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ABSTRACT
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The aim of this thesis is to find and analyze different methods which reduce fluid bed
boilers’ auxiliary power consumption. The objective is to examine the effects and
feasibility of these methods.

The literature part explains how fluid bed boilers work and what are the main sources of
auxiliary power consumption. Designs and operation of these equipment are presented.
The literature part also discusses the basics of auxiliary power consumption reduction
and introduces four low pressure drop constructions. The experimental part inspects six
different methods. Effects of these methods on the auxiliary power consumption are
calculated and their impacts on the operation of the boiler are modeled.

Calculations show that reasonable changes can reduce fluid bed boiler’s auxiliary power
consumption by 2,1-10,2 %. Biggest reductions come from lower air coefficients,
smaller bed a-level pressures and lower primary/secondary air —ratios. Models showed
no problems with the smaller bed a-level pressures. With the lower air coefficients and
smaller primary/secondary air —ratios the models showed a significant increase in the
carbon monoxide levels.
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Taman diplomityon tavoitteena on I0ytéa ja analysoida erilaisia keinoja, jotka
vahentévat leijukerroskattiloiden omakayttdtehoa. Tavoitteena on tutkia ndiden keinojen
vaikutuksia ja kéyttokelpoisuutta.

Kirjallinen osa selittda kuinka leijukerroskattilat toimivat ja mitka laitteet kuluttavat
eniten omakayttoétehoa. Néiden laitteiden rakenne ja kéaytto esitellaan. Kirjallisuusosa
kasittelee myds omakayttdtehon véhentamisen periaatteita ja esittelee neljé pienen
painehdvion rakennetta. Kokeellisessa osassa tarkastellaan kuutta erilaista keinoa.
Naiden keinojen merkitys omakayttehoon lasketaan ja niiden vaikutukset kattilan
toimintaan mallinnetaan.

Laskelmat osoittavat, etté jarkevat muutokset voivat vahentaa leijukerroskattiloiden
omakéyttotehoa 2,1-10,2 %. Suurimmat vahennykset saadaan pienentamalla
ilmakerrointa, leijupedin a-tason painetta ja primadari/sekundaari-ilmasuhdetta.
Mallinnuksissa leijupedin a-tason paineen pienentdminen ei aiheuttanut mitaan
ongelmia. llmakertoimen ja priméaari/sekundééari-ilmasuhteen pienentdminen nostivat
huomattavasti hiilimonoksidip&astojé.
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NOMENCLATURE

Latin letters

d diameter [m]
f friction factor [-]
g gravitational acceleration [m/s?]
H pressure head [m]
Hgeoa height difference between the suction

and discharge sides’ fluid surfaces [m]
Hg; height difference between the

pump and the liquid’s surface [m]
l length [m]
n rotational speed [rpm]
NPSH net positive suction head [Pa]
p pressure [Pa]
P power [W]
Q,q, volume flow rate [m3/s]
Am mass flow rate [kg/s]
w velocity [m/s]

x characteristic length [m]



Greek letters

p
g

Subscripts

rh

Abbreviations
AC

B

loss coefficient [-]
efficiency [-]

air coefficient [-]
dynamic viscosity [kg/(m-s)]
density [kg/m’]
average density [kg/m®]

free fluid stream
electric
vaporization
suction side
mechanical
discharge side
required head

isentropic

air coefficient

particle mass loading



BDP

Repds

PA

SA

Dimensionless numbers

Re,

boiler design program
induced draft

fixing radial distance
reducing pressure drop stick
primary air

secondary air

Reynolds number



1 INTRODUCTION

Development of fluid boilers began in the 1970’s. It has been very fast this entire time
as the boilers’ heat powers have increased substantially and the efficiencies have risen
considerably. In the early days the development was done mainly with calculations and
tests. Nowadays simulations are a main part of it as they have low costs and produce

results fairly quick.

Today boiler development is more important than ever as competition between
manufacturers has increased and the emission requirements have tightened. Small
reductions in investment, operating and maintenance costs may give big profits as the
differences between different manufacturers’ boilers are slight.

One major factor, which affects the operating costs, is the process (thermal) efficiency.
It’s determined by two factors: losses and auxiliary power consumption. Objective of
this work is to reduce auxiliary power consumption in the air and flue gas systems of
the boiler island. When the auxiliary power consumption lowers, the process efficiency
increases. This means smaller operating costs. The challenge is to reduce auxiliary
power consumption without increasing the investment costs too much. And also, the
emissions mustn’t increase and the efficiencies have to stay at least the same. In other
words, the overall competitiveness of the boiler has to increase.

There has been lots of research on different ways to reduce auxiliary power
consumption but most of these studies have their flaws. Firstly, they may not be
applicable to the boiler types that are inspected in this work. Secondly, the development
of fluid bed boilers is so fast that some of these studies are already outdated. Thirdly,
most of the research that could be used is done by other boiler manufacturers, meaning
that it’s confidential and can’t even be accessed. But some studies can be used and a

few of them are presented in this work.

At first, the basics of fluid bed boilers and auxiliary power consumption are presented.
After these, the principles of reducing auxiliary power and different ideas of how it



could be done are inspected. Lastly, the effects of these ideas are calculated and

modeled on existing plants and the results are presented and examined.
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2 FLUID BED BOILERS

The history of fluid bed boilers begins in 1921 when Frintz Winkler noticed that
combustion gases can lift coke particles and their mixture looks like a boiling liquid.
Others may have also discovered this phenomenon before, but Winkler was the first one
who began to examine it. After that in the 1930’s Warren Lewis and Edwin Gilliland
developed fast fluidized bed process for fluid catalytic cracking. In the energy
production sector fluid bed boilers began to make a difference in the 1970’s.
[Vakkilainen 2010, part 1, 23; Nevalainen et al. 2015, section 1.5, 3; Huhtinen 2000,
153]

The basic operation principle of fluid bed boilers is the same as other boiler types’: fuel
is burned in them and the generated heat is used to vaporize water. But unlike other
boiler types, fluid bed boilers use bed material (sand and/or ash) to improve
performance and reduce emissions. This bed material is fluidized and fuel is fed into it
in a way that they mix before burning. The bed material acts as heat storage, which dries
and warms the fuel and evens temperature differences in the boiler. Due to the heat
capacity of the bed material fluid bed boilers can be used with moist fuels that have low

heat values (e.g. biomass).

Bed material is fluidized with primary air from the bottom of the boiler. Primary air’s
speed is increased above the minimum fluidization velocity of the bed material (velocity
where the bed material is suspended and the particles begin to move in relation to one
another). Minimum fluidization velocity is depended on the particle size of the bed
material: bigger particles have higher minimum fluidization velocities. Bed material’s
movement in the boiler can be controlled by adjusting the velocity above the minimum
fluidization velocity. If this velocity is small, the bed material stays mainly in the
fluidization layer and the boiler is called bubbling fluid bed (BFB) boiler. In circulating
fluid bed (CFB) boilers this velocity is above the entrainment velocity (velocity where

the bed material begins to elutriate) and a part of the bed material moves all around the
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boiler. This difference is shown in Figure 1. [Huhtinen 2000, 154-155; Raiko et al 2002,
490.]

/Flue gas

:

L L

00> Flue gas . . W= Fluegas
1 o 1

Fuel

L Air L Air L Air

Fixed bed Bubbling fluidized bed Circulating fluidized bed

Figure 1. Different fluid bed types. [Amec Foster Wheeler (a) 2015.]

Fluid bed boilers’ boiler efficiency, which is a part of the process efficiency, tells how
much of the fuel’s heat is transferred to the water/steam. It can be calculated directly or
indirectly. These ways produce the same results, but the indirect method gives
information about the individual losses, like the radiation losses, and it’s also better
suited for boilers that have difficulties in measuring the heat flow of the fuel. The most
significant improvements to the plant efficiency are achieved by raising steam
temperatures and pressures. These changes increase steam enthalpy. From these two,
pressure affects the boiler efficiency more, so the main focus has been on it. As a part of
this development a new CFB boiler type, which operates on supercritical pressures
(nowadays 250-300 bar) has been developed. These boilers are called once-through
(OTU) boilers. The number of OTU boilers is still small, but it has started to increase in
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the recent years. [Voimalaitospin perusteet, luento2; Teir 2003, 65, 129; Vakkilainen
2010, part 2, 9.]

BFB and CFB boilers and their main differences are described in detail in the following

paragraphs.

2.1 BFB boilers

In BFB boilers the bed material mainly stays in the fluidization layer, as shown and
mentioned before. This is achieved by keeping the velocity of the primary air between
the bed material’s minimum fluidization velocity and the entrainment velocity. In most
cases the bed material’s average size iS 1-3 mm, meaning that a suitable fluidization
velocity is 0,7-2 m/s. This velocity creates a layer (bed) which is 0,4-0,8 meters high.
Pressure loss of this bed is 6-12 kPa. [Huhtinen 2000, 157.]

About 30-70 % of the total air is fed to boiler as primary air from the bottom of the
boiler. Rest of the air is fed above the bed (secondary air). [Huhtinen 2000, 158-159.]
This secondary air feeding is split to 2 or 3 different levels. It improves the boiler’s
efficiency and reduces emissions by evening the temperature profile (maximum
temperatures in the bed reduce) and by increasing the combustion efficiency. The air
coefficient is 1,1-1,4 [Huhtinen 2000, 159].

BFB boilers have mechanical fuel feeding. With it the particle size can vary more and
the fuel needs less prehandling. The fuel feed system includes at least the following
components: a fuel silo, a fuel conveying system from the fuel silo to the boiler (usually
a conveyor or a fuel screw) and a feeding system (usually a chute or a screw). Before
the main fuel can be fed to the boiler, the bed has to be warmed to a temperature of 500-
600 °C by burning oil or gas with start-up burners. This ensures safe ignition for the
main fuel. [Huhtinen 2000, 157-158.]

Depending on its properties, ash is removed from the boiler in two different ways.

Crude ash is removed by letting bed material from the bottom of the boiler. This bed
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material is sieved so that the slag, which contains the crude ash, can be separated. After
sieving the bed material is returned to the boiler. Grinding of the bed material creates
fine particles. These particles exit the boiler with the flue gases. In order for the ash
removal to be successful, the ash mustn’t melt or soften because this would cause the
bed material to sinter. If the bed material sinters the boiler usually needs to be
shutdown. Sintering is avoided by keeping the bed’s temperature about 100 °C below
the ash’s softening temperature. [Huhtinen 2000, 158.]

These functions and the basic structure of a BFB boiler can be seen in Figure 2. It can
be noticed that the bottom part of the furnace is refractured. This refractory prevents
erosion in the tubes and protects them from overheating. At the bottom of the boiler,
where the primary air comes, there is an air distribution grate. It consists of nozzles that
are welded to a steel plate or to cooling tubes. The air distribution grate has a required
minimum pressure loss, about 30-50 % of the bed’s pressure loss, to ensure even
primary air distribution in the bed. [Huhtinen 2000, 158.]

