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Abstract

In the course of this work the solid flow program (SOLDIST) and the main
simulation program for circulating fluidized bed boilers (CFBB) have been
extended, partially reprogrammed and tested. The solids flow program has been
designed as a “Stand-Alone-Version” and has been extended to a “multi-air
injection model”.

In the solids flow program, the common blocks structure (feature of the
programming language Fortran 77) has been exchanged against parameter-list
based variables transfer. Furthermore, the functionality of the program is checked.
The current version of the simulation program allows to inject additional air to each
cell of the combustion chamber. Examples where an additional mass flow of
secondary air (7, ., =5kg/s ) is injected to certain cells are discussed.

Three plants are tested with the simulation flow program and the results are
compared to each other. The data of plant are: plant A has a height of 19.925 m,
side length 4.2 m x 2.3 m at the bottom and 4.2 m x 4.2 m over the conical part
and plant C has a height of 29.95 m, the diameter of the distributor plate was

3.9 m and the diameter of the furnace over the conical part was 7.3 m. Data for
plant B are given below.

Furthermore the results calculated with the overall simulation program are
discussed and compared to measured experimental data. The plant (B) for which
the resuits are given has a height of 37.2 m with a squared cross section (side
length 4.2 m x 7.48 m at the bottom and 7.48 m x 7.48 m above the conical part).
Experiments and calculations are made for full load conditions. The performance
test was done for a steam rate of 250 t/h, 540°C and 125 bar. Air is injected to the
furnace as primary, secondary and tertiary air. It is shown that the results obtained
with overall simulation program are comparative to the experimental results.




Kurzfassung

Im Rahmen dieser Arbeit wurde das Feststoffverteilungsprogamm (SOLDIST) und
ein Gesamtsimulationsprogramm fur zirkulierende Wirbelschichten erweitert,
" teilweise umprogrammiert und getestet. Das Feststoffverteilungsprogamm wurde
als ,Stand-Alone-Version “ konzipiert und um das ,Multi air injection model®
erweitert.

Im Feststoffverteilungsprogamm wurde die COMMON-Block Struktur (ein Element
der Programmiersprache Fortran 77) aufgelést und durch eine parameterlisten-
basierte Variablenubergabe ersetzt. Danach wird eine detaillierte Beschreibung
des Feststoffverteilungsprogrammes gegeben.

Die aktuelle Version des Simulationsprogramms erlaubt es, Sekundarluft in jede
gewlinschte Zelle des Feuerraumes einzudlUsen. Es folgt der Vergleich einer
Berechnung, bei der kein Sekundéarluftmassenstrom zuséatzlich zugefihrt wird, mit

einer solchen, bei der dies in jeweils einzelnen Zellen (m,, ., =5kg/s)

Sekundarluft zugefihrt wird.

Drei verschiedene Anlagen werden mit dem Feststoffverteilungsprogamm
getestet, um die Ergebnisse miteinander zu vergleichen. Die Hoéhe des
Steigrohres der Anlage A betragt 19.925 m, die Seitenldnge am Dusenboden mifdt
4.2 m x 2.3 m und Uber dem konischen Teil 4.2 m x 4.2 m. Die Daten fir die
Anlage B werden unten gegeben. Die Hohe des Steigrohres der Anlage C betragt
29.95 m, der Durchmesser am Diisenboden ist 3.9 m und Uber dem konischen
Teil 7.3 m.

Weiters werden die Ergebnisse der Berechnungen des
Gesamtsimulationsprogramms mit den Messungen aus den Experimenten
verglichen. Die Hohe des Steigrohres der Anlage (B) betrdgt 37.2 m, die
Seitenlangen am Disenboden ist 4.2 m x 7.48 m und Uber dem konischen Teil
7.48 m x 7.48 m. Experimente und Berechnungen wurden fir Vollast der Anlage
gemacht. Die Experimente wurden bei einem Frischdampfmassenstrom von

250 t/h und Dampfparametern von 540°C und 125 bar durchgefihrt. Luft wird als
Primar-, Sekundar- und Tertidrluft zugeflihrt. Es wird gezeigt, dass die Ergebnisse
des Gesamtsimulationsprogramms in etwa mit den Messungen aus den
Experimenten Ubereinstimmen.




