the oxygen is so depleted that no combustion takes place.

11 is the total grid number of the fuel elements (i.e.

the total grid # of the core at the beginning of the preheat
process)

lk is the total grid # of the core after the formation of the char
layer

m is the total grid # of the shell layer

[0 T o T © TN o N o T ¢ I ¢ BN o TN ¢ ]

9}

c The initial radial grid size
dr=1.0d4-4
ll=int((ro+1.0d4-8) /dr)
m=60
lk=11-(m+1)

c initial fuel temperature profile
do 10 i=0,11
tco(i)=25.0d40

10 continue
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C

do 20 i=0,11
radius=dfloat (i) *dr
write( 1,* ) radius,tco(i)

continue

heat and mass transfer coefficients
hd=ck3* (ro**(-.575040) ) * (pl*mc) / (dexp (p2*mc)-1.0d40)
h=hd*rga*cpa
n=1

cpw= (ec*cpc+ev*cpv+em*cpm) *vof

tco and tc are the previous and the actual core temperature
al(0)=1.0d40-4.040*(1.040-ta) *ck*kw/ (dw*cpw*dr**2)
c1(0)=4.0d40*(1.0d0~ta) *ck*kw/ (Gw*cpw*dr**2)
dl(0)=-(ck/(dw*cpw) ) *si*dexp(-el/ (rg*(tco(0)+273.0d40)))
do 30 i=1,11-1

vag=-(cg/ ((tco(i)+273.040)**2) ) *dexp (-eg/(rg* (tco(i)+273
&.0d40)))*((tco{i)-tco(i-1))/4dr)

hwl=vg*hw3
al(i)=1.0d40-ck*(1.0d0-ta)*hwl/(dw*cpw*dr)-ck*(1.0d40-ta)
&*kw*dr* (dfloat (i)+.50d40) / (dw*cpw*dfloat (i) *dr**3) -ck*
&(1.0d0-ta) *kw*dr* (dfloat (i)-.5040) / (dw*cpw*dfloat (i) *dr**3)

bl (i)=ck*(1.0d0-ta)*hwl/(dw*cpw*dr)+ck*(1.040-ta) *kw*dr
&* (dfloat (i) -.50d0) / (dw*cpw*dfloat (i) *dr**3)

cl(i)=ck*(1.0d0-ta)*kw*dr* (dfloat (i)+.5040)/ (dw*cpw*
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&dfloat (i) *dr**3)
dl(i)=—(ck/(dw*cpw))*si*dexp(—el/(rg*(tco(i)+273.0d0)))
30 continue

vg=—(cg/((tco(11)+273.0d0)**2))*dexp(-eg/(rg*(tco(11)+
&273.040)))*((tco(1l1l)-tco(ll-1))}/dr)

hwl=vg*hw3

hc2=h* (tg(n-1)-tco(1ll))
al(ll)=1.0d0-2.040*ck*(1.040-ta) *kw/ (dw*cpw*dr**2)
bl1(11)=2.040*ck*(1.040-ta) *kw/ (dw*cpw*dr**2)

dl (11)=(ck/ (Aw*cpw) ) *((1.0d0/ro+2.0d40/dr-hwl/kc) *hc2-si*
&dexp(-el/ (rg*(tco(11)+273.040))))

c input the actual RHS vector
ten(0)=al(0)*tco(0)+cl(0)*tco(1)+d1(0)
do 40 i=1,11-1
ten(i)=al(i)*tco(i)+bl(i)*tco(i-1}+cl(i)*tco(i+1)+d1l(1i)
40 continue

tcn(ll)=al(ll)*tco(1l1l)+bl(11l)*tco(1l1l-1)+d1i(11)

felclelcleYelelelelcleleleletelelelelereteleleleleleteleleleteleelelelelelelelelelclelelelelelelelelelereteletelelaeleteleteyeteyetelelelele]

c the unknown variable matrix coefficients

a(0)=1.0d0+4.0d0*ck*ta*kw/ (dw*cpw*dr**2)
c(0)=-4. OdO*ck*ta*kw/ (dw*cpw*dr**2)
do 50 i=1,11-1

vg=-(cg/((tco(i)+273.040)**2)) *dexp(-eg/(rg* (tco(i)+
&273.0d40)))*((tco(i)-tco(i-1))/dr)

hwl=vg*hw3

a(i)=1.0d0+ck*ta*kw*dr* (dfloat(i)+.50d40)/ (Aw*cpw*
&dfloat (i) *dr**3)+ck*ta*kw*dr* (dfloat(i)-.50d40)/
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& (dw*cpw*dfloat (i) *dr**3)+ck*ta*hwl/ (dw*cpw*dr)

b(i)=-ck*ta*hwl/(dw*cpw*dr) -ck*ta*kw*dr* (dfloat (i) -

&.50d0) / (Aw*cpw*dfloat (i) *dr**3)

c(i)=-ck*ta*kw*dr*(dfloat(i)+.50d0)/ (dw*cpw*dfloat (i) *dr**3)

50 continue

a(ll)=1.0d40+2.0d0*ck*ta*kw/ (dw*cpw*dr**2)

b(11)=-2.0d0*ck*ta*kw/ (dw*cpw*dr**2)

c decompose the tridigonal matrix
c(0)=c(0)/a(0)
do 60 i=1,11
a(i)=a(i)-b(i)*c(i-1)
c(i)=c(i)/a(i)

60 continue

c solve for the core temperature
ten(0)=tcn(0) /a(0)
do 70 i=1,11
ten(i)=(ten(i)-b(i)*ten(i-1))/a(i)

70 continue

¢ back substitution
tc(1l1l)=tcn(1l)

do 80 i=11-1,0,-1
te(i)=tcn(i)-c(i)*tc(i+l)

80 continue

c output some selected quantities
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c output the fuel surface temperature ( / time )
write ( 2,* ) tp,tco(ll)

c output the fuel centerline temperature ( / time )
write( 3,* ) tp,tco(0)

c output the shrinking radius ( / time )
write ( 4,* ) tp,ro

c output the gas temperature ( / dz )
write ( 5,* ) -zp,tg(n-1)

c output the fuel surface temperature ( /dz )
write ( 7,* ) -zp,tco(ll)

c output the fuel centerline temperature ( / dz )

c write( 8,* ) -zp,tco(0)

c compute the bed deep zp and corresponding total preheat
c time tp

dz=(cc*ck*ro**2) /sv

zp=n*dz

tp=n*ck

c output the preheat temperature profile

i (n eq 50 then T
do 90 i=0,11
radius=dfloat (i) *dr
write( 9,* ) radius,tc(i)