] []

Figure 2. BFB boiler. [Amec Foster Wheeler (b) 2015.]
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BFB boilers can burn a variety of Finnish biomasses, which have a high moisture and
volatile content, ignite at low temperatures and whose fixed carbon burns fast. BFB
boilers can also burn wastes. Coal, on the other hand, can cause some problems as it
contains only 20-30 % volatiles and its fixed carbon requires several seconds to burn
completely at low temperatures. This cannot be achieved in a BFB boiler, causing the
amount of unburned fuel to rise. [Huhtinen 2000, 159.]

Typical values of BFB boilers are gathered in Table 1. The minimum load is limited by
the minimum fluidization velocity and the need to keep the bed temperature over 700
°C. These limits can be evaded by dividing the bed into different sections or by using
circulation gas in the fluidization. Maximum load is limited by maximum temperature
of the bed, elutriation of bed material and increase in the amount of unburned fuel.
[Huhtinen 2000, 158-159.]

Table 1. Typical values of BFB boilers. [Huhtinen 2000, 158-159.]

Volume heat load 0,1-0,5 MW/m®
Cross section heat load 0,7-3 MW/m?
Bed pressure drop 6,0-12 kPa
Fluidization velocity 0,7-2 m/s
Bed height 0,4-0,8 m
Primary air temperature 20-400 °C
Secondary air temperature 20-400 °C
Bed temperature 700-1000 °C
Gas region temperature 700-1200 °C
Percentage of secondary air 30-70 %
Air coefficient 1,1-1,4
Bed density 1000-1500 kg/m®
Load range 30-100 %




2.2 CFB boilers

15

Basic structure of a CFB boiler is presented in Figure 3. As stated before, the main

difference to a BFB boiler is that a part of the bed material moves with the air and flue

gas streams making the bed cover the entire boiler, not just the bottom. Due to this bed

material movement CFB boilers need a cyclone (or several cyclones if the heat power of

the boiler is high). A cyclone separates bed material and unburned particles from the

flue gas stream and returns them to bottom of the furnace. In most designs superheaters,

economizers and air preheaters are placed after the cyclone. [Huhtinen 2000, 159-160.]

1

Steam drum ﬁ:;\
Solids separator
J\ aa
(]
Combustion chamber
Downcomer ﬂ

Fuel of

. “,
Limestone ﬂ
| &

Economizer

e = | Fe2d Waterinlet

Airheater

Dust collector

Steam outlet

&

Bottom ash

Flyash Y Y Y -4
. Induced draftfan

5
Toash silos

Secondary air fan

Frimary air fan

e

Figure 3. CFB boiler. [Amec Foster Wheeler (c) 2015.]

The main requirement for a cyclone is good separation efficiency. It’s mainly achieved

by making sure that the inlet velocity of the flue gas is high enough, at least 20 m/s, and

by designing the dimensions of the cyclone carefully. One of the most important
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dimensions is the cyclone’s diameter. It should be always less than 8 meters, because
the separation efficiency decreases as the diameter increases. Cyclones can be uncooled
and refractured or cooled. [Huhtinen 2000, 160.]

Fuel is fed to the boiler either via the front wall or by mixing it to bed material that is
returning from the cyclone. Air feeding is done in the same way as in BFB boilers, with
primary and secondary air. Primary air’s control range is 50-100 % and secondary air’s
15-100 %. With primary air, the control range is limited by the need to keep the
fluidization velocity above the minimum fluidization velocity of the bed material. Ash
removal is similar to BFB boilers; crude ash and rocks are removed from the bottom of
the boiler while fine ash leaves the boiler with the flue gases. Make-up material
consumption can be lowered by returning sieved bed material back to the boiler.
[Huhtinen 2000, 159-162.]

Typical values of CFB boilers are presented in Table 2. Main differences to the BFB
boilers are bigger fluidization velocity and finer bed material (0,1-0,5 mm). These
properties make CFB boilers operate in a fluid dynamic region where turbulence is
high, particles mix well and there is no defined bed level. Instead the bed density varies
as a function of the boiler’s height. It’s at its biggest in the lower furnace and lowest in
the top of the boiler. [Huhtinen 2000, 159.]
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Table 2. Typical values of CFB boilers. [Huhtinen 2000, 161-162.]

Volume heat load 0,1-0,3 MW/m®
Cross section heat load 0,7-5 MW/m?
Total pressure drop 10-15 kPa
Fluidization velocity 3-10 m/s
Primary air temperature 20-400 °C
Secondary air temperature 20-400 °C
Bed temperature 800-950 °C
Temperature after the cyclone 850-950 °C
Percentage of secondary air 25-65 %
Air coefficient 1,1-1,3
Bed density 10-100 kg/m®
Load range 30-100 %

CFB boilers can burn the same biomass and waste fuels as BFB boilers. But unlike BFB
boilers, they can also burn coals which have low volatile content. This is due to
prolonged burning time (increased combustion efficiency). Burning time is prolonged
by returning unburned fuel particles to the furnace after they have been separated from
the flue gases in the cyclone. During start-up and heating of the bed CFB boilers use
start-up burners, which burn oil or gas, like BFB boilers. [Huhtinen 2000,162.]

CFB boilers have also other advantages to BFB boilers. Due to a lower burning
temperature CFB boilers have smaller NOy emissions. These emissions can be reduced
even further by feeding ammonium to the bed. Sulfur is removed by feeding limestone
to the bed, where they react and form calcium sulfate. This calcium sulfate is removed
from the boiler with the ashes. Sulfur removal is cheaper in CFB boilers (compared to
BFB boilers). This is because the required Ca/S mole ratio is smaller: in CFB boilers
it’s 1,5-2,0 while in BFB boilers it’s 2,0-3,0. CFB boilers have also some disadvantages

to BFB boilers. They have a higher unit price and their auxiliary power consumption is
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greater. Typically BFB boilers are used in applications where the thermal power is
under 100 MW. Thermal power of CFB boilers is usually over 50 MW. [Vakkilainen
2010, part 10, 2; Huhtinen 2000, 162.]
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3 AUXILIARY POWER CONSUMPTION IN FLUID BED
BOILERS

Auxiliary power consumption tells how much of the produced electricity the plant or the
boiler consumes. It’s higher with greater pressures (Table 3). [Vakkilainen 2010, part 2,
33-34]

Table 3. Auxiliary power consumptions of boilers with different pressures. [Vakkilainen 2010,
part 2, 34.]

Auxiliary power
consumption (of Auxiliary power Pump power
Pressure [MPa] W W
prOdUCEd kgsteam/s kgsteam/s

electricity) [%]
40 3,5 25 5
80 4.5 35 12
120 5,0 45 20
160 55 55 25
200 6,0 60 30
350 6,5 65 35

Different auxiliary equipment consume very different amounts of power. When the
auxiliary power consumption is about 5 % of the produced electricity, power
consumptions of the auxiliary equipment are the following: feedwater pump consumes
about 2 % of the produced electricity, flue gas and air fans 0,75-1,0 % each and
circulation pump about 0,5 %. These are the main sources of auxiliary power
consumption and they are studied more closely in the following paragraphs. Other
auxiliary equipment like the fuel feeding systems also contribute to the auxiliary power
consumption but their effect is quite small, so they aren’t included in this study. [Teir
2003, 128-129.]
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3.1 Feedwater and circulation pumps

Feedwater pumps’ task is to supply feedwater from the feedwater tank to the boiler and
to pressurize it to the boiler’s pressure level. Feedwater pumps must be able to produce
very high pressures, even up to 350 bars, and withstand temperatures of 100-200 °C.
The minimum number of feedwater pumps is defined in regulations and standards. Very
small boilers may have only one feedwater pump. In some places this also possible for
bigger boilers which burn oil, gas or pulverized fuels and have an automatic fuel feed
shutdown in case of a feedwater supply failure. But usually bigger boilers must have at
least two feedwater pumps. [Lundqvist et al 2003, 4; Huhtinen 2000, 225; Teir 2003,
78-79.]

Two main solutions are used in the feedwater pumping of these bigger boilers. First one
is to get two similar feedwater pumps that have alone enough power to supply the
boiler’s feedwater need. These pumps are connected in parallel so that the operation can
continue if one breaks. Second solution is to get three similar pumps that can alone
supply 50 % of the boiler’s feedwater need. These pumps are also parallel-connected,
meaning that one of them is normally on reserve. Smaller feedwater pumps are always
powered with electricity while bigger pumps can be steam powered. Steam powered
pumps are more reliable and cheaper to use for they avoid the electricity generation and
electric motor losses. [Huhtinen 2000, 225; Teir 2003, 78-79.]

Circulation pumps are used in assisted and forced circulation boilers. They provide the
driving force for the water/steam circulation (Figure 4). Maximum operation pressure of
this circulation is 190 bars and the maximum temperature at the pump can be about 300
°C. Circulation pumps make it possible to build the evaporator tubes in almost any
position. Because greater pressure losses can be tolerated, these tubes can also have a
smaller diameter. [Teir 2003, 62; Huhtinen 2000, 228.]
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Figure 4. Principle of assisted/forced circulation. [Teir 2003, 62.]

3.1.1 Required power
Required power of a pump is calculated with equation 1 [Huhtinen 2000, 221-223].

p =0 (1)
where P required power [KW]
v volume flow rate [m*/s]
Ap pressure increase [Pa]

n efficiency [-]
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Calculation of the pressure increase is presented in equation 2.

wzz,—wi2
= geod p — Pi losses
Ap = pgHgeoa + Pp —Pi + p—5— +4p )
where p fluid density [kg/m°]
g gravitational acceleration [m/s’]
Hgeoa height difference between the suction and discharge sides’
fluid surfaces [m]
Pp pressure in the discharge side’s tank [Pa]
D; pressure in the suction side’s tank [Pa]
Wy, flow velocity in the discharge side’s tank [m/s]
w; flow velocity in the suction side’s tank [m/s]

APiosses pressure losses [Pa]

Pressure losses are calculated with equation 3. They must be calculated separately for

the discharge and the suction side.

Dprosses = (f = +2¢) -3 pw? 3)
where f friction factor [-]
[ length of the pipe [m]
d diameter of the pipe [m]

¢ loss coefficient [-]
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Friction factor is dependent on flow conditions. It can be looked from Moody’s diagram
(Figure 5). Loss coefficients for different parts (valves, turns, et cetera) are listed in
paragraph 4.1.2. [Huhtinen 2000, 222.]

1.000
k/d
05
025

[

Q

5

8 —_—

c 0.100 0.1

2

k]

= 0.05
0.025
0.01
0.005
0.0025
0.001
0.005
0.0025
0.0001

0.010 0.00005
1 0DE+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09

Reynolds number, -

Figure 5. Moody's diagram. [Vakkilainen 2010, part 5, 24.]