Abstrakt (in Albanian language)

Né kété punim programi simulues ,solid flow“ (SOLDIST) dhe programi
kryesoré simulues pér llogaritje té kaldajave té awvullit ,circulating fluidized bed
boilers” (CFBB) (t& zhvilluar né institutin e termoteknikés ne Vjené (ITW)) jané
Zgjéruar, pjesérisht riprogramuar dhe testuar. Programi SOLDIST éshté
koncipuar t& punoj si version i pavarur “Stand-Alone-Version” nga programi
kryesor dhe i zgjeruar té funksionoj si model “multi-air injection”.

Né programin “solid flow” (SOLDIST) jané fshiré “COMMON” bloget (veti e
gjuhés programuese FORTRAN 77) dhe variablat e definuara né kéto bloge
jané barté né listat e parametrave. Funksionaliteti i programit éshté vertetuar
pérmes njé shembulli ku si shtesé e ajrit sekondar té injektuar (futur) né kaldajé
éshté marré sasia e ajrit prej n,, ., = Skg/s .

Pastaj jané béré llogaritjet pér tri kaldaja me gjeometri t& ndryshme dhe
rezultatet e fituara i kemi krahasuar njéra me tjetrén (ndérmjet veti). Parametrat
e kaldajés A jané: Lartésia 19.925 m, né pjasén fundore gjerési/gjatési 4.2 m x
2.3 m dhe mbi pjesén konike gjerési/gjatési 4.2 m x 4.2 m. Parametrat e
kaldajés B jané dhéne me poshté. Ndérsa té dhénat e kaldajés C jané: lartésia
29.95 m, diametri né pjesén fundore éshté 3.9 m ndérsa mbi pjesén konike 7.3
m.

Me ndihmen e programit kryesor simulues jané béré llogaritje té reja dhe
rezultatet e fituara i kemi krahasuar me rezultatet eksperimentale té fituar pér té
njéjten kaldajé avulli pér té cilén jané béré eksperimentet laboratirike. Lartésia
e kaldajés éshté 37.2 m, né pjesen e fundore ka gjerésiné/gjatésiné 4.2 m x
7.48 m dhe mbi pjesén konike me gjerési/gjatési 7.48 m x 7.48 m. Llogaritja
dhe testi eksperimental jané béré nén ngarkesen e ploté té kaldajés dhe nén
kushte atmosferike. Sasia e avullit t& prodhuar éshté 250 t/h, me temperaturé
540°C dhe shtypje 125 bar. Ajri éshté futur (injektuar) ne kaldajé si ajér
primaré, sekondaré dhe terciaré. Resultatet e fituara pérmes llogaritjeve jané
né pérputhshmeri t&€ miré me resultatet e fituara eksperimentalish (siq jané
sqaruar né kapitujt pérkatés).
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NOTATION
Symbol Units Physical dimension

a | [m-i] Decay constant in the sblésh zone

a [-] Coefficient used in Equation 7.2.3

A [%] Extent of attrition Equation 7.2.2

Ac [m3] Core cross section

Adp [m?] Cross section of the distributor plate 4.4.4

Ap [m?] Cross-section area of distributor plate per nhumber
of orifices (4)

Arr [m?] Cross-section area of combustion chamber

Alokal [m?] Furnace cross section

Ar [-] Archimedes number

avstr [] Variable for calculation of radiation loss (DIN 1942)

AzykL [m?] Corresponding equivalent cross-section of the inlet
orifice from riser to cyclone

b [] Coefficient in equation 7.2.3

bysTr [-] Variable for calculation of radiation loss (DIN 1942)

Bryii [m] Equivalent diameter of the cyclone’s outlet

Co [] Virtual mass coefficient

Cpa [J/kg K] Specific heat capacity of ash

Cpf Abg [J/kg K] Specific heat capacity of the flue gas

Cp.s [J/kg K] Specific heat of total solid matter

dav(i) [m] Average particle diameter of size fraction

D AE(,‘) [m] Equivalent diameter at respective height of the
furnace

dpo [m] Initial bubble size

dp [m] Bubble diameter

dpmax [m] Maximum bubble diameter

D,Do [m] Bed diameter Eq. 4.2.2 and Eq. 2.14.1

D, [m] Local core diameter

Dps [m] Diameter of distributor plate
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DEL,TE
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Dro

Drr
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dpsBed
dpsCirc
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Dzyxt
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[-]

-]

[-]

[s/m]

[-]

[m/s?]