90 continue

c
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15

100

25

110

35

write ( 10,15 ) ro,mc*100.0d0,zp,tp,n

format(//,
&10x, ‘the initial radius
&10x, ‘the moisture content
&10x, ‘the bed depth
&10x, 'the preheat time
&10x, '# of time step

endif

if ( tp .eq. 60.0d40 ) then
do 100 i=0,11
radius=dfloat (i) *dr

write( 11,* ) radius,tc(i)
continue

write ( 10,25 ) zp,tp.,n
format(/,
&10x, 'the bed depth
&10x, ‘the preheat time

&10x, '# of time step

endif

if ( tc(lk+l) .ge. 200.040 ) then

do 110 i=0,11
radius=dfloat (i) *dr
write( 12,* ) radius,tc(i)
continue
write ( 10,35 ) zp,tp,n
format(/,
&10x, ‘the bed depth
&10x, ‘the preheat time

&10x, ‘# of time step

endif

write ( 13,* ) tp.,hd,h

(m)
(%)
(m)
(s)

(m)
(s)

(m)
(s)

output the heat and mass transfer coefficients

=',£6.5,/,
=',f6.2,/1
=',£6.5,/,
=',£6.2,/,
=',I5 ,/)
=',£6.5,/,
=',£6.2,/,
=',I5 e /)
=',f6.5,/,
=',£6.2,/,
=,I5 ,/)
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if ( tc(lk+1l) .1lt. 200.0d40 ) then
do 120 i=0,11
tco(i)=tc(i)
120 continue
av=2.0d0*sv/ro
tg(n)=tg(n-1)-dz*ck2*av*h* (tg(n-1)-tco(ll))
n=n+1
go to 1
endif
© 6 8 8 6c 6 B e 8 B & S & & 8 8 8 Be e 8c e 8 B e & 8 & 8c & 8 bc o S e 8 e 8 8 ¢ 8 8o 6 e bc 6 e bc b 8 bc 8 8 8c e b b Se b e b e e b e b b & & & & &
c start of the combustion process
C 8 B 8 8c S Be e 8 B 8 8 Bc & B b bc Bc e 8 8¢ 8 8c 8¢ K 8 8c e Be 8 8c 8c 8¢ S 8 8 8 8c c 8¢ bc 6 8c c 8 8 8 8 & bc 8c bc 6c 8c 8 e 8 8 6 6 8 6 8 & S &b b b & &
c a initial char thickness rr(0) is chosen. drl(0) and
c dr2(0) represent respectively the core and shell grid
c size at the ( n-1 ) time step

c m and lk the shell and core fixed grid points

c ling through the grate for fuel initial radius of .1016 m)
rr(0)=6.04-3
rw(0)=ro-rr(0)
drl1(0)=1.04-4
dr2(0)=1.04-4

| c initial, core temperature profile ( tco )
do 130 i=0,1k

tco(i)=tc(i)

130 continue
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c the interface temperature ( tm ) is constant

tm(0)=tc(lk+1)

c the shell initial temperature profile ( tso )
do 140 i=1,m
tso(i)=tc(lk+1+i)

140 continue

c output the core and shell temperature profiles

do 150 i=0,1k

radius=dfloat (i) *drl(0)

write( 14,* )radius,tco(i)
150 continue

write ( 14,* )rw(0),tm(0)

do 160 i=1,m

radius=dfloat (i) *dr2 (0)

radius=rw(0) +radius

write( 14,* )radius,tso(i)

160 continue

c the average temperature of the shell (tsm) and core (tcm)

summ=. 0d0
do 170 i=1,m

summ=summ+tso (i)
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170 continue
tsm=summ/dfloat (m)
sum=0.0d0
do 180 i=0,1k
sum=sum+tco (i)

180 continue

tcm=sum/dfloat (1lk+1)

c the gas temperature at the start of the combustion process
tg(0)=tg(n-1)

tg(1)=tg(0)

countl (1) =tp
count2(1l)=zp

C 8 B 8 B 8o B 8 & & B B 8o 8o 8 B e B B S S S S B B B Bc e 8 & B be 8c 8c e 8 8 8 B B B S b bc e b Be 8 & & B & & b b e b 8 8 8 8 b e b & & e e e &

n=1

c ——————————————————————————————————————————————————————————————————————
tm(n)=tm(n-1)

2 ik=1

© 88 8 B B B 8 8 8¢ 8 8 8 & 8 Bc S & 8 8 & & e 8c e e b e b B S e e & 8 8 8 B 8 & 8 8 e e e e e b b 5 B B B S S 8o b b B e 8o e e e e e e & b & &

c initial time step dt(n) and interface recession velocity vc

c the initial time step at the beginning of the combustion
if ( ( n .eqgq. 1) .and. ( ik .eq. 1 ) ) then

dt (n)=dw*ev*hp* (drl(n-1)**2/ (kw* (tm(n-1)-tco(1lk) ) -kc*
&(tso(1)-tm(n-1))))

c the corresponding interface recession velocity
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vc=(l.0d0/(dw*ev*hp*drl(n—l)))*(kw*(tm(n—l)—tco(lk))-
&kc* (tso(l)-tm(n-1)))

c a negative time step will stop the process at any time
c a negative time step is likely to result from scheme
c instability
if ( dt(n) .lt. .0d0 ) then
print*,'********************************************************'
print*, ‘a negative time step is computed’
print*, ‘stop # 1’
stop
endif
endif