Moody’s diagram requires knowledge about the Reynolds number. Its calculation is

dependent on the flow conditions (equation 4) [Incropera et al 2007, 360].

Re, = 2=~ (4)
il
where Re, Reynolds number [-]
Weo velocity of free fluid stream [m/s]

X characteristic length [m]
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1l fluid dynamic viscosity [kg/(m-s)]

Besides to designing the pumps so that they have enough power, it must be made sure
that they don’t start to cavitate. Cavitation is a phenomenon where the liquid’s pressure
lowers to the vaporization pressure and steam bubbles start to form. When these bubbles
go to a higher pressure area in the pump, they compress suddenly and explode causing
shocks to the pump’s vanes. Cavitation is avoided by keeping the net positive suction
head of the piping bigger than the net positive suction head needed by the pump. This is
done with piping arrangements and pump placement. The net positive suction head of
the piping is calculated (equation 5) and the net positive suction head of the pump

comes from the pump manufacturer. [Huhtinen 2000, 223.]

NPSHyiping = Di = Pn — PGHst — APiosses,i ()
where NPSHyiping et positive suction head in the system [Pa]
Di pressure in the suction side’s tank [Pa]
Pn liquid’s vaporization pressure in the pumping temperature
[Pa]
Hg height difference between the pump and the liquid’s

surface [m]
Apiossesi  Pressure losses in the suction side

Typical placement of a feedwater pump is shown in Figure 6.
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Boiler

E Feedwater :|
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Figure 6. Typical placement of a feedwater pump. [Teir 2003, 79.]

3.1.2 Pump types

Feedwater and circulation pumps are either centrifugal or positive displacement pumps
(Figure 7). Centrifugal pumps are used with high flow rates and small pressures. Bigger
pressures can be produced by making them multistage. Most feedwater pumps are
multistage centrifugal pumps (Figure 8). Positive displacement pumps are used in the
opposite cases: with small flow rates and high pressures. When the pressure goes over
100 bars insulation begins to be a problem. This problem can be solved by putting the
pumps in a casing. Also, due to the high water temperatures, circulation pumps must be
cooled. [Larjola & Jaatinen 2012, 48, 51; Huhtinen 2000, 225, 228.]
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Figure 7. Examples of positive displacement pumps. [Larjola & Jaatinen 2012, 50, modified.]
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Figure 8. Multistage centrifugal pump. [KSB 2014, 4.]

Operating principle of a positive displacement pump is very simple. During every work
period a certain amount of liquid is taken inside the pump and it’s transferred from the

suction side to the discharge side. Volume of the transferred liquid is only dependent on



27

the displacement volume of the pump. Discharge side’s pressure doesn’t affect it all.
Available pressure increase is dependent on the mechanical durability of the pump.
[Larjola & Jaatinen 2012, 50.]

Centrifugal pumps work by turning rotational (mechanical) energy to pressure in the
liquid. First, the liquid is sucked into the pump. It goes to the impeller, which whirls it
outwards. This increases pressure and kinetic energy of the liquid. Lastly, the liquid is
led to an expanding flow channel where more kinetic energy turns to pressure. [Larjola
& Jaatinen 2012, 53.]

3.1.3 Control methods

Pumps have two main control methods. First one is throttling control. In this control
method a sliding valve, which is in the discharge side, is partially closed. This increases
pressure loss and decreases volume flow rate. Throttling control is a very simple and
cheap to implement, but it isn’t economical, as the energy that is lost in the throttling
turns to heat. This method also wears the valve significantly. Second one is variable
speed control. During operation it’s done with different components like frequency
inverters. Permanent speed variation requires that the motor or the gearbox is changed.
Effects of speed variation on volume flow rate, pressure increase and pump power
between two different operational states can be calculated with the affinity rules
(equations 6, 7 and 8). Because variable speed control is almost lossless, it has very
small operating costs. But it has much bigger investment costs than throttling control.
[Larjola & Jaatinen 2012, 66; Huhtinen 2000, 223-224.]

n
W a2 =", (6)
where qv1 volume flow rate at state 1 [m*/s]
T2 volume flow rate at state 2 [m*/s]

ny rotational speed at state 1 [rpm]
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rotational speed at state 2 [rpm]
1/, = (ny)? ™)
Apz ( le)

pressure increase at state 1 [Pa]

pressure increase at state 2 [Pa]
P. n
/p, = ("/n,)? ®)

power at state 1 [kKW]

power at state 2 [kKW]

Losses of throttling control (Figure 9) and variable speed control (Figure 10) are

illustrated below. These illustrations show clearly why variable speed control has much

smaller operating costs. Point three in the illustration of the variable speed control

shows the optimal operating point for the pump at flow rate two.
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Figure 9. Pressure head losses in throttling control. [Schonek 2008, 9, modified.]
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Figure 10. Pressure head losses in variable speed control. [Schonek 2008, 12, modified.]

Besides throttling and variable speed control, there are also three other control methods:
impeller vane adjustment, bypass control and changing of the impeller’s geometry.
Impeller vane adjustment changes the tangential speed in the pump. It doesn’t have a
big adjustment range, but its losses are small. In bypass control a part of the pumped
fluid is returned back to the suction side via a secondary line and a by-pass valve. This
method is usually very uneconomical. Impeller’s geometry can be changed by getting a
new impeller or by modifying the old one. It’s only reasonable when the pump’s

production values change permanently and considerably. [Larjola & Jaatinen 2012, 66.]
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3.2 Air and flue gas fans

By definition, the primary task of fans is to move gas, not to increase its pressure. But if
needed, they can also increase the pressure significantly. Air fans supply combustion air
to the boiler. This combustion air fluidizes bed material in BFB and CFB boilers and
dries and transports fuel and other solid materials to the furnace. Primary and secondary
air flows have their own fans; primary and secondary air fans. Primary air fans produce
the high pressure air needed in the fluidization. Secondary air fans’ air enables rest of
the combustion. [Larjola & Jaatinen 2012, 91; Huhtinen 2000, 243; Vakkilainen 2010,
part 10, 18.]

Flue gas fans (ID fans) exhaust flue gases from the boiler. They create a small negative
pressure to the top of the furnace to get the flue gases moving out. Fluid bed boilers
have usually two flue gas fans and one gas recirculation fan. Gas recirculation fans draw
flue gas from a point between the economizer and the air preheater. This gas is
discharged to the bottom of the furnace to lower bed temperatures. Of all air fans, gas
recirculation fans have the highest wear and tear requirements as they are subject to
heavy dust loads and high temperature changes. Flue gas fans are typically located after

particle removal systems. [Teir 2003, 92-93.]

3.2.1 Required power

Required electric power of a fan is calculated with equation 9. It can also be looked
from the manufacturer’s performance curves. [Teir 2003, 93; Larjola & Jaatinen 2012,
94.]

_ Apqm
Pe - NmMNeNsP (9)
where P, electric power [kW]
Qm gas mass flow [kg/s]

Nm mechanical efficiency [-]
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Ne electric motor efficiency [-]
s isentropic efficiency [-]
p gas average density [kg/m°]

Typical efficiencies for fans are listed in Table 4. Pressure increase in the fan includes
the pressure losses, which are calculated with the same equation (equation 3) as with the
pumps, and the required pressure head, which includes fluidization, back pressure and
draft. [Huhtinen 2000, 243.]

Table 4. Typical effiencies for fans. [Larjola & Jaatinen 2012, 94.]

Range Typical value
Ns 0,6-0,85 0,7
Nm 0,9-0,97 0,9
Me 0,8-0,95 0,85

Below is an illustration (Figure 11) of how much pressure loss different boiler parts
cause compared to one another. Fluidized bed, secondary air nozzles and air heater are
responsible for most of the total pressure loss. Chimney (stack) creates a lift which

increases pressure.
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Figure 11. Pressure profile of a fluid bed. [Teir 2003, 93, modified.]

To avoid fly ash accumulation in the ducts, flue gas fans must give the flue gas a
sufficient velocity, at least 8-10 m/s, even at a minimum load. To avoid excessive

pressure losses and fan power consumption, full load flue gas velocities must not

exceed 30-35 m/s. [Teir 2003, 93.]

3.2.2 Fan types
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Air and flue gas fans are usually either radial (centrifugal) or axial fans. From these two

types, radial fans are more common and produce higher pressures, up to 50 kPa. Their

popularity is due to a lower price. All radial fans change the direction of the gas by 90°,

accelerating it radially (Figure 12), but their specific operation and suitability for
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different tasks is dependent on the blade type. Radial fans can have inlet vanes.
[Huhtinen 2000, 245; Teir 2003, 93.]

Motor

Inlet Vanes

Shaft

Bearing Impeller (Rotor)

Figure 12. Principle of radial fan. [Teir 2003, 93.]

Three most common blade types are straight radial blades (T-wheel), straight backward
blades (P-wheel) and curved backward blades (B-wheel). Straight radial blades are used
in material transport. They are very sturdy and self cleaning, but their efficiency is low.
Flue gases and gases which have dust are mainly transported with straight backward
blades. These blades are self cleaning and have a high efficiency. Clean gases and air
are transported with curved backward blades, which have a high efficiency and low
energy consumption. Fans that use curved backward blades are bigger than other fans.
This is because the flow relations need more space in these fans. Differences of these
blade types can be seen in Figure 13. [Huhtinen 2000, 245-247.]
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Curved backward blades Straight backward blades

Straight radial blades

Figure 13. Fan blade types. [Flaktwoods (a), 8, modified.]

In axial fans the gas flows through the fan in parallel to the shaft. These fans are used
when the pressure is relatively small compared to volume. With bigger pressures, like
15 or 30 kPa, axial fans must have inlet vanes and they can be multistage. Axial fans
without inlet vanes (Figure 14) are smaller, simpler and easier to fit in than axial fans
with inlet vanes. [Huhtinen 2000, 245-247.]
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Figure 14. Axial fan without inlet vanes. [Fldktwoods (b), modified.]

3.2.3  Control methods

Fans have four main control methods: throttling control, inlet vane control, blade pitch
control and variable speed control. Throttling control is very similar in pumps and fans.
In fans it can be done with a variety of equipment like valves, dampers and wicket
gates. These equipment increase the pressure loss and decrease the volume flow rate,
like in pumps. They can be placed either downstream or upstream from the fan.
Throttling control has very small investment costs and it can be used in all fan types. On
the negative side it’s very uneconomical due to losses. However, these losses are much
smaller when the throttling is done upstream (Figure 15). Throttling control can also
cause some other problems, like motor overload. [Huhtinen 2000, 244-245; Schonek
2008, 21-22.]
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Figure 15. Pressure head losses in downstream and upstream throttling. [Schonek 2008, 21-22,
modified.]