[kg/m?s]
[kg/m?3s]
[kg/m?s]

[kg/m?s]

The number of partitionings in the riser

Parameter to calculate each layer (= 1/TE)
Equivalent bubble diameter

Equivalent diameter at current layer Eq. 2.10.4
Diameter of furnace

Local diameter of the combustion chamber

Average (Sauter's) diameter of solid inventory
material

Sauter diameter of bed material

Sauter diameter of circulating material

Diameter of return leg

Equivalent diameter of immersion tube of the

cyclone

Upwards mass flux of solid matter

Parameter according to [7] used in equations
2.13.3

Particle Froude number

Particle Froude number with descending velocity
Particle Froude number with minimum fluidization
velocity

Parameter used in equation 2.13.3 [7]

Number of balance cells in furnace

Acceleration of gravity

Mass flow of circulating solid matter for each
fraction

Mass flow of circulating solid matter per cross
section

Mass flow rate of the circulating solid matter at
height Hees1

Mass flux of circulating solid matter per local cross-

section
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Hk

Hpme
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Hstern, H,
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[min™"]

[min™]

[min™]

[1/s]

Height of the furnace Eq. 4.4.3 and 5.2.8

Height of refractory in furnace

Height of secondary air injection

Height of tertiary air injection

Moilar reaction enthalpy due to the combustion of
CO to CO2

Height of the dense bed

Height of the furnace up to the centreline of the
cyclone’s outlet

Filling height of solids in furnace at minimum
fluidization velocity

Height of the furnace without refractory

Height at which air will be injected in furnace

Total height of the furnace

Height of the cover in the furnace

Height of cone in furnace

Height of solids bed at minimum fluidization velocity

Lower level of layer in loop
Upper level of layer in loop

Height of transition zone measured from the top

Net calorific value of fuel

Calorific value of unburned carbon
Height of each cell

Height at the distributor plate

Height at which the secondary air is injected

The coefficient used in equations 2.4.2 and 5.2.9
Constant of attrition rate used in Equation 7.1.2.1.1
Constant which is a function of the initial particle
size, Eq. 7.1.2.2.1

Coefficients to determinate ¢,

Attrition rate constant, Equation 7.2.4
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Volumetric flow through the jet nozzles

Available heat flow of steam

Radius of bubble Eq. 4.4.6

Gas constant (8,314)

Attrition rate Equation 7.2.1

Attrition rate at steady-state

Bubbles Reynolds number

Reynolds number for minimum fluidization velocity

Reynolds number

Length of furnace at level H1
Width of furnace at level H1
Length of furnace at level H2
Width of furnace at level H2

" | Local length dependent on current height A

Local width dependent on current height A
Local length dependent on current height B
Local width dependent on current height B

Length of air distributor plate

Length of furnace at the upper part (above the
cone)

Width of air distributor plate

Width of furnace at the upper part (above the cone)
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Sum
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[m]

[m]

(m]
[m]
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[m?]
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K]
(K]
[min]
[s]
(K]
(K]
(K]

[m/s]
[m/s]

[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]

[m/s]

Length of the furnace wall at the level of
secondary/tertiary air injection

Width of the furnace wall at the level of
secondary/tertiary air injection
Length of furnace wall at height of Hop

Width of furnace wall at height of Hg
Volume fraction of bubbles in the riser
Volume of the actual layer of the riser
Surface area of char, Equation 7.1.2.1.2

Air temperature before the air preheater
Temperature of flue gas

Time, Eq. 7.1.2.1.1

Time for bubble formation

Temperature of char surface
Temperature of raw ash

Temperature of fine ash

Superficial gas velocity closely below the tertiary air
injection level

Superficial gas velocity closely below the secondary
air injection level

Superficial velocity in furnace

Superficial velocity above the air distributor
Superficial velocity

Gas velocity in the core of the riser

Bubble rise velocity

Bubble rise velocity of an isolated bubble

Gas velocity in dilute phase region, ug/e

Minimum fluidization velocity

Minimum bubbling velocity

Superficial velocity closely above the secondary air

injection
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[m/s]

[m/s]
[-]
[m/s]
[m/s]
[m]
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[m?]
[m/s]
[m/s]

[m/s]

[m/s]

[ka]
[m/s]

Superficial velocity closely below the secondary air
injection
Superficial velocity at the current layer

Terminal velocity according to Cheremisinoff [4-8]