€ 68 & 6 6 6 5c S 8¢ 8 8c 8 8c Sc S 8c S o 8 8 8 8 o 8 8 8 8 c 8 S S Sc S 8 e e 8 e b c 8 8 8 8 8 8 88 8 8 8 8 8 8 8c e b 8 8 8 8 e e e & S & & & &

c computation of the actual core radius, grid size drl(n)

c the time step is computed such that the interface moves one
c mesh size at each time step
rw{n)=rw(n-1)-drl(n-1)
drl(n)=(rw(n)+1.0d4-8)/dfloat (1k+1)
€ 8 6c 8 8 8 8¢ 8¢ 8 6c S Sc 8 8c e e S 8¢ 8¢ e ¢ 8¢ e S 8¢ e ¢ 8¢ S e e e S 8¢ b 6 8 c & 8 8¢ e c 8 & c S e 8 8c 8c & 8 8¢ 8¢ S 8¢ S S & 8 60 8 8 6 6c & & & & &

c approximation of the external radius and oxygen concentration

@ m m o e
3 if ( ik .eq. 1 ) then

c at each time step this submodel uses the previous time

c step to approximate the external radius and oxygen concen

c tration iteratively by first approximating the mass trans

c fer coefficient hd, the heat transfer coefficient h and

c mass flux mo. it also approximates the recession velocity
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Qa0 aaa

vs of the combustion front the char layer thickness bc is
calculated from the guasi-steady formulation (if neededq).
the shell thickness rr is obtained by substracting the
actual core radius from the external fuel element radius.
dz is the approximated bed depth at each time increment

external radius and oxygen concentration at the beginning
of each step

rs(ji)=r(n-1)

cs(ji)=co(n-1)

ikk=1

hd=ck3* (rs(ji)**(-.575040)) * (pl*mc*ro/rs(ji))
&/ (dexp (p2*mc*ro/rs(ji))-1.0d0)

h=hd*rga*cpa
rs(ji)=r(n-1)-(12.0d40/16.0d0) *dt (n) *hd*cs (ji) /dc
rr(n)=(rs(ji)-rw(n))

vs=-hd*ckl*cs (ji)

bcl=kc* (tsm-tcm)

bc2=dw*vc* (ev*hfgv+em*hfgm) +bcl/ (2.0d0*rs(ji))
be=bcl/bc2

mo=vs*dc+(dw-dc) *(1.0d0-xrr(n) /rs(3i)) *vec
dz=(dt (n) *cc*rs(ji)**2)/sv
cs(ji)=co(n-1)+2.0d0*sv*mo*dz/ (vsg*rs (ji))

if ( ikk .eg. 1 ) then

rs(ji+l)=rs(ji)

cs(ji+l)=cs(ji)

ji=ji+l

ikk=ikk+1
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go to 4
else

if ((dabs(rs(ji-1)-rs(ji)) .gt. tol) .or. (dabs(cs(ji-1)
&-cs(ji)) .gt. tol )) then

rs(ji+l)=rs(ji)
cs(ji+l)=cs(ji)
ji=ji+l
ikk=ikk+1l
go to 4
endif
endif
C 88 8 & 8 8 8c 8c e 8 8e 8 8c 8 e 8c e B 8c 8c e 8¢ 8 & 8 e & 8 8 B e 8 8 8c 8 8c 8 S e 8c & 8¢ 8 & e 8¢ e 8 ¢ 8 & e 8¢ 8 8 e 8 8 8 8 6 e 5 S e 8 & & & &

c approximate the shell grid size dr2(n)

dr2(n)=(rr(n)+1.0d-8)/dfloat (m)
c for any reason if there is no more shell to burn, the pro
c cess stops. This may be due to an excessive time step cau
c sed by unappropriate heat of pyrolysis or scheme instability

if ( rr(n) .1t. .040 ) then

print*, B AR SERRRRE R R R R R RS R R R R R R E R R EEEEERERR R R R R R R SRR N

print*, ‘there is no shell left to burn ’

print*, ‘stop # 2°

stop

endif

endif

C8bcbebiobiobiobio bbb bbb B 8B 8 8o b 8o 80 6o 8o S S G 8 B 8 & B & 8 S b i 8o 6 8 e e 6o 8 8 6 B 6 60 8 60 8 6 5 8 6 6 S e 6 e e e 8o K K 6 & &
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c compute the shell temperature ( ts )
© 8B e 6 6 & B 8c e 8 c & & Bc ¢ e 6 S S e e 8 8 B 8c e & S b Sc e S bc K 8 8¢ b & 8 B S bc 8 8 S b e 8 8 B e e e e Se e b b S e e b b e e & b be b &
c the shell temperature is computed from the nearest node
c to the interface ( lk+l ) up to the external radius (1l1).
c ts{(0) and tso(0) represent respectively the actual inter
c face temperature and its previous value (constant).
c pg is the saturated vapor pressure
c vg is the convective velocity of the gases through the shell layer
ts(0)=tm(n)
tso(0)=tm(n-1)
hcl=dc*cpc* (1.040-bv)
ck=dt (n)

dr=dr2(n-1)

c the ( known ) RHS variable matrix coefficients

pg=cq*dexp (-eg/(rg* (tm(n-1)+273.0d40)))
dp=(pa-pg)/(dlog(r(n-1) /rw(n-1)) * (rw(n-1) +dfloat (1) *dr))
vg=-pec*dp/vis

hwl=vg*hw2

zl=rw(n-1)+dr* (dfloat(1)+.50d0)
z2=rw(n-1)+dr* (dfloat (1) -.50d0)

z3=(rw(n-1) +dr*dfloat (1)) *dr**2

a1(1)=1.0d0—ck*(1.0d0—ta)*kc*zl/(hcl*z3)-ck*(1.0d0—ta)
&*kc*z2/(hcl*z3) -ck*(1.0d40-ta)*hwl/ (hcl*dr)

bl (1)=ck*(1.0d0-ta)*kc*z2/(hcl*z3)+ck*(1.0d0-ta) *hwl/ (hcl*dr)
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cl(1)=ck*(1.0d40-ta)*kc*z1/(hcl*z3)

C>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>

z2=rw(n)+dr2 (n) * (dfloat (1) -.5040)

z3=(rw(n) +dr2 (n) *dfloat (1) ) *dr2 (n) **2
pg=cq*dexp (-eg/ (rg* (tm(n) +273.040)))

dp=(pa-pg) / (dlog(rs(ji) /rw(n))* (rw(n) +dfloat (1) *dr2(n)))
vg=-pec*dp/vis

hwl=vg*hw?2

b(1)=-ck*ta*kc*z2/(hcl*z3)-ck*ta*hwl/ (hcl*dr2(n))