In inlet vane control the gas gets a swirl in the direction of the fan rotation from the inlet
vanes. This reduces volume flow rate in relation to the rotation speed, which means that
the power consumption of the fan decreases. Inlet vane control has small investment
costs and it creates less losses than throttling control. It’s commonly used in radial fans.
Blade pitch control is only possible in axial fans. It changes the pressure difference and
the volume flow rate. Due to small losses this method is very energy efficient but it’s
only used in large fans as it’s mechanically complex. [Huhtinen 2000, 244-245;
Schonek 2008, 22.]

Variable speed control doesn’t increase losses as the gas flows to the blades at the same
angle in every speed (Figure 16). This makes it the most energy efficient fan control
method. Variable speed control can be used in all fans. Values of the new operating
state are calculated with the same affinity rules (equations 6,7 and 8) as with the pump’s
variable speed control. Below is a comparison of energy efficiency in throttling and
variable speed control (Figure 17). [Larjola & Jaatinen 2012, 102; Huhtinen 2000, 244-
245.]



Figure 16.
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Q (m3/s)

Pressure head losses in fan variable speed control. [Schonek 2008, 22.]
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Figure 17. Power versus flow rate in fan throttling and variable speed control. [Schonek 2008,
22, modified.]

Besides these methods, a bypass circuit can also be used, like with the pumps. This
method is very uneconomical as all flow rates have the same, maximum energy
consumption. [Schonek 2008, 22.]
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4 PRINCIPLES OF REDUCING AUXILIARY POWER
CONSUMPTION

This paragraph presents principles of auxiliary power consumption reduction by
examining variables in the required power calculations. Possibilities of reducing or
increasing these variables are discussed and the most promising changes are selected for

calculations in existing plants. These calculations are presented in paragraph 6.

Calculations of required power for the main auxiliary equipment are shown in equations
1 (pumps) and 9 (fans). Auxiliary power consumption reduces when one or more of the
variables, which are in these equations, change. Due to clarity and scope of this thesis,

only the fan power calculation is examined.

4.1 Reduction of pressure losses

One major part of the required power calculation is the pressure increase. As said
before, it consists of two parts: the required pressure head and the pressure losses. The
pressure loss part, whose variables can be seen in equation 3, is inspected in this

paragraph and the required pressure head is examined in paragraph 4.2.

4.1.1 Reduction of friction factor

First variable in equation 3 is the friction factor. It should as small as possible. Friction
factor is looked the from the Moody’s diagram. It’s dependent on two things: relative
roughness in the flow channel and Reynolds number. Rise in both or either of these
increases the friction factor. The best way to reduce relative roughness is to choose the
smoothest possible channels. This choice is very much limited by the fact that smoother
channels are more expensive, meaning that the capital costs would increase. With the
current market and economical situation, bigger capital costs are acceptable only if they
provide considerable benefits. Other way of reducing relative pipe roughness is to
increase the area of the flow channel. This way is also very much limited by bigger

costs, which come from bigger flow channels and the need for more space.
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Reynolds number is dependent on density, velocity of the free stream, characteristic
length and dynamic viscosity like equation 4 shows. First three of these should as big as
possible and the dynamic viscosity should be as small as possible. Density is dependent
on pressure and temperature. Higher pressures and smaller temperatures increase it.
Increasing pressure to get a smaller Reynolds number isn’t reasonable because it would
have to be done with a pump or a compressor. Same goes for lowering of the air
temperature, as it would decrease combustion and plant efficiencies.

Increase in the velocity of the free stream for a bigger Reynolds number is straight away
out the question, as greater velocities mean automatically bigger pressure losses
(equation 3). Characteristic length is the distance from a leading edge. It can only be
increased by avoiding turns, valves and other things that interfere with the flow. These
things are already avoided as much as possible, so the room for improvement is very
minimal. Dynamic viscosity is mainly dependent on temperature. It gets smaller as the
temperature decreases. Like before, these lower temperatures would decrease

combustion and plant efficiencies.

All these facts lead to a simple conclusion: the Reynolds number has very little, if any,
room for improvement. But when all things are considered this doesn’t matter for the
Reynolds number has only a little effect, especially if the flow is completely turbulent,
to the friction factor compared to relative roughness. So attempts, which modify only it,
are somewhat futile. Same applies to the friction factor as its effect on the total pressure
loss is quite small compared to the effect of turns, valves and other equipment and

geometries.

4.1.2 Reduction of loss coefficient

Equation 3 also contains another variable which describes interferences to the flow.
This variable is the loss coefficient. It’s a sum of all equipment’s and different
geometries’ individual loss coefficients. Values of these of individual loss coefficients
can’t be changed as they are dependent on geometry. The only way to reduce pressure

losses described by the loss coefficient is to avoid equipment and geometries that
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disturb the flow, or at least use options with the smallest loss coefficients. Due to the
fact that the pressure losses haven’t previously been on top of the agenda when different
constructions, like nozzles and cyclones, have been designed, this method can reduce
pressure losses considerably. Only the most recent designs have been made with serious
intentions of reducing pressure losses. Some of these low pressure loss designs are

examined and chosen for calculations in paragraph 5.

Below is a table (Table 5) of individual loss coefficients for basic equipment and
geometries like turns, tees, union and valves. This table doesn’t include all of the basic
individual loss coefficients, for example pipe entrances and exits are not listed. Loss
coefficients for more complicated structures, like the previously mentioned nozzles and

cyclones, can be calculated as a sum of these basic loss coefficients.



Table 5. Some basic loss coefficients. [Larjola et al. 2012.]
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Component ¢
Elbows

Regular 90°, flanged 0,3
Regular 90°, threaded 1,5
Long radius 90°, flanged 0,2
Long radius 90°, threaded 0,7
Long radius 45°, flanged 0,2
Regular 45°, threaded 0,4
180° return beds

180° return bed, flanged 0,2
180° return bed, threaded 1,5
Tees

Line flow, flanged 0,2
Line flow, threaded 0,9
Branch flow, flanged 1,0
Branch flow, threaded 2,0
Union, threaded 0,08
Valves

Globe, fully open 10
Angle fully open 2
Gate, fully open 0,15
Gate, ¥4 closed 0,26
Gate, %2 closed 2,1
Gate, ¥ closed 17
Swing check, forward flow 2
Swing check, backward flow 0
Ball valve, fully open 0,05
Ball valve, % closed 55
Ball valve, % closed 210

4.1.3  Reduction of other components

Other variables in equation 3 are the length to diameter ratio of the flow channel and the

density and the velocity of the flow. All of these increase the pressure loss so they

should be as small as possible. A decrease in the density is straight out of the question
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as it would increase velocities by raising volume flow rates. This change would in fact

increase pressure losses as velocity has a greater effect on them than density.

Velocity of the flow is smaller with larger flow channels and lower volume flow rates
(presuming that the area of the flow channel remains the same). The idea of larger flow
channels was discussed and dismissed in paragraph 4.1.1 and the possibility of lower
volume flow rates is examined in paragraph 4.3. Shortening of the flow channels would
decrease the pressure losses directly, but this is very rarely possible as the flow channels
are already designed as short as possible. This is mainly a matter of reducing investment

costs.

4.2 Reduction of required pressure head

Second part of the pressure increase created by the fans is the required pressure head. It
accounts for 50-60 % of the primary air fans’ pressure increase, 22-25 % of the
secondary air fans’ pressure increase and 4-10 % of the flue gas fans’ pressure increase.
With these shares almost all reductions to the required pressure head would cut the total

auxiliary power consumption noticeably.

With primary air fans the required pressure head creates and adjusts the bed’s pressure
profile by controlling the fluidization velocity. Bed pressure profile also defines the
required pressure head of the secondary air fans. In these fans this pressure head
prevents backflow by countering back pressure from the bed. Required pressure head is
much smaller in flue gas fans than in air fans. It only needs to create a small suction to
top of the furnace. This suction prevents leakages and insures that the flue gases move

towards the flue gas fan. It also changes the bed’s pressures.

From these descriptions it can be seen that one main thing, the bed’s pressure profile,
affects all of these fans. This means that every idea, which reduces the required pressure
head, will have something to do with it. In this work three such ideas have been chosen
for calculations. First one of these ideas is a reduction in the bed a-level pressure. Bed a-
level pressure tells how big the total pressure (solids + gases) is in the furnace at height
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a. It’s reduced by lowering the required pressure head of the primary air fan. This
method will also reduce secondary air fan powers (less back pressure as the bed’s
pressure profile changes). Second idea is an increase in the elevation of the secondary
air nozzles. This change wouldn’t modify the pressure profile of the bed but it would
reduce back pressures at the secondary air nozzles. The third idea is a change in the

furnace draft. It affects the flue gas fan powers and the pressure profile of the bed.

These changes can also have some effects, which have to be taken into account, on
other things like the emissions.

4.3 Reduction of volume flow rate

Equation 9 includes a term where the mass flow rate is divided with average density.
This term is the same as volume flow rate. It’s a very important factor in fan designing.

Volume flow rate is mostly dependent on the amount of combustion air.

The amount of air needed in the combustion is dependent on the elementary
composition of the fuel. Carbon, hydrogen and sulfur require oxygen to burn. From
these elements the amount of carbon is the most crucial factor, as its oxygen
consumption is double compared to hydrogen. Sulfur needs the same amount of oxygen
as carbon, but its amount is very small in all fuels. Oxygen in the fuel reduces the
amount of combustion air. Important thing that needs to be remembered is that only a
part of air is oxygen (about 21 %). This widens the gap between different fuels’ air

needs.

The amount of flue gas is also dependent on the elementary composition of the fuel and
it’s related to the amount of combustion air. The only difference between these two
amounts is that the flue gases also contain the water (as vapor) and the oxygen that are

in the fuel.

Below is a table (Table 6) of combustion air and flue gas amounts with different fuels.

These volumes are calculated per kilogram of fuel and per megajoule of fuel. There are
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big differences when the unit is per kilogram of fuel. This is due to heat values of these
fuels, as fuels of high heat value contain more carbon and less oxygen. When the unit is
per megajoule of fuel the amounts are quite similar with conifer bark being a notable
exception. This is because conifer bark contains more water than other fuels that are
inspected here. In overall, fuels that have a high heat value have the lowest air and flue
gas amounts, but these fuels also produce the biggest emissions, so an increase in their
usage is out of the question.

Table 6. Moist combustion air and flue gas amounts with air coefficient of 1,2. Fuel properties

are based on literature [Strémberg 2006, appendices B.5, B.10, B.34, B.26; Alakangas 2000,
130-131, 136].