Losses due to the waste (exhaust) gas
Particle velocity in annulus

Bubble volume

Combustion loss due to the CO content
Losses due to unburned material in fly ash

Wake volume

Gas velocity

Losses due to unburned in bottom ash

Inlet velocity in the cyclone |

Terminal velocity

Total volume of furnace

Volume of the part of the furnace without refractory

Combustion loss

Volume of the current section

Solid velocity, Eq.. 2.12.1.4

Velocity of the particles falling downward in the
annulus -

Velocity of particles falling down in the annulus at
the upper part of the riser

Velocity of particle falling down in the annulus at the
lower part of the riser or above the dense zone
Radiation loss

Losses due to the sensible heat in ash

Mass of coal or char
Cluster velocity, Eq. 2.12.1.2
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W, Wso, Wiow
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Xco,abg

[kg/m?3s]
(k]

[kg/kgd]

Downward solid mass flux

Initial mass of coal or char

CO weight fraction in the flue gas




Greek Symbols

XX

r Symbol | Units Physical dimension J

a [-] Ratio of core cross-section to total furnace cross-
section

Qox [-] Ratio of core to total area at the outlet height of the
furnace

UNF [-] Ratio of core to total area at the infinite height

ay [-] Empirical constant Eq. 4.4.3

b [-] Volume fraction of bubbles in furnace

£ [-] Porosity at the respective height (output parameter)

&a [-] Annulus porosity

Eav [-] Average porosity of solids in annulus

£AU [-] Average porosity closely below/above secondary air
injection

& [-] Voidage of bubbles

£8U1 [-] Average porosity between air distribution and Has
height of secondary air injection

£8U2 [-] Average porosity between secondary air injection
and tertiary air injection

£8U3 [-] Average porosity between Har and Hg

£BUA4 [-] Average porosity between HK and transition zone
Hges1-Hstern

& [-] Core porosity

ECAU -] Average porosity closely below/above tertiary air
injection

Eoox [-] Porosity of core area at the level of the outlet

ECINE [-1 Core porosity at infinite height

Edb [-] Porosity closely above the air distributor

EDEN [-] Porosity at the dense zone

Eax [-] Porosity at the level of the furnace outlet

Emf [-] Porosity at minimal fluidization velocity

& [-] Average porosity at emulsion phase

Em [] Average porosity of total furnace
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&fm1
&

&2

&K
&Lt
E,Em

&

Nex

TIbe
NF,s
nNzs

O

Phbulk
Pbult

M Ha

[deg]
[kg/m?]
[kg/m?]
[kg/m?]
[kg/m?]
[kg/ms]
[-]

[m?/s]

Average porosity of range without refractory
Porosity at the level Ho

Porosity at the end of the layer, starts at transition
zone

Porosity at the and of conical part

Average porosity at the layer

Porosity at theoretical infinite furnace height
Porosity at height hg

Parameter calculated in Eq. 2.14.1

Solid friction factor, Eq. 2.20.1

Separation efficiency for solids at furnace outlet
Boilers efficiency

Separation efficiency of solids in cyclone
Separation efficiency of solids in filter

Wake angle

Density of solids

Density of gas

Mean bulk density in the furnace
Average density above dense bed
Dynamic viscosity

Solid loading of the gas flow Eq. 2.12.1.2
Kinematic viscosity of flue gas at furnace
temperature

Relative free cross-section of tube
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Index Meaning
a Annulus
ab Separation
Abg Flue gas
acc Acceleration
av Average
b, bub bubbling
B bed
BR fuel
bulk,BU bulk
c core
CaO calcium carbonate (kalk)
cO carbon monoxide
DB,db distributor plate (Dusen Boden )
DEN dense
eq equivalent
ex exit
f fluid
FA fly ash
FR Combustion chamber (Feuerraum)
FUELL fill
G, g gas
GA bottom ash
GES,GES1,ges |Total (Gesamt)
HAUBE cover
/ inert
INF infinite
K cone, sorbent
L limestone
lokal local
max maximum
mb minimum bubbling
mf Minimum fluidization
.02 oxygen
p particle
P Primary
rand annulus
rob upper
runt lower
S solid (Feststoff)
S Secondary, sulfur, Solid, surface
STERN star (infinite height)
STR radiation
Lt1,t2 terminal
T Tertiary
TRAN transition
v loss
vent valve
w wake
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ZELL
zirk
ZYKL, ZY

0

Cell (Zelle)
Circulating
Cyclone (Zyklon)

initial (anfanglich)
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1 Introduction

With the development of CFB-Technology the requirement for simulation
programs increased continuously. Numerous simulation programs have been
developed for the description of different fields of application e.g. power plants,
process technology, multiphase flow etc. The most simulation programs for
fluidized beds concern the one-dimensional gas/solids systems. Three groups of
models can be distinguished according to the folléwing enumeration:

e 1-dimensional models:

They concern usually empirical models, whose qualitative and quantitative force of
expression is limited due to one dimensionality. A comparison of 1-dimensional
models for solids distributions given from Glatzer [50].