COOODOIIDIDIIDDIDIDIDIIIOIDIIII355D5D00 2322522000320 2OI00020022>0>>>>>

190

do 190 i=2,m-1

pg=cg*dexp (-eg/ (rg* (tm(n-1)+273.0d40)))
dp=(pa-pg)/{dlog(r(n-1)/rw(n-1)) * (rw(n-1)+dfloat (i) *dr))
vg=-pec*dp/vis

hwl=vg*hw?2

zl=rw(n-1)+dr* (dfloat (i) +.50d0)

z2=rw(n-1) +dr*(dfloat (i) -.5040)

z3=(rw(n-1) +dr*dfloat (i) ) *dr**2

al(i)=1.0d0-ck*(1.0d0-ta)*kc*zl/ (hcl*z3)-ck*(1.0d0-ta)
&*kc*z2/ (hcl*z3)-ck*(1.0d0-ta) *hwl/ (hcl*dr)

bl(i)=ck*(1.0d0-ta)*kc*z2/(hcl*z3)+ck*(1.0d40-ta)*hwl/(hcl*dr)
cl(i)=ck*(1.0d0-ta)*kc*zl/(hcl*z3)

continue

dp=(pa-pg)/ (dlog(r(n-1) /rw(n-1)) * (rw(n-1) +dfloat (m) *dr))
vg=-pec*dp/vis

vv=vg
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hwl=vg*hw2
hc2=h* (tg(n-1)-tso(m))+(ec*dw*vs*hc+vg*ev*dw*alfa*hv) *beta
al(m)=1.0d40-2.0d40*ck*(1.0d0-ta)*kc/ (hcl*dr**2)
bl (m)=2.0d0*ck* (1.040-ta) *kc/ (hcl*dr**2)
dl(m)=(ck/hcl)*(1.040/r(n-1)+2.0d0/dr-hwl/kc) *hc2

c input the actual RHS vector
tsn(l)=al(l)*tso(1l)+bl(1l)*tso(0)+cl(1l)*tso(2)-b(1l)*ts(0)
do 200 iéz,m-l
tsn{i)=al(i)*tso(i)+bl(i)*tso(i-1)+cl(i)*tso(i+l)

200 continue

tsn(m)=al (m)*tso(m)+bl (m) *tso (m-1)+dl (m)

folcleleleleleleleleleleYeteleleleleleleleleleleletefeleleXeleleeleye el cleeleXeleYeleleleYeleledeteleyelelelcleleYeleXeleXelefe el et e e te]

¢ the unknown {( LHS )} variable matrix coefficients

dr=dr2 (n)
pg=cqg*dexp (-eg/ (rg* (tm(n)+273.040)))

dp=(pa-pg)}/(dlog(rs(ji) /rw(n)) * (rw(n) +dfloat (1) *dr))
vg=-pec*dp/vis

hwl=vg*hw2

zl=rw(n)+dr* (dfloat (1) +.50d40)
22=rw(n)+dr*(dfloat(l)—.SOdO)
Z3=(rw{n)+dr*dfloat (1)) *dr**2

a(l)=1.0d0+ck*ta*kc*zl/ (hcl*z3)+ck*ta*kc*z2/ (hcl*z3)
&+ck*ta*hwl/ (hcl*dr)

b(l)=-ck*ta*kc*z2/(hcl*z3)-ck*ta*hwl/ (hcl*dr)

c(l)=-ck*ta*kc*zl/(hcl*z3)
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210

C

220

C

230

do 210 i=2,m-1

dp=(pa-pg) / (dlog(rs(ji) /rw(n)) * (rw(n) +dfloat (i) *dr))
vg=—pec*dp/vié

hwl=vg*hw2

zl=rw(n)+dr* (dfloat(i)+.50d0)
z2=rw(n) +dr* (dfloat (i) -.5040)
z3=(rw(n)+dr*dfloat (i) ) *dr**2

a{i)=1.040+ck*ta*kc*zl/(hcl*z3)+ck*ta*kc*z2/(hcl*z3)+
&ck*ta*hwl/ (hcl*dr)

b(i)=-ck*ta*kc*z2/(hcl*z3)-ck*ta*hwl/ (hcl*dr)
c(i)=-ck*ta*kc*zl/(hcl*z3)

continue

a(m)=1.040+2.0d0*ck*ta*kc/ (hcl*dr**2)

b(m)=-2.0d0*ck*ta*kc/ (hcl*dr**2)

actual decomposition

c(l)=c(l)/a(l)

do 220 i=2,m
a(i)=a(i)~-b(i)*c(i-1)
c(i)=c(i)/a(i)

continue

solve for the shell temperature

tsn(l)=tsn(l)/a(l)
do 230 i=2,m
tsn(i)=(tsn(i)-b(i)*tsn(i-1))/a(1i)

continue
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2

C

C

C

C

C

back substitution begins
ts(m)=tsn(m)
do 240 i=m-1,1,-1
ts(i)=tsn(i)-c(i)*ts(i+l)
40 continue
& & & 6 Bc e 8 8c & & 8c & 8 e i 8 e 8 e S & 8o & 6 8 8o 8 B 8 8e b & 8 8c B b 8 b 8 e 8 e S Se S S 8 8e e & b e be 8 Ee S e S S S 8o S & & bc & &6 &
compute the core temperature ( tc )
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
The core temperature is computed between the origin and
the nearest node to the interface ( 1k )
the computation proceeds up to the final radius i.e. the
point where the fuel elements fall through the grate.
tco(ll+1l) and tc(ll+l) are the interface temperature

vg is the velocity of the inward convected gases

ck=dt (n)

dr=dr1(n-1)

cpw= (ec*cpc+ev*cpv+em*cpm) *vof
11=1k

tco(ll+l)=tm(n-1)

tc(ll+1l)=tm(n)

al(0)=1.0d40-4.040*(1.0d0-ta) *ck*kw/ (dw*cpw*dr**2)

c1(0)=4.0d40*(1.0d0-ta) *ck*kw/ (dw*cpw*dr**2)
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250

C

d1(0)=-(ck/ (Aw*cpw) ) *si*dexp(-el/(rg*(tco(0)+273.040)))
do 250 i=1,11-1

vg=—(cg/((tco(i)+273.0d0)**2))*dexp(—eg/(rg*(tco(i)+273
&.0d0))) *((tco(i)-tco(i-1))/dr)

hwl=vg*hw2
al(i)=1.0d0-ck*(1.0d0-ta) *kw*dr* (dfloat(i)+.50d0)/ (dw*
&cpw*dfloat(i)*dr**3)-ck*(l.OdO-ta)*kw*dr*(dfloat(i)-.