Moist Flue gas Moist Flue gas
Fuel combustion air | [Nm®kgne] | combustionair | [NmM3MJel]
[NM/Kguel] [NM*/Mgel]
Conifer bark 2,55 3,38 0,36 0,48
Reed canary
4,33 4,76 0,31 0,34
grass
Peat 3,13 3,87 0,29 0,36
Coal 7,94 8,13 0,32 0,33
Heavy fuel oil
(Mastera LS 12,77 12,77 0,31 0,31
100)
Paper-wood-
) 4,28 4,76 0,32 0,35
plastics

Air and flue gas amounts are also greatly dependent on the air coefficient (Table 7 and
Table 8). When the air coefficient is reduced from 1,2 to 1,1 the amount of combustion

air reduces by 6,5-9,4 % (depending on the fuel). At the same time the amount of flue
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gas reduces by 5,7-8,3 %. It’s quite tough to reduce the air coefficient as it may for

example decrease combustion efficiency and increase some emissions like the carbon

monoxides levels. But due to its considerable effect on the fan powers, it’s chosen for

calculations. Particularly air coefficients mentioned in design manuals can be too big, as

they have a certainty coefficient. This certainty coefficient should be removed or at least

reduced.

Table 7. Moist combustion air amounts with different air coefficients. Fuel properties are based
on literature [Stromberg 2006, appendices B.5, B.10, B.34, B.26; Alakangas 2000, 130-131,

136].
Moist combustion air [Nm*/MJel]

Fuel A=1,0 A=1,1 A=1,2 A=1,3 A=1,4

0,30
Conifer bark 0,33 0,36 0,39 0,42
Reed canary grass 0,26 0,29 0,31 0,34 0,37
Peat 0,24 0,27 0,29 0,31 0,34
Coal 0,27 0,29 0,32 0,35 0,37

Heavy fuel oil (Mastera
0,26 0,29 0,31 0,34 0,37
LS 100)

Paper-wood-plastics 0,26 0,29 0,32 0,34 0,37
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Table 8. Flue gas amounts with different air coefficients. Fuel properties are based on literature
[Stromberg 2006, appendices B.5, B.10, B.34, B.26; Alakangas 2000, 130-131, 136].

Flue gas [NmM*/MJsel]

Fuel A=1,0 r=1,1 A=1,2 2=13 r=14
Conifer bark 0,42 0,45 0,48 0,51 0,54
Reed canary grass 0,29 0,32 0,34 0,37 0,40
Peat 0,31 0,33 0,36 0,38 0,41
Coal 0,27 0,30 0,33 0,35 0,38

Heavy fuel oil (Mastera
0,26 0,29 0,31 0,34 0,37

LS 100)

Paper-wood-plastics 0,30 0,33 0,35 0,38 0,41

The volume flow rate of air fans is also dependent on other things, like air leaks and the
need for sealing air. These and other possible factors are mostly a matter of structural
design and their effect is quite small compared to the effect of the combustion air, so

they aren’t examined in this study.

4.4 Increase of efficiencies

Fan efficiencies are dependent on the design of the fan, so they can only be improved by
changing the construction. This requires specific knowledge and use of modeling tools
that only the fan manufacturers have. Due to this improvements that increase fan
efficiencies aren’t discussed in this work. All fans are designed for specific operating
conditions. Their efficiencies are at the highest in this optimum point. The more the
operating conditions differ from the optimum ones, the lower the fan efficiency will be

(Figure 18). Because of this the operating parameters shouldn’t differ from the design
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ones and they should they constant. This isn’t possible as the boiler designs are and will
be for some time somewhat inaccurate and also because the boiler’s load will vary a lot.
For example the boiler may have more leakages than originally predicted. This would
mean an increase in the amount of combustion air. When the amount of combustion air
is different than originally designed, the efficiencies of the air fans won’t be at their
maximum. This work may improve these operation efficiencies, if the operating
conditions of the fans can be predicted more accurately due to smaller margins. But they

aren’t examined specifically.
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Figure 18. Fan chart of belt-driven, double inlet, backward curved
[Flaktwoods (c), 17.]

4.5 Reductions with other means

blades centrifugal fan.

Besides the ideas mentioned before, there are also few other methods that would reduce

fan power consumptions. Most significant of these methods

is a change in the

primary/secondary air-ratio. When the amount of primary decreases and the amount of

secondary air increases as much, auxiliary power consumption reduces. This happens

because the pressure increase, mostly due to the required pressure head, is greater in the

primary air fan. Possible drawbacks of this method are lower com

bustion efficiency and
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bigger emissions. Due to a possibly big reduction, this method is chosen for

calculations.

Few other ideas would also have a right effect. Examples of these ideas are longer
chimneys and new heat transfer designs which wouldn’t disturb the flue gas flow as
much as the current ones. Both of these methods and the other possibilities have their
drawbacks. Longer chimneys would cost more and may not be possible due building
regulations. Changes in the heat transfer designs could reduce heat transfer efficiency,
which in turn would reduce plant efficiency. Due to these negatives effects and the

complexity of these changes, they aren’t inspected in the calculations.
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5 LOW PRESSURE DROP CONSTRUCTIONS

It was stated earlier that new designs, which have been designed with a low pressure
drop in mind, can reduce pressure losses noticeably. This paragraph presents some of

these low pressure drop constructions.

5.1 Low pressure drop nozzle

Primary air is fed to the boiler through a gas distributor (grid). This grid is located at the
bottom of the boiler. It has many functions and requirements: it needs to induce a
uniform and stable fluidization across the entire cross-section of the bed, operate for
years without breaking or plugging, minimize bed material attrition, prevent non-
fluidized regions on the grid and minimize solids leakage to the plenum under the grid.
Also, they need to be able to withstand the weight of the bed material during startups
and shutdowns. To reduce auxiliary power consumption, the grid should be designed so
that the pressure drop will be as low as possible. [Yang 2003, 153.]

Grids can be classified to five types: perforated plates, bubble caps and nozzles, sparger,
conical grids and pierced sheet grids. These types can be classified to three classes
based on the direction of the gas entry: upwardly directed flow, laterally directed flow
and downwardly directed flow. Upwardly directed flow is used in perforated plates.
Bubble caps and nozzles, conical grids and pierced sheet grids have laterally directed
flows. Spargers can have either laterally or downwardly directed flow. Examples of

these grid types are presented in Figure 19. [Yang 2003, 153-155.]
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Perforated Nozzles and bubble cap
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Figure 19. Examples of grid types. [Yang 2003, 153-155, modified.]

The choice of a grid type is dependent on the process conditions, mechanical feasibility
and cost. Since most grids are nowadays bubble caps and nozzles, other grid types are
ignored from now on. Main advantages of bubble caps and nozzles are a very minimal

or nonexistent solids leakage, good turndown ratio, possibility of incorporating caps as
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stiffening members and possible support for internals. Possible disadvantages include
high investment costs, difficulty of avoiding stagnant regions, higher subjectability to
immediate bubble merger, difficulties in cleaning and modifying, problems with sticky
solids, the need for a peripheral seal and difficulties with shrouding of the ports. The
main difference between bubble caps and nozzles is in the prevention of solids
backflow. In nozzles this backflow is prevented by the high velocity of the gas jet.
Bubble caps use a different solution: the gas flows at a low velocity but it flows
downward from the inner tube holes to the lower edge of the cap. This creates a
separation distance that is responsible for the sealing effect. [Yang 2003, 153-154.]

Figure 20 shows details of some nozzles and bubble caps that are used currently used in
CFB boilers.
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Figure 20. CFB boilers’ bubble caps and nozzles. [Yang 2003, 154, modified.]
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Design process of these and most of the other nozzle and bubble cap types that are
currently used has been more like art than science. This has started to change recently as
the newest studies are based on scientific principles. [Yang 2003, 153.]

Designing begins by identifying the design criteria. Five different design criteria are
used and from these five, two can be distinguished as the most important; jet penetration
and grid pressure drop. Jet penetration aids the designing in three ways. Firstly, it helps
to determine how far the bed internals, like the heat exchanger tubes, should be kept
from the grid so that their erosion is minimized. Secondly, it assists on deciding grid
design parameters, like hole size and gas jet velocity. Thirdly, it helps in minimizing or
maximizing particle attrition at grids. Jet penetration isn’t easy to calculate as there are
numerous correlations for it and the results of these correlations can vary very much.
Most reliable and the one that is used of these correlations is Merry’s correlation. Grid
pressure drop tells how much the pressure should decrease in the grid so that the total
pressure drop is distributed evenly at all times. When the pressure drop is even, the gas
flow is distributed equally through parallel paths. [Yang 2003, 155-157.]

Three other design criteria are design equations, port shrouding or nozzle sizing and
additional criteria for sparger grids. Design equations can be used for calculating grid
pressure drop, gas velocity through grid hole, gas volumetric flow rate, hole size and
hole layout. Port shrouding/nozzle sizing tells the minimum shroud length, which is
needed to contain the expanding gas jet leaving the grid office (Figure 21). It reduces
attrition, erosion and velocity at the gas-solid interface. Additional criteria for sparger

grids are used to ensure good gas distribution in these grids. [Yang 2003, 157-159.]
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Figure 21. Effects of shrouding. [Yang 2003, 160, modified.]

Every one of the design equations requires knowledge about the geometry. This means
that none of these equations or other known mathematical relationships can be used to
construct a new geometry. Due to this the first step in designing a new air distributor for
a CFB boiler is to search for optimal geometry. This step should include at least the
following phases: determining of the preliminary design criteria, development of the
geometry, simulations, full size prototype, experimental tests and material selection.

Preliminary design criteria for a low pressure drop nozzle are at least the following: its
pressure loss should smaller than the reference nozzles’ and bed material backflow
should be nonexistent. Table 5 showed that the biggest pressure losses come from sharp
angles, which have a small radius. So this nozzle shouldn’t have these angles.
Removing of these angles has also another positive effect: the velocity and pressure
profiles will even. This reduces bed material backflow as the low pressure and velocity

zones are eliminated.

A new nozzle, which meets both of the previously mentioned design criteria, has been
developed. This nozzle was tested in simulations and in experimental tests. Simulations
showed its pressure loss to be noticeably smaller than the pressure loss of the reference

nozzles and claimed that it shouldn’t have any problems with bed material backflow.
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The tests, which were done with a small scale cold version of a CFB boiler’s primary air
system, specified that the pressure loss is reduced by 20 % with all air flow rates
(compared to the reference nozzles) and proved that bed material backflow is
nonexistent.

Due to these promising simulation and test results, the effect of this new, low pressure

drop nozzle are calculated in existing plants.
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5.2 Constructions for reducing pressure drop in the cyclone

As said before, CFB boilers’ cyclones separate bed material and unburned particles
from the flue gas stream and return them to bottom of the furnace. These cyclones are
reverse flow cyclones and they have a tangential inflow. Typical reverse flow cyclone
has a tangentially mounted inlet pipe, a vortex finder (exit tube) and a dust outlet
(Figure 22). They work by giving the flow a spinning motion, which consists of an outer
and inner spiral. The outer spiral moves down towards the dust inlet and the inner one
moves up towards the vortex finder. The higher density particles, which are driven to
the wall by the centrifugal forces, are in the outer spiral. Other particles are in the inner
spiral. [Karagoz & Atakan 2005, 858.]