¢ 1.5-dimensional models:

This group presents the models from Hirayama et al. [41], from Laux et al. [47],
from Berruti et al. [38], from Wong et al. [31], from Senior et al. [35], from Manno
et al. [29] and from Ishii et al. [28].

Remark: Two-dimensional models are unusual in the field of simulation of CFBBs
because instead of them 1.5 dimensional models were used.

e 3-dimensional models:

Only a few works have been done in the field of 3-dimensional models. Some
works are published from Knoebig et al. [42], from Hyppannen et al. [26], from
Leithner et al. [27], from O’Brien et al. [57] and from Fischer [58].
Three-dimensional modeling of CFBC systems are not very common because of
complicated decomposition processes, inhomogeneities and missing input data
from corrésponding experiments. ‘ ' '

At the Institute of Thermal Engineering (ITE) the following simulation programs are
in use:

- The solid flow program (SOLDIST) (calculation of the solid circulation, the
vertical porosity profile and the resulting pressure loss over furnace height
for different conditions and plant geometry) and

- The main program for simulation of CFBB's (calculates the heat transfer,
coal combustion and pollutant release, temperature profile, etc.)




Determination of the particle distribution in a circulating fluidized bed boiler without
determining the whole combustion process and the temperature distribution is
made with the solid flow program “SOLDIST". The solid flow program is part of the
main program for the simulation of Circulating Fluidized Bed Boilers (CFBB).

The developed simulation program at the Institute of Thermal Engineering (ITE) is
based on a 1,5-dimensional model. Two reasons led to selection of a 1,5-
dimensional model.

e Experiments showed, that the porosity over the cross section is almost
constant except near to the wall of the riser. Therefore it was not necessary to
use a full 2- respectively 3-dimensional model.

+ The main simulation program of the circulating fluidized bed boiler (CFBB) was
developed to calculate heat transfer, coal combustion and poliutant release etc.
For that purposes 1-dimensional models are not precise enough.

The calculation is an iterative procedure including several parts of the main
program. The subroutines for calculating initial values are excluded.

In the program two main iteration loops exist:

The first iteration loop is done over the total mass balance of solids: the solids
mass flow through the ash classifier and the sum of concentrations of solid
species in the inventory material are the iteration criterions. This iteration loop is
done over the fractional mass balances for each solid component. In course of the
change of the particle size distribution of inventory material due to attrition,
reaction, combustion and mass extraction a second iteration loop is necessary.
This second loop starts with the recalculation of the solids distribution and -
temperature profile and is followed by the calculation of the fractional mass
balances. The second iteration criterion is the particle size distribution of the
inventory material.

More about this simulation program (CFBB) can be found at the works from Rosza
[52], Glatzer [5], Haider [53], Krause [51], Werner [59] and Eder [30].
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4

2 Extension of the solids distribution program SOLDIST

In the present chapter are documented and described the subroutines and
functions of the simulation flow program SOLDIST, where the following main
improvements and extensions were done:

- Impiementation of the multi—air injection model (allows to inject additional air to
each balance cell of the riser)

The above model is used, to allow a secondary air injection over the all furnace

height. This enhanced flexibility allows to model (simulate) of staged combustion

and the injection of after burning air.

- Reorganization of the whole program, which means that:
This modification are made in order that, the future users can work with a well
structured and clear program.

a) the “COMMON-BLOCK” based concept of variable's declaration was
exchanged to a parameter list based handling of variables,

and

b) each function and subroutine was written to an own file, whereby each module
was documented and described.

The new version of the program was tested and compared to experimental results
in chapter 3 and 5.

In the following a description of the current version of the program SOLDIST is
given.

The determination of the particle distribution in a circulating fluidized bed boiler
without taking into consideration the whole combustion process is done by use of
SOLDIST. '
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21 Program SOLDIST_MAIN
. Purpose:

The program 'SDMAIN' is a driver program to use the program unit 'SOLDIST' as a ‘
Stand-Alone-Version. Normally, SOLDIST is a subroutine of the main program 3

CFBM