&5040) / (dw*cpw*dfloat (i) *dr**3) -ck* (1.040-ta) *hwl/ (dw*cpw*dr)

bl (i)=ck*(1.0d0-ta) *kw*dr* (dfloat (i) -.50d40) / (Aw*cpw*
&dfloat (i) *dr**3)+ck*(1.0d40-ta) *hwl/ (dw*cpw*dr)

cl(i)=ck*(1.0d0-ta)*kw*dr*(dfloat(i)+.50d40)/ (dw*cpw*
&dfloat (i) *dxr**3)

dl (i)=-(ck/ (dw*cpw) ) *si*dexp(-el/ (rg* (tco(i)+273.040)))
continue

vg=-(cg/ ({tco(11l)+273.0d40)**2)) *dexp(-eg/(rg* (tco(ll)+
&273.0d0)))*({tco(1ll)-tco(11l-1))/d4r)

hwl=vg*hw2

al(11)=1.040~ck*(1.0d0-ta)*kw*dr* (dfloat(11)+.50d40)/
& (Aw*cpw*dfloat (11) *dr**3) -ck*(1.0d0-ta) *kw*dr* (dfloat
&(11)-.5040) / (dw*cpw*dfloat (11) *dr**3)-ck* (1.040-ta) *
shwl/ (dw*cpw*dr)

bl(11)=ck*(1.0d0-ta) *kw*dr* (dfloat (11)-.50d0) / (dw*cpw*
&dfloat (11) *dr**3) +ck*(1.0d0-ta) *hwl/ (dw*cpw*dr)

cl(1ll)=ck*(1.0d0-ta)*kw*dr* (dfloat(11l)+.5040)/ (dAw*cpw*
&dfloat (11)*dr**3)

c(ll)=-ck*ta*kw*drl (n) *(dfloat (11) +.5040) / (dw*cpw*
&dfloat (11)*drl(n) **3)

dl(1ll)=-(ck/(dw*cpw) ) *si*dexp(-el/(xrg*(tco(11l)+273.040)))
input the actual RHS vector
ten(0)=al(0)*tco(0)+cl(0)*tco(1)+d1(0)

do 260 i=1,11-1
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260

tcn(i)=a1(i)*tco(i)+bl(i)*tco(i-1)+c1(i)*tco(i+l)+d1(i)

continue

tcn(ll)=a1(ll)*tco(ll)+b1(ll)*tco(ll-1)+c1(ll)*tco(ll+1)
&-c{1ll)*tc(1l1l+1)+d1l(1l1)

CERERRERACRRERRERAEARAARRRAAAAEALEALARAEELREAAREARQAAEEARRAEARACAALAEEREARAEE
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270

the unknown variable matrix coefficients

dr=drl (n)

a(0)=1.0d0+4.0d0*ck*ta*kw/ (dw*cpw*dr**2)
c(0)=-4.0d0*ck*ta*kw/ (dw*cpw*dr**2)

do 270 i=1,11-1

vg=-(cg/{(tco(i)+273.0d0) **2)) *dexp(-eg/ (rg* (tco(i)+
£273.0d0)))*{((tco(i)-tco(i-1}))/dr)

hwl=vg*hw?2

a(i)=1.0d0+ck*ta*kw*dr* (dfloat(i)+.50d40)/ (dw*cpw*
&dfloat (i) *dr**3) +ck*ta*kw*dr* (dfloat (i) -.50d40) / (dw*
s&cpw*dfloat (i) *dr**3) +ck*ta*hwl/ (dw*cpw*dr)

b(i)=-ck*ta*kw*dr* (dfloat(i)-.50d40)/ (dw*cpw*dfloat
&(1i)*dr**3) -ck*ta*hwl/ (dw*cpw*dr)

c{i)=-ck*ta*kw*dr* (dfloat (i) +.50d40)/ (dw*cpw*dfloat (i) *dr**3)
continue

vg=-(cg/({tco(11)+273.0d0)**2)) *dexp(-eg/{(rg*(tco(ll)
&+273.040)))*((tco(ll)-tco(ll-1))/dr)
hwl=vg*hw2

a(ll)=1.0d0+ck*ta*kw*dr* (dfloat(11)+.50d40) / (dw*cpw*
&dfloat (11) *dr**3) +ck*ta*kw*dr* (dfloat(11)-.5040)/
& (dw*cpw*dfloat (11) *dr**3)+ck*ta*hwl/ (dw*cpw*dr)

b(ll)=-ck*ta*kw*dr*(dfloat(11l)-.50d0)/ (dw*cpw*dfloat
&(11)*dr**3)-ck*ta*hwl/ (dw*cpw*dr)

c(11l)=-ck*ta*kw*dr*(dfloat(11)+.50d40) / (dw*cpw*dfloat (11) *dr**3)
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280

C

290

300

decompose the tridigonal matrix
c(0)=c(0)/a(0)
do 280 i=1,11
a(i)=a(i)-b(i)*c(i-1)
c(i)=c(i)/a(i)
continue

solve for the core temperature
ten(0)=tcn(0)/a(0)
do 290 i=1,11
ten(i)=(ten(i)-b(i)*ten(i-1))/a(i)
continue
tc(1l)=tcn(1l)
do 300 i=11-1,0,-1
tc(i)=ten(i)-c(i)*tc(i+1)

continue
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C

310

the average temperature of the shell and core

summ=. 040

do 310 i=1,m
summ=summ+ts (1)
continue
tsm=summ/dfloat (m)
sum=0.04d0

do 320 i=0,11

sum=sum+tc-(i)
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320 continue
tcm=sum/dfloat (11+1)
© 8 8o 8o 8 8 8o 8 8o 8 6 & 8 S S 8 6c o 6c 8 & & 8¢ 8 8 8e S & 8 e e & 8c ¢ & 8 8 8 S S & e e e e e e e 8 8 8 8c be S 8 be e b 8 be 8o b be be & b & & & e &
c up-date the temperature dependant properties
© 8 8 8 6c & 8 6 8o 8 8 8 Sc c b b 8 8 & 8 S e Sc e S 8 8 8¢ e 8 8c S 8c 8c 8 b 8c e S 8 o 8 8¢ 8 & b 6 S e 8 8 8c 8¢ 8¢ S 8¢ 6 e S b 6 b 5 S be e & & S b &
c update the time step and the interface recession velocity vc
drr=(drl(n)+dr2(n))/2.040
dt (n)=dw*ev*hp* (drr**2/ (kw* (tm(n) -tc(lk) ) -kc* (ts(1l)-tm(n))))
ve=(1.0d0/ (Adw*ev*hp*drr) ) * (kw* (tm(n) -tc(1lk) ) -kc*(ts(l)-tm(n)))
if ( dt(n) .1t. .040 ) then
Print*, /x* ks hk ke khk ok ok k ok ko h kA ke kA ARk kKA k ke kk ok kok
print*;’a negative time step is computed’
print*, ‘stop # 3°
stop

endif

c compute the external radius, oxygen concentration, mass

c flux and shell thickness

c the previously approximated values are up-dated in ligth

c of the new time step

ji=n

c fuel radius and oxygen concentration

rs{ji)=r(n-1)
co{ji)=co(n-1)

ikk=1
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5

hd=ck3* (rs(ji) **(-.575040)) * (pl*mc*ro/rs(ji))