Vortex finder

Inlet pipe

Dust outlet

Figure 22. Typical construction of a reverse flow cyclone. [Karagoz & Atakan 2005, 858,
modified.]
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These cyclones cause big pressure losses. These pressure losses are dependent on the
cyclone’s geometry, surface roughness and operating conditions. From these three, a
change in the geometry is the most reasonable option as it can provides the biggest
pressure loss reductions and because it can be changed considerably without reducing
the separation efficiency too much or affecting the boiler’s operation. Some designs,
which change the cyclone’s geometry, are described in the following chapters. Due to
lack of time and data, none of these designs is inspected in this work’s calculations.
[Karagoz & Atakan 2005, 858.]

5.2.1 Eccentric vortex finder

One way of alternating geometry of a reverse flow cyclone is to make the vortex finder
eccentrical to the cyclone body (Figure 23). This can be done for example with
positioning or eccentrical narrowing. Eccentricality makes all stream lines of the
boundary layer around the vortex finder parallel and more or less oblique on the wall
(Figure 24). In other words, all flows have a tangential velocity. [Muschelknautz &
Muschelknautz, 49; Roschek et al 2015, 119.]

Centrical vortex finder Eccentrical vortex finder

Detached
flow 0= 180°

Figure 23. Centrical and eccentrical vortex finder. [Muschelknautz & Muschelknautz, 49.]
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Centrical vortex finder Eccentrical vortex finder

0> e0°  180° 270°

630 mm

Figure 24. Boundary layer’s stream lines along the outer wall of a vortex finder in an example
cyclone. [Muschelknautz & Muschelknautz, 49.]

Eccentrical vortex finders improve separation efficiency considerably. This
improvement reduces sand consumption and boiler tube erosion. Furthermore it
improves heat transfer rate. [Roschek et al 2015, 119, 121-124.] The amount of pressure
drop in cyclones, which have an eccentrical vortex finder, is unclear as no literature
mentions about it were found. Nonetheless, they are included in this work, as the

number of eccentrical vortex finders is quickly rising in the world.

5.2.2  Swirl vane/Radial diffuser

The biggest part of a reverse flow cyclone’s pressure loss is the loss in the vortex finder.
This loss comes from dissipation of rotational energy. Its cause is wall friction. In other
words, kinetic energy (pressure) stored in the tangential component of the vortex motion
is lost. This pressure loss can be reduced by turning the flue gas flow from tangential to
axial. Examples of constructions that do this are recovery diffusers and swirl vanes.
[Hoffman & Stein, 55; Stephan, 1229; Kahrimanovic et al 2012, 2.]

A swirl vane construction consists of a central and usually cylindrical core that has 6-12

curved swirl vanes fixed on it (Figure 25). It can be placed in various positions in the



61

vortex finder or in the downstream tubing above the vortex finder. [Hoffman & Stein,
357; Stephan, 1229.]

Vortex finder

. Swirl vanes

Core

Figure 25. Example of a swirl vane construction. [Hoffman et al 2006, 2, modified.]

Swirl vanes can be placed to three different positions in the inlet channel of a vortex
finder: entirely inside of it, mostly inside of it (high position) or mostly outside of it
(low position). Difference between the high and low positions is illustrated in Figure 26.
Only comprehensive tests, which are available, of the high and low position vanes were
done with a swirl tube. So the results of these tests don’t apply directly to CFB boilers’
cyclones. [Hoffman & Stein, 357; Hoffman et al 2006, 2.]
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High iti
Vortex finder Igh position

Inlet chan%

vortex finder

Low position

Figure 26. High and low position vanes. [Hoffman et al 2006, 5, modified.]

The pressure loss reduction of the swirl vanes is dependent on the construction of the
cyclone and the swirl vanes. Most recent studies present that swirl vanes, which are
entirely inside the vortex finder, reduce pressure drops of cyclones by 30-40 % with
high dust loadings (crude gas dust concentration >500 g/m®) and by even 60 % with low
to medium dust loadings (crude gas dust concentration <100 g/m®). These reductions
have no effect on the separation efficiency. In small scale tests, which were done with a
swirl tube, the maximum pressure loss reduction was 30,4 % with the low position
vanes and 21 % with the high position vanes. Low position vanes reduced separation
efficiency by 4-10 percentage points while high position vanes reduced it by 4-8
percentage points. Biggest reductions to the separation efficiency came with the
smallest gas flows. [Roschek et al 2015, 119; Stephan, 1229-1230; Hoffman et al 2006,
11,14]

In some cases, vortex finder vanes should be avoided as much as possible. Examples of
these cases are cyclones that work under harsh conditions like very high temperatures or

danger of corrosion. In these cases, and also in some others, a pressure recovery diffuser
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on top of the body of the cyclone could be used. One option for a pressure recovery
diffuser is a radial diffuser. Structures of two radial diffusers are presented in Figure 27.
The inclined version is designed for flue gases that have a high humidity. With these
gases there is a danger of particles settling and sticking down on horizontal plates, so
the inclined version doesn’t have any horizontal plates. [Roschek et al 2015, 119;
Stephan, 1230; Hoffman et al 2006, 11,14; Kahrimanovic et al 2012, 2-3.]

\\ e
~ \\———\%ﬁ

Horizontal radial diffuser Inclined radial diffuser

Figure 27. Two radial diffuser geometries. [Kahrimanovic et al 2012, 3.]

The dark blue part, which is placed parallel to the cyclone’s top cover in Figure 27, is
the pressure plate. It’s the main component of radial diffusers. The flue gas flow is
conducted between the radial diffuser’s plates. There it decelerates due to an
enlargement in the radial cross-section. In other words, radial diffusers convert flue
gases’ kinetic energy to back static pressure. Flue gas flow exits the radial diffuser
tangentially. Comparison of path lines and velocity magnitudes in a vortex finder and in
the horizontal and inclined radial diffusers is shown in Figure 28. [Kahrimanovic et al
2012, 3]
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Figure 28. Path lines and velocity magnitudes in a vortex finder and in horizontal and inclined
radial diffusers. [Kahrimanovic et al 2012, 6.]

Simulations, which were done with Ansys Fluent, tell that the pressure loss of the
cyclone is reduced in pure gas flow (no particles) by about 30 % with the horizontal
radial diffuser. The inclined radial diffuser provides a slightly bigger pressure loss
reduction. This is due to a smaller inclination of flow deflexion from the vortex finder
to the radial diffuser. Downside of this geometry is that it’s more difficult to build. The
pressure loss reduction is smaller in a flow that has particles (particle mass loading of
0,01) than in a pure gas flow. This is almost entirely due to the fact that the pressure
loss of the normal cyclone configuration is smaller in a flow that includes particles. The
reason for this is that this flow contains particles, which weaken the flow’s swirling
component. These results are illustrated in Figure 29. In this figure particle mass
loading is marked with the letter B. [Kahrimanovic et al 2012, 5, 7-9.]
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Figure 29. Cyclone pressure losses in simulations with and without particles. [Kahrimanovic et
al 2012, 8.]

Particle separation efficiency is the same in the normal vortex finders and in the vortex
finders that have the radial diffuser. But the particle separation changes a little. In radial
diffuser cyclones, the separation efficiency reduces a bit with small particles and

improves a little with big particles. [Kahrimanovic et al 2012, 9.]
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5.2.3 REPDS

One interesting way of reducing pressure losses in the cyclone body is to place a stick in
the cyclone (Figure 30). These sticks are called Repds (reducing pressure drop stick).
Their effect comes mostly from a reduction in the peak tangential velocity. This peak
tangential velocity is located at the interface of the inner forced vortex region and the
outer (near-wall) free vortex region. The vertical (axial) velocity is upward in the inner
region and downward in the much narrower outer region. Because the peak tangential
velocity is located at the interface of these upward and downward flows it and its nearby
regions have little effect on the particle separation. Due to this the peak tangential
velocity can be reduced without affecting the separation efficiency. A decline in the
peak tangential velocity lowers the velocity gradient. These changes mean smaller
swirling Kinetic energy and internal friction losses. [Wang & Ye 1999, 188; Wang et al.
2001, 910.]

pem——

RSP AU SRR RPN N

Figure 30. Sketch of a cyclone with Repds. [Wang & Ye 1999, 189, modified.]
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Repds reduce pressure losses also by moving the peak of the upward axial velocity
towards the center of the cyclone. At the same time the minimum downward axial
velocity moves closer to the wall of the cyclone. These changes decrease the axial
velocity’s gradient. When the axial velocity distribution becomes more linear, the flow

drag reduces. This lowers pressure losses. [Wang et al. 2001, 910.]

Repds will also change static and total pressures in the cyclone. Static pressure is
greater, especially in the inner flow, in a cyclone that has a Repds. This reduces static
pressure’s radial gradient. Its axial gradient doesn’t change in the outer flow area, but in
the inner flow area it gets smaller. These reductions lower internal friction losses and
inner flow drag. With the Repds, the total pressure increases greatly in the inner flow
and decreases in the outer flow. This means bigger pressure losses in the outer flow and
smaller pressure drops in the inner flow. Also, radial gradient of the total pressure will
decrease. [Wang et al. 2001, 910-911.]

Repds length and shape vary. Details of five Repds types, which were used in an
experiment, where the cyclone’s diameter was 340 mm are presented in Figure 31.
Table 9 shows pressure losses in this experiment. Differences in the pressure losses are
due to diverse velocity and pressure changes of the Repds types. [Wang et al. 2001,
909-911.]
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Cross-sectional

Type shape Size (mm) Remarks
C P =38 1370 mm in length
E| 2a = 14 mm 1370 mm in length
2b = 8 mm
D ® = 8 mm 1370 mm in length
h = 12 mm
H, ® = 8 mm 33.5% length of C,
H> ® =8 mm 55.7% length of C

Figure 31. Details of Repds types used in the experiment. [Wang et al. 2001, 910.]

Table 9. Pressure losses in the experiment. [Wang et al. 2001, 910.]

Cyclone type Conventional C: E; D; H; H>
Cyclone pressure
1465,2 9225 1040,3 931,9 1288,8 | 1161,0
loss [Pa]
Pressure loss
reduction with 37,0 29,0 36,4 12,0 20,8

Repds [%]
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In this experiment the Repds were fixed at the top of the cyclone in a 180° angle from
the cyclone’s inlet (Figure 32). They can be installed to other angles, but the pressure
loss reduction is at biggest at 180°.The fixing radial distance (R) can also vary, but the
highest pressure loss reductions come when this distance is 51 % of the of the cyclone’s
diameter. The pressure loss is also affected by other factors, like the inlet velocity.
[Wang & Ye 1999, 189-190.]

! Fixing
270" Point

Figure 32. Installation point of the Repds. [Wang & Ye 1999, 189.]

As listed before, the biggest pressure loss reduction in the test was 37 %. This reduction
had no effect on the separation efficiency. These results show promise, but they have
been done on a small cyclone and the test conditions aren’t described fully, so they must
be met with reservation. In CFB boilers’ cyclones Repds could have serious problems
with erosion, so their material should be chosen carefully and they would probably have
to be changed quite often. [Wang et al. 2001, 913.]



