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Topicality of Thesis

Today, sustainability has become an issue of utimogbrtance due to
fast development of the world. Consumption of reltuesources and waste
disposal volumes are growing and pollutants ardtechinto the atmosphere.
Sustainable development is important to all sphezasironment protection,
economical, and social. Economical growth requéstger consumption of
energy sources. Today, fossil fuels take the filace among other energy
sources and comprise 74,6 % of the total energguwoption. Many important
problems are related to the use of fossil fuetst,fthe stock is limited, second,
the stocks are geographically concentrated onlysemeral states (Russian
Federation, Saudi Arabia, United Arab Emirates, &zla, and others), third,
combustion of fossil fuels produces emissions ekghouse gases (&CGCH,,
SO, NO, and others).

European long-term development strategy is basegmewable energy
sources (RES). On April 23rd, 2009 European Comaornisand Council
Directive 2009/28/EC on the promotion of the usespérgy from renewable
sources was approved in order to promote use of. REBES of the main aims of
the Directive is to achieve 20 % of the total Ewap member state energy
consumption to be produced from renewable energsces. Latvian individual
aim is one of the highest among the member staigequals 40 %. According
to the EUROSTAT data specific amount of RES inlteteergy consumption of
Latvia is 33% and this number has not changed sieae2004.

Topicality of the work is defined by the followirigctors:

e There is a relatively high potential of wood fuskun Latvia. Amount
of woodland has doubled during last 100 years asd®ached 50,9 %.

o Despite the high potential, the specific weightwafod use in energy
transformation sector is not sufficient and makely @5 %.

o Relatively low efficiency ratio of the wood fuel @isn boiler houses
and cogeneration stations. For example, in year 28diler houses
powered with wood fuel