&/ (dexp(p2*mc*ro/rs(ji))-1.0d40)

h=hd*rga*cpa

rs(ji)=r(n-1)-(12.0d40/16.0d0) *dt (n) *hd*cs(ji) /dc

rr(n)=(rs(ji) -rw(n))
vs=~hd*ckl*cs(ji)

becl=kc* (tsm-tcm)

bc2=dw*vc* (ev*hfgv+em*hfgm)+bcl/ (2.040*rs (j1i))

bc=becl/bc2

mo=vs*dc+ (dw-dc) *(1.0d0-rr(n)/rs(ji)) *vc

dz={(dt(n) *cc*rs(ji)**2)/sv

cs(ji)=co(n-1)+2.0d0*sv*mo*dz/ (vsg*rs(ji))

if ( ikk .eqg. 1 ) then
rs{ji+l)=rs(ji)
cs{ji+l)=cs(ji)
ji=ji+l

ikk=ikk+1

go to 5

else

if((dabs(rs(ji-1l)-rs(ji)) .gt.

&-cs{ji)) .gt. tol )) then
rs(ji+l)=rs(ji)
cs(ji+l)=cs(ji)
ji=ji+l
ikk=ikk+1

go to 5

tol)

.0r.

(dabs{(cs(ji-1)
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endif

endif

c up-date the actual shell grid size dr2(n)
dr2(n)=(rr(n)+1.0d4-8) /dfloat (m)
if ( rr(n) .lt. .0d0 ) then
print* . ’ ********************************.***************** ’
print*, ‘there is no shell left to burn
print*, ‘stop # 4’
stop
endif
© 8¢ 6c.6c & 8 8 8c e 6 8 8 S e e b e & 8c S 8 & & 8c S 8 e & S e & & & & & & 8 S bc & & b o c bc 6 8 8 8c e 8 6 8 b 66 6 b 86 8o be e e b b & e b be &
c compute the gas temperature
© 8 8 B 8 8 Bc 8 Bc e 8 Sc & & 8 8c e & Ee e & 8 e 8 bc e 8 e & 8c & & 8 e bc 8 S 8 S 8 S 8 Sc & 8 Bc e e S e 8 & & & Ec 8 S 8 8c bc 6 8 e 8 b b & e & & &
q3=2.0d0*sv*ck2/rs(3ji)
pal=(ec + ev)*ahc
pa2=ev*cpv+ec*cpc+em*cpm
pa3=em*hfgm +ev*hfgv
vg=(pal-pa2* (tsm-tcm)-pa3)
tg(n)=tg(n-1)-g3*dz*mo*vqg
8 S 8o e B 8 B B B e e BB B i e i S B B B e i i i BB B B B i B e i B B B B B B i i B B B B B i B i B B i B B B e B K K K e &
c check for convergence
C 8 & 8 e B e 6c 8 e 8 8c S 8 S e 8 S 8 8 8 8 b 8 S 8o 8 8c e S 8 e 8 & & e S 8 S e b 6 8 K e 6 8 6 8 8 8 8 & 8 S b S b K & & S S b & & & & & &

if ( ik .ge. 2 ) then

c check the convergence of the core, shell, gas temperatures
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c as well as the time step
do 330 i=0,11
if( dabs( tc(i)-tci(i) ) .gt. tol ) go to 6
330 continue
do 340 i=1,m
if ( dabs ( ts(i)-tsi(i) ) .gt. tol ) go to 6
340 continue
if ( dabs ( dtn{(n)-dt(n) ) .gt. tol ) go to 6
if ( dabs ( tgi(n)-tg{n) ) .gt. tol ) go to 6
go to 7
c there is no convergence - store these quantities
6 ik=ik+1
dtn(n)=dt(n)
tgi(n)=tg(n)
do 350 i=0,11
tci(i)=tc(i)
350 continue
do 360 i=1,m
tsi(i)=ts(i)
360 continue
c return to compute new temperature profiles and time step

go to 3

c since there is convergence, Store the actual time step

c and temperature profiles for the computation of the next step
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7 do 370 i=0,11

tco(i)=tc(i)
370 continue

do 380 i=1,m

tso(i)=ts (i)

380 continue

c stort the fuel surface temperature ( /dz )
st (n) =tso(m)
c stort the fuel centerline temperature ( / dz )
tcl(n)=tco(0)
c stort the temperature of the core nearest node to the in
c terface ( / dz )
tcp(n)=tco(1lk)
c stort the temperature of the shell nearest node to the
c interface ( / dz )
tsp(n)=tso(1l)
CO35>3333553353OD5533333>5>OODDDDDDD>>OD33>OD3DDOIIO5SDS53OS33533355>>
c output selected core and shell temperature profiles
CEI53555533D33535333333553333>5>DDDODDDD5>D2DSDDDDSDD3IIOD3O53D5533535>>
if (( n .eq. 250 ) then
do 390 i=0,1k
radius=dfloat (i) *drl (n)

write( 15,* ) radius, tco(i)

162



390

400

45

410

420

55

continue

write ( 15,* ) rw(n),tm(n)
do 400 i=1,m
radius=3dfloat (i) *dr2 (n)
radius=rw(n)+radius

write( 15,* ) radius, tso(i)

continue

write ( 10,45 ) countl(n),count2(n),rs(ji),rw(n),n

format(/,
&10x, ‘the burnout time
&10x, ‘the bed depth
&10x, 'the fuel external radius
&10x, ‘the core radius
&10x, '# of time step

endif

if (n .eqg. 500 ) then

do 410 i=0,1k
radius=dfloat (i) *drl (n)
write ( 16,* ) radius, tco(i)
continue

write ( 16,* ) rw(n),tm(n)
do 420 i=1,m
radius=dfloat (i) *dr2(n)

radius=rw(n) +radius

write( 16,* ) radius, tso(i)
continue

(s)
(m)
(m)
(m)

r,£12.6,/,
', £7.4,/,
', £8.6,/,
', £8.6,/,
=',15 ,/)

write ( 10,55 ) countl(n),count2(n),rs(ji), rw(n),n

format (/,
&10x, ‘the burnout time
&10x, 'the bed depth
&10x, ‘the fuel external radius