70

6 CALCULATIONS IN EXISTING PLANTS

This paragraph presents results from calculations that were done with the previously
chosen variables (low pressure drop nozzle, bed a-level pressure, elevation of secondary
air nozzles, furnace draft, air coefficient and primary/secondary —air ratio). These results
are presented in the same order as the variables were chosen. Paragraph 6.7 shows
results from calculations that were done with three or more variables which affect one
another. Every calculation was done with maximum combustion rate on four different
plants (A, B, C and D). These plants represent the variety of boilers that Amec Foster

Wheeler makes. For example, two of these plants use coal and two biomass.

All calculations were done by changing the desired variable(s) in the original design.
Every change was also modeled in Amec Foster Wheeler’s own boiler design program
(BDP). This modeling was done with the same version of BDP as the original design.
From the plants, which are inspected in this work, C’s original design was done with a
newer version of BDP than the others, so there may be some differences between C’s

and other plants’ results.

BDP calculates all general values like emissions and efficiencies, but not all of these
values are used in this work. This is because some values are chosen or calculated with
a specific tool or a program. In this work’s calculations all values are taken from the
same source that was used in the original design or they are calculated here. From the
values that are needed in the fan power calculations, flow rates and pressure profiles are
taken from BDP. Fan efficiencies come from the Excel tool that was used in the fan
designing. Pressure increases are calculated with equation 10. It can be derived with the

help of equation 3. BDP’s own fan power calculations are used to verify results.

— Qv,calculati 2
Ap - Aprh,calculation + Aplosses,design * ( e Cu_a wn) (10)
dv,design
where APrh calculation required pressure head in calculation [Pa]

APiosses,design pressure losses in design [Pa]
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Qv calcutation volume flow rate in calculation [m®/s]
Qv,design volume flow rate in design [m*/s]

The required pressure head is also partly dependent on the volume flow rate, but it’s
kept the same with methods like additional throttling or prevention of flow in some

nozzles.

It’s very important to know whether these variables are feasible, for even the biggest
calculated reductions are useless if they can’t be applied to the real world. Due to this
every variable, which has been tested advertently or inadvertently, has arguments trying
to prove its applicability. BDP’s results can also be used for this, but they aren’t entirely
reliable.

In order to calculate how much each variable will affect the total auxiliary power
consumption, there has to be information about the designed power consumptions. With
this data each fan’s share of the total auxiliary power consumption can be calculated.
Results from these calculations are presented in Figure 33. Some of these shares are
quite high. This is due to the definition of auxiliary power in the guarantee. The design
includes only equipment whose power consumption is guaranteed by Amec Foster
Wheeler. For example, if the customer wants somebody else to deliver the fuel feeding

system, its power consumption isn’t included in Amec Foster Wheeler’s designs.
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Figure 33. Fans' shares of total auxiliary power consumption.
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6.1 Low pressure drop nozzle

It was stated earlier that noticeable pressure loss reductions can be achieved by using
new constructions, which have been designed with a low pressure drop in mind.
Paragraph 5.1 presented one these constructions; a low pressure drop nozzle. In small
scale cold tests its pressure loss was about 20 % smaller than the pressure loss of the
reference nozzle. This percentage is also used in these calculations.

In the plants that are inspected in this work, the designed pressure losses of the air
nozzles accounted for 26,3-33,1 % of the total pressure increase of the primary air fans.
With these values the effect of the low pressure drop nozzle can be calculated. Below
are results from these calculations on the primary air fan powers (Figure 34) and on the

total auxiliary power consumption (Figure 35).

Change in PA fan power [%]

Figure 34. Changes in primary air fan powers with the new nozzle type.
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Figure 35. Changes in auxiliary power consumptions with the new nozzle type.

This low pressure drop nozzle may have two problems: bed material backflow to the
windbox and uneven air distribution in the bed. Existence of these problems cannot be
disproved decisively as there is no comprehensive test data from a CFB boiler with
these nozzles. Due to this these nozzles would have to be installed to an industrial
boiler, where test could be made with them. These tests would also provide a more
accurate, probably different, pressure loss reduction percentage. This is due to different
conditions in the boiler and the experimental tests. So as a summary it can be stated that
these nozzles look promising, but their feasibility and effect can’t be proved entirely at

this point.

6.2 Bed a-level pressure

Bed a-level pressure is a part of the required pressure head. It can be changed in two
ways: the first way is to lower the actual pressure and the second way is a reduction in
the pressure margin. This pressure margin is added to designed bed pressure. It’s only

used in the fan designing.
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With the primary air fans, it doesn’t make any difference if the bed a-level is reduced
actually or just in the pressure margin, as the effect is the same. With the secondary air
fans, only an actual reduction will make a difference. This actual reduction will lower
pressures in the entire bed. This means lower back pressures for the secondary air
nozzles. The back pressure will decrease the most in the lowest secondary air nozzles
and the least in uppermost secondary air nozzles. From these reductions, only the
smallest one will be used in the secondary air fan power calculations. This is due to the
distribution of the secondary air flow. If the pressure decreases different amounts in
different paths, the flow will increase in the path with the most pressure decrease and
reduce in the path with the lowest pressure decrease. So if the desire is to keep the flows
same as before, like in this work, the pressure decrease has to be the same in every path.
This is done by selecting the lowest pressure drop decrease as a base and throttling the

bigger ones to its level.

In these calculations and models the changes were done to the actual pressures, not to
the pressure margins (pressure margins are kept the same). At this point the only reason
for this choice is the desire to calculate the effect on the secondary air fans. In primary
air fan designs, the bed a-level pressures form 47,4-57,7 % of the total pressure
increase. Secondary air fan designs’ back pressures vary by height. They account for

17,6-32,6 % of the secondary air fans’ designed pressure increase.

Effects of the bed a-level pressure on the primary air fan powers (Figure 36), secondary
air fan powers (Figure 37) and the total auxiliary power consumptions (Figure 38) are
illustrated below. In these illustrations the designed bed a-level pressures are at the

points where the change is zero. All bed pressure profiles are calculated with BDP.
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Figure 36. Changes in primary air fan powers with bed a-level pressure.
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Figure 37. Changes in secondary air fan powers with bed a-level pressure.
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Figure 38. Changes in auxiliary power consumptions with bed a-level pressure.

The viability of a reduction in the actual bed a-level pressure was examined only with
BDP models. These models showed no problems with lower bed a-level pressures, but
they can’t be trusted as BDP doesn’t take into account all factors and variables. Reliable
results require tests. But the feasibility of a reduction in the pressure margin was studied
more thoroughly. This study was done by comparing different designed and calculated
bed a-level pressures. Results show that the pressure margin can be decreased, but this
reduction is very much case dependent. Due to this the reduction would have to be at
most 1000 Pa to ensure primary air fans’ proper operation on all plants. Or if bigger
reductions are desired in cases where they are possible, a study would have to be made

about the accuracy of the bed a-level pressure calculations.

6.3 Elevation of secondary air nozzles
A change in the elevation of the secondary air nozzles will have the same effect on the
secondary air as a change in the actual bed a-level pressure. This is because both of

these changes alter secondary air nozzles’ back pressure. When these nozzles are raised
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to higher positions the back pressures reduce. To have an effect on the secondary air fan
powers, the elevation must be done to all secondary air nozzles, but it doesn’t need to be
the same at different levels. When all secondary air nozzles are raised the same amount,
the pressure loss reduction is at its biggest at the lowest nozzles and smallest at the
uppermost nozzles. From these reductions, only the smallest one will be used in the
secondary air fan power calculations. This is due to the previously mentioned
(paragraph 6.2) flow distribution issues.

In these calculations and models, all secondary air nozzles are raised the same amount.
Bed pressure profiles are taken from BDP designs. Effects of the elevation on the
secondary air fan powers (Figure 39) and on the auxiliary power consumptions (Figure
40) are presented below. It will have no effect on the primary air and flue gas fans, as
the only thing that changes is the back pressure of the secondary air nozzles.

0,0 :

Change in SA fan power [%]
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o
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Figure 39. Changes in secondary air fan powers with secondary air nozzle heights.
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Figure 40. Changes in auxiliary power consumptions with secondary air nozzle heights.

This elevation has one possible major problem. It could increase emissions, if the
combustion efficiency decreases due to air shortages in some parts of the furnace. But it
can also decrease them in cases where the maximum temperatures of the furnace lower.
These and other potential issues would require 3D-simulations and tests. Due to lack of

time, they aren’t done in this work.

6.4 Furnace draft

Furnace draft is the negative pressure (suction), created by the flue gas fans, at the top
of the furnace. A bigger draft will increase flue gas fan powers and reduce air fan
powers. These changes come from alterations in the required pressure heads. When the
draft is increased, the pressure will decrease the same amount in the entire bed, meaning
lower bed a-level pressures for the primary air fans and smaller back pressures for the
secondary air fans. For example, if the draft is increased by 500 Pa, the bed a-level

pressure and the back pressures at the secondary air nozzles will decrease by 500 Pa.
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Changes to the primary air fan powers (Figure 41), secondary air fan powers (Figure
42), flue gas fan powers (Figure 43) and the total auxiliary power consumptions (Figure
44) are presented below. In all of these figures, the designed draft is the one where the

change is zero.

4,0 3,0

Change in PA fan power [%]

Furnace draft [Pa]

Figure 41. Changes in primary air fan powers with furnace draft.
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Figure 42. Changes in secondary air fan powers with furnace draft.
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Figure 43. Changes in flue gas fan powers with furnace draft.
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Figure 44. Changes in auxiliary power consumptions with furnace draft.

These results show clearly that as the draft increases, the total auxiliary power
consumption rises. This happens because the flue gas fan powers increase more than the
air fan powers decrease (flue gas flow rate is bigger than the total air flow rate). These
results were clear before the calculations were done only the magnitude of the changes
was unclear. The point of these calculations is to give information about the fan and
auxiliary powers in situations where the draft has to be increased. But because this

increase doesn’t help in reaching the goal of this thesis, its feasibility isn’t examined.

6.5 Air coefficient

It was discussed earlier that air and flue gas volume flow rates can be diminished by
reducing the air coefficient. This change decreases the fan powers in two ways: by
reducing the flow rates and by lowering the pressure losses. Pressure loss reductions
come from lower gas velocities. Gas velocities lower only if the flow areas, like the
pipes, are kept the same. If they are reduced the velocities will stay the same or grow.

Decreases in the flow areas reduce investment costs. This would very beneficial in the
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current market environment. Lower gas velocities may also cause some problems, like
bed material backflow to the primary air nozzles and reduced heat exchanger
efficiencies. These problems would severely affect the operation of the boiler. Because
of these potential savings and problems, the calculations and models are done with two
different methods. In the first method the flow areas are kept the same. Results of these
calculations on the primary air (Figure 45), secondary air (Figure 46) and the flue gas
fan powers (Figure 47) are presented below. Effects to the auxiliary power

consumptions are shown in Figure 48.
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Change in PA fan power [%]

-14,0 +
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Excess air percentage [%)]

Figure 45. Changes in primary air fan powers with lower air coefficients and smaller pressure
losses.
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Figure 46. Changes in secondary air fan powers with lower air coefficients and smaller pressure
losses.
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Figure 47. Changes in flue gas fan powers with lower air coefficients and smaller pressure
losses.
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Figure 48. Changes in auxiliary power consumptions with lower air coefficients and smaller
pressure losses.

In the second method the flow areas are reduced so that the gas velocities stay the same.
Effect of this method on the primary air (Figure 49), secondary air (Figure 50) and the
flue gas fan powers (Figure 51) are illustrated below. Changes to the auxiliary power
consumptions are shown in Figure 52. Because this method has the same the effect on
the primary and secondary air fan powers on all plants, figures 58 and 59 have only one

line.
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Figure 49. Changes in primary air fan powers with lower air coefficients and constant

velocities.
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Figure 50. Changes in secondary air fan powers with lower air coefficients and constant

velocities.
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Figure 51. Changes in flue gas fan powers with lower air coefficients and constant velocities.
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Figure 52. Changes in auxiliary power consumptions with lower air coefficients and constant
velocities.
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It’s clear that from these two methods the first one, where the pressure losses decrease,
has much bigger auxiliary power consumption reductions. But nonetheless only the
second method is discussed from now on. This is due to the previously mentioned lower

capital costs in this method and the possible problems in the first method.

Feasibility of this method is largely dependent on the emissions, as they may change
with the lower air flow rates. Like with the elevation of the secondary air nozzles, these
changes would come from air shortages that reduce combustion efficiency. BDP models
show that this is valid concern as the carbon monoxide (CO) levels (g/s) rise noticeably
in them when the air coefficient is lowered from 1,2 to 1,1. Sulfur dioxide (SO,) levels
stay the same in plants A, B and D but in plant C they increase considerably with the
full air coefficient reduction. This increase comes from a decline in the retention rate.
Nitrogen oxide (NOy) and nitrous oxide (N,O) levels reduce in all plants when the air
coefficient is lowered. These changes are mostly due to a reduction in the combustion
efficiency. They are only possible in new plants, for these plants can be designed so that

the bed temperatures won’t increase.

So, apart from the sulfur dioxide levels in plant C and the carbon monoxide levels, the
emissions changes are good. If the air coefficient is to be reduced something would
have to be done to the carbon monoxide emissions. An important thing, which must be
remembered, is that all of these emission levels come from models, so they can’t be
totally trusted. Only measurements can provide reliable results. Due to this a study,
which includes measurements and tests, would have to be made to prove the viability of

this reduction. This study should also deal with the possible minor problems.

6.6 Primary/secondary air —ratio

Paragraph 4.5 explained that auxiliary power consumption reduces when the
primary/secondary air -ratio lowers. Like it was mentioned, this happens because the
pressure increase is bigger in the primary air fans than in the secondary air fans. Below
are figures which tell how much the primary (Figure 53) and the secondary air fan

(Figure 54) powers change with the primary/secondary —air ratio. Figure 55 shows
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changes in the auxiliary power consumptions. In these figures the x-axis shows the
primary air’s share of the total combustion air flow. Rest of the combustion air is
secondary air. Design values are in the points where the change is zero.
Primary/secondary air —ratio has no effect on the flue gas fan powers as the total air
flow stays the same.
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Figure 53. Changes in primary air fan powers with the PA/SA —ratio.
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Figure 54. Changes in secondary air fan powers with the PA/SA —ratio.
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Figure 55. Changes in auxiliary power consumptions with the PA/SA —ratio.
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The feasibility of a lower primary/secondary air —ratio is mostly dependent on the
emissions. Below is a table (Table 10) of emissions in plant B’s BDP models. This table
doesn’t contain every PA/SA-ratio as the ratios, which are close to the design, are left
out. Emission changes would have been very minimal in these simulations. Table 10
shows that when the primary air’s share of total combustion air reduces, the sulfur
dioxide levels stay the same, nitrogen oxide and nitrous oxide levels decline and the
carbon monoxide levels grow. Like with the air coefficient, all of these changes are
mostly due to lower combustion efficiencies. When the combustion efficiency
decreases, the carbon monoxide levels rise directly due to it. Nitrogen emissions’

reductions come from increased delay times.

Table 10. Emissions with different PA/SA —ratios.

- Plant B
Emission PA share - i
(Design PA share: High)
Design 100
High }
SO, [% of design] Mid 100
Low 100
Design 100
_ High i}
NOy [% of design] -
Mid 81
Low 67
Design 100
_ High }
N2O [% of design] -
Mid 75
Low 42
Design 100
High }
CO [% of design] Mid 130
Low 173
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With the emissions, the conclusion is the same as with the air coefficient reduction: if
the primary/secondary air —ratio is to be lowered something would have to be done to
the carbon monoxide levels. Also, it’s again important to remember that these emissions

are only in models. Reliable results require tests.

Other problems may also arise when the primary/secondary air —ratio is lowered.
Examples of these problems are higher temperatures in the bottom part of the bed, lack
of oxygen before the secondary air nozzles and fluidization problems in the lower
furnace. All of these problems would severely affect the operation of the boiler, so their

existence and resolutions to them must be examined with 3D-simulations and tests.

6.7 Combinations

This paragraph presents results from calculations that included three or more variables.
Some of these variables, like the bed a-level pressure and the elevation of the secondary
air nozzles, affect each other’s pressure loss reductions, so their combined effect can’t
be calculated as a sum of individual effects. These combinations include five variables:
low pressure drop nozzle, bed a-level pressure, elevation of secondary air nozzles, air
coefficient and primary/secondary air —ratio. Furnace draft is left out as it increases
auxiliary power consumption. All values of these variables have been chosen so that
they are somewhat feasible. For example a 3000 Pa reduction in the actual bed a-level
pressure isn’t at all realistic, but a 1000 Pa cut in the pressure margin is.

Effects of these combinations on the primary air fan powers (Figure 57), secondary air
fan powers (Figure 58), flue gas fan powers (Figure 59) and the auxiliary power
consumptions (Figure 60) are presented below. All of these figures contain five
different combinations. Purpose of these different combinations is to give an idea of
much each variable affects the fan powers and the auxiliary power consumptions and to
give information in cases where some changes aren’t possible. In all of these
combinations, the bed a-level pressure is lowered in the pressure margin and the
primary/secondary air —ratio is changed only in plants A and B (C’s and D’s PA share is

already mid). These choices make the changes in the secondary air fan powers very
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similar as the only things that have an effect on them are the air coefficient, elevation of
secondary air nozzles and primary/secondary air —ratio (plants A and B). Changes in the
flue gas fan powers are the same with every combination, for they are only affected by
the air coefficient. Due to this all combinations in Figure 59 are described with the same
column. Below is also a comparison of different pressure loss reduction methods
(Figure 56).
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Figure 56. Comparison of different pressure loss reduction methods.
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Figure 57. Changes in primary air fan powers with different combinations.
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Figure 58. Changes in secondary air fan powers with different combinations.
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Figure 59. Changes in flue gas fan powers with different combinations.
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Figure 60

. Changes in auxiliary power consumptions with different combinations.
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7 CONCLUSIONS

Auxiliary power consumption of a fluid bed boiler tells how much of the produced
electricity the boiler consumes. It’s one of the things that affect the boiler’s
competiveness. Main sources of auxiliary power consumption are feedwater and
circulation pumps and air and flue gas fans. Big reductions can be achieved only by
lowering the powers of these equipment. This thesis focused on fan power

consumptions.

Fan power consumptions can be lowered in three ways: by reducing volume flow rate
and/or pressure increase or by increasing efficiency. Volume flow rate can be reduced
by decreasing the air coefficient. Pressure increase can be lowered by cutting the
pressure losses and/or the required pressure head. Efficiency is dependent on the design
and operation of the fans. Based on these methods, six ideas where examined: low
pressure drop nozzle, bed a-level pressure, elevation of secondary air nozzles, furnace
draft, air coefficient and primary/secondary —air ratio. Fan efficiency issues aren’t dealt

in this work.

From these six ideas, lowering of the air coefficient without decreasing the flow
channels produces the biggest auxiliary power consumption reductions. This is a very
expected result, as this method decreases both the flow rate and the pressure losses.
Second biggest auxiliary power reductions come from lower bed a-level pressures. This
is also a very predictable result, as the bed a-level pressure is responsible for most of the
primary air fans’ pressure increase. Smaller primary/secondary air —ratios and lower air
coefficients with smaller flow channels (gas velocities stay the same) are responsible for
the third and fourth biggest auxiliary power reductions. These reductions are very
similar in cases where they can be compared. The low pressure drop nozzles produces
significantly smaller, yet noticeable, auxiliary power reductions than the previous
methods. This is due to these nozzles’ share of the primary air fans’ pressure increase.
Secondary air nozzles at higher elevations have the least effect on the auxiliary power

consumption reduction. This is because the back pressure’s share of the secondary air
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fans’ pressure increase is quite small. Furnace draft increases auxiliary power
consumption. This is due to the fact that the volume flow rate of the flue gases is bigger
than the total volume flow rate of air. Combinations of these methods reduce auxiliary
power consumption by 2,1-10,2 %.

All of these results are very predictable and entirely in line with literature, so there
should be no questions about them. But there are many questions about the feasibility of
these changes. If they can’t be applied to the real world, they are useless. Low pressure
drop nozzles have looked very promising in simulations and tests, but their functionality
must also be verified in operation. Bed a-level pressure margin can be reduced as the
bed a-level pressures, which are calculated from measurements, are noticeably smaller
than the designed ones. It can’t be removed entirely as there has to be always some
room for adjustment. A decrease in the actual bed a-level pressure is much harder to
achieve, as it would affect the operation of the boiler in many ways. These effects
would require their own study. Increases in the elevations of the secondary air nozzles
can change emission levels. These changes would also need their own study.
Applicability of the furnace draft doesn’t need to be considered as it increases auxiliary

power consumption.

Models show that a decrease in the air coefficient would increase carbon monoxide
levels and lower nitrogen oxide and nitrous oxide levels. Sulfur dioxide levels would
stay the same in most cases. The rise in the carbon monoxide levels is noticeable, so
something would have to be done to it, if the air coefficient is reduced. These changes
must also be verified in tests. Lowering of the primary/secondary air —ratio produces the
same emission level changes in the models as a decrease in the air coefficient, so the
same conclusions apply to it.

It can be concluded, that right now the only sure and feasible reduction can be done to
the bed a-level margin, as it’s purely a theoretical number. All other changes would

require studies that include tests. Nonetheless, all of these results are useful as they
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provide clear information on how and how much the auxiliary power consumption can

be reduced.
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