(s)
(m)
(m)

=',£12.6,/,
=,£7.4,/,
=',£8.6,/,
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&10x, ‘the core radius (m) =',f8.6,/,
&10x, ‘# of time step =',I15 ,/)
endif

if ( n .eqg. 1000 ) then

do 430 i=0,1lk

radius=dfloat (i) *drl (n)

write( 17,* ) radius,tco(i)
430 continue

write ( 17,* ) rw(n),tm(n)

do 440 i=1,m

radius=dfloat (i) *dr2(n)

radius=rw(n) +radius

write( 17,* ) radius,tso(i)

440 continue

c
write ( 10,65 ) countl(n),count2(n),rs(ji),rw(n),n

65 format (/,
&10x, 'the burnout time (s) =',£f12.6,/,
&10x, 'the bed depth (m) =',£7.4,/,
&10x, ‘'the fuel external radius () =',f8.6,/,
&10x, ‘'the core radius (m) =',£8.6,/,
&10x, ‘# of time step =,15 ,/)
endif

c

if ( n .eq. 1500 ) then

do 450 i=0,1k

radius=dfloat (i) *drl (n)

write( 18,* ) radius, tco(i)
450 continue

write ( 18,* ) rw(n), tm(n)
do 460 i=1,m

radius=dfloat (i) *dr2 (n)



radius=rw(n)+radius
write( 18,* ) radius,tso(i)
460 continue

write ( 10,75 ) countl(n),count2(n),rs(ji),rw(n),n
75 format(/,

&10x, 'the burnout time (s) =',£f12.6,/,
&10x, ‘'the bed depth (m) =',£f7.4,/,
&10x, 'the fuel external radius {(m) =',f8.6,/.,
&10x, 'the core radius {m) =',f8.6,/,
&10x, '# of time step =',I5 ,/)

endif
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c ouput the following selected quantities

c output the interface temperatures ( / time )
write ( 19,* ) countl(n),tm(n)
c output the fuel surface temperature ( / time )
write ( 20,* ) countl(n),tso{(m)
c output the fuel centerline temperature ( / time )
write( 21,* ) countl(n),tco(0)
c output the temperature of the core nearest node to the interface
write ( 22,* ) countl(n),tco(lk)
c output the temperature of the shell nearest node to the interface

write ( 23, * ) countl(n),tso(l)

c store the values for ik=1 for convergence check out -
c incremente the convergence index ik - return to fresh computation

dtn(n)=dt (n)
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tgi(n)=tg(n)

do 470 i=0,11

tci(i)=tc(i)
470 continue

do 480 i=1,m

tsi(i)=ts(i)
480 continue

ik=ik+1

c return to compute new temperature profiles and time step

endif
C 6 8c 8 8¢ 8c 8c e 8 Sc 8 8 8¢ & 8 b & Sc & B b K S 8 8 8 & 8 S & 8 & 8¢ bc 8 e 8 S e S 8 8 e 88 bc b 8c 8 8 8 8¢ 8c e 8 8 e 8 8c b e 8 e b S b b &b b &
c compute the migration velocity ( vf ) of the fuel inside the bed
vi=(cc*rs(ji) **2) /sv
c compute the surface recession at each time step
rl=r(n-1)-rs(ji)
c compute the pressure distribution accros the shell layer
do 490 i=1,m-1
pl=dlog((rw(n)+dfloat (i) *dr2(n))/rw(n))/dlog(rs(ji)/rw(n))
pr (n) =pg+(pa-pg) *pl

490 continue
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500

510

output the surface and core

write ( 24,* ) rw(n)-rw(n),pg
do 500 i=1,m-1
radius=dfloat (i) *dr2 (n)
write( 24,* ) radius,pr(n)
continue

write ( 24,* ) rs(ji)-rw(n),pa
endif

if ( n .eq. 2000 ) then

write ( 25,* ) rw(n)-rw(n),pg
do 510 i=1,m-1
radius=dfloat (i) *dr2 (n)
write( 25,* ) radius,pr(n)
continue .

write ( 25,* ) rs(ji)-rw(n),pa

write ( 26,* ) countl(n),vs,vc

output the heat and mass transfer coefficients

write ( 27,* ) countl(n),hd,h

output the shrinking radius
write ( 28,* ) countl(n),rw(n),r(n)

output the mass flux

write ( 29,* ) countl(n),mo

recession velocities

€ 6 b 6 6 8 8 8 S S S e c 8 8 S e 8 8 8 e 8 8 8 e S 8 8 e 6 8 8 5 6 8 8 8 6 6 8 8 8 6 6 86 6 8 e 86 6B 6 6 &b e 6 66 b &b 66 & & &

C

initiate the fuel radius,

oxygen concentration and the time step
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c for the next computation
r(n)=rs(ji)
r(n+l)=rs(ji)
co(n)=cs(ji)
co(n+l)=cs(ji)
dt (n+1)=dt (n)
tm(n+l)=tm(n)

€ 80808 B S B b o e bc Bc S B B 8 6 8 B 8 K 6 6o e B B B B B & 8 & 8 8 8 8 8 8 B b 8 6 6 6 S e B e e 8 e S e b S b S e B b be S b b b & &b K & &

c stop the computation when the solid fuel are small enough

c to fall through the grate i.e their actual radius have

c shrinked to approximately 95 % of their original values.

c set the convergence criteria in appropriate order when running
c the programme. The first if statement refers to ro = 0.1016 m.

c A given criteria may not work for all moisture content for a
c given radius.If this happens, run the program until you get the

c desired convergence.
c For other selected radius and moisture content, look for appro
c priate convergence criteria by selecting an appropriate time

c step i.e. appropriate input.

qql=8.68B9670573627949E-03
qq2=8.7427592289160144E-03
gbl=9.6125989813355577E-03
gb2=1.1597343048691869E-02

gb3=1.3905234254729705E-02

-

if ( ( rw(n) .le. gqgql ) .or. ( rs(ji) .le. gq@2 ) ) go to 8
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if ( (ro .eq. .1524040) .and. (n .eq. 3986 ) ) go to 8
if ( (ro .eqg. .2032040) .and. (r(n) .le. gb2) ) go to 8

if ( (ro .eq. .254040) .and. (r(n) .le. gb3) ) go to 8

n=n+1
countl (n)=countl (n-1) +dt(n)
count2 (n)=count2(n-1)+dz
go to 2
G e m e m e m i ——m e m—m

c output the last core and shell temperature profiles

8 do 520 i=0,1k
radius=dfloat (i) *drl (n)
write( 30,* ) radius,tco(i)

520 continue
write ( 30,* ) rw(n),tm(n)
do 530 i=1,m
radius=dfloat (i) *dr2(n)
radius=rw(n) +radius

write( 30,* ) radius,tso(i)
530 continue

write ( 10,85 ) countl(n),count2(n),rs(ji),rw(n),n
85 format (/,

&10x, ‘'the burnout time (s) =',£12.6,/,
&10x, 'the bed deep (m) =',£f7.4,/,
&10x, ‘'the fuel external radius (m) =',£8.6,/,
&10x, 'the come radius (m) =',£f8.6,/,
&10x,'# of time step =, I5 ,/)

C**********************************************************************
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c this part of the program will be entierely conserned with

c rearranging some outputs.

c output the gas temperature ( / dz )
do 540 i=1,n
write ( 31,* ) -count2(i),tg(i)
540 continue
c output the oxygen concentration ( / dz )
do 550 i=1,n
write ( 32,* ) -count2(i),co(1)
550 continue
c output the fuel surface temperature ( /dz )
do 560 i=1,n
write ( 33,* ) -count2(i),st(i)
560 continue
c output the interface temperatures ( / dz )
do 570 i=1,n
write ( 34,* ) -count2(i),tm(i)
570 continue
c output the fuel centerline temperature ( / dz )
do 580 i=1,n
write( 35,* ) -count2(i),tcl (i)

580 continue

-
c output the temperature of the core nearest node to the interface

do 590 i=1,n
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590

c output the temperature of the shell nearest node to the interface

610

95

105

115

write ( 36,* ) -count2(i),tcp(lk)

continue

do 600 i=1,n

write ( 37,

continue

output the shell thickness

* } —count2(i),tsp(i)

do 610 i=1,n

write( 38,

continue

* } countl(i),rr(i)

write(39,95)ro0,100.040*mc, count2(n),r(n),rw(n),countl (n)

&/60.0d0

format(////////,

&10x, ‘the initial radius

&10x, 'the moisture content

&10x, ‘the combustion zone

&10x, 'the external radius (r)
&10x, ‘the core radius
&10x, ‘the burnout time

(rw)

(m)
(%)
(m)
(m)
(m)

(min)

=',£6.5,//,
', £6.2,//,
', £7.3,//,

write(39,105)co(n}),tco(0),tco(lk),tm(n),tso(1)

&, tg(n),n
format(//,

&10x, ‘the oxygen concentration
&10x, ‘the centerline ( ¢l ) temp.

(Kg/m3)
(oc)

&10x, ‘temp.of core nearest node to cl (oc)
&10x, 'interface temperature
&10x, 'temp.of shell nearest node to cl({(oc)

&10x, 'surface temperature
&10x, ‘'the gas temperature

&10x,'# of time step

write(39,115)gt,hp

format(//,

(oc)

(oc)
(oc)

r, £12.
', £12.

9.//,
9,//,

', £9.3,//)

,tso(m)

' £6.5,//,
', £9.4,//,

', f10.
', £12.
‘. £12.

r, £10
', £10
*,I5

4,//,
6,//,
6,//,

.4,//,
.4,//,

/)
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&10x, ‘initial gas temperature (oc) =',£10.2,//,
&10x, ‘'heat of pyrolysis (KJ/Kg) =',£10.4,//)
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print*, '‘stop # 5’
end
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ABSTRACT

OUEDRAOGO, ABDOULAYE. Investigation of "Whole Tree" Combustion in a
Packed-Bed. (Under the direction of Dr. James C. MULLIGAN and DR. John G. CLE-

LAND.)

A shrinking core model of the combustion of individual chunkwood and particle wood
elements is developed and validated by comparison with literature data. The model is
formulated on the physical evidence that large wood specimens inserted into a hot envi-
ronment lose weight mostly over a relatively thin outside layer, while the interior (core)
remains relatively undisturbed. The modeling of the complete process requires a correla-
tion of the turbulent heat and mass transfer coefficients which includes the effects of
transpiration of volatilized organic compounds and moisture, geometry, and shrinking
radius. The model shows that under boundary layer diffusion control, the external
boundary layer thickness and diffusional characteristics are constantly modified by the
effects of blowing. Hence, for green wood specimens, the cooling effects of transpiration
and the latent heat of evaporation do slow the burning rate contrary to earlier publica-
tions. The mass and heat transfer coefficients are then modified and incorporated into the
analysis of a steady state one dimensional, packed-bed model of "whole tree" combus-
tion. The bed is assumed to be loaded uniformly from the top, countercurrent to the pre-
heated air stream of superficial velocity Vs' The preheat time of the fuel elements is as-
sumed negligible. The mass loss rate is formulated in a quasi-steady shrinking core
submodel with a uniform core temperature approximation and negligible heat of pyroly-
sis. The model is simple, and yet reliable enough to predict adequately the burnout time
and the depth of the combustion zone of a 100 MW "whole tree" facility, by showing
that fuel elements properties (size, moisture content), strongly influence combustion
characteristics, especially that higher moisture produces depressed flame temperature,
longer burnout time, and larger values of combustion zone. The uniform core tempera-
ture approximation and negligible heat of pyrolysis assumption of the quasi-steady
model are latter replaced by a transient moving pyrolysis front submodel. A modified
Variable Grid Method called Continuous Mapping Variable Grid Method (CMVGM) is

developed to solve the two-phase moving boundary problem in which in addition to the



moving interface, the external boundary of the solid fuel is receding due to combustion.
With variable time step and variable radial grid, the scheme continuously tracks the posi-
tion of both moving boundaries together with the position of the entire "whole tree" ele-
ments inside the bed, by continuously mapping in the core and shell regions, the compu-
tational domain of time step (n+1) to that of the previous time step (n). The results of the
transient model show that indeed, the preheat time is negligible. As anticipated, the core
temperature also remains approximately constant during most of the combustion process,
but close to the end, it rises steadily toward the interface temperature. This is speculated
to be due to the effect of "cooking" believed to be caused by rising internal pressure and
fuel temperature carried inward by convective moisture and pyrolysis gases. This phe-
nomenon, however, does not alter significantly the results of the quasi-steady model
which tends to give slightly lower burnout time (3 to 10 %) and higher depth of combus-
tion zone ( 10 to 25 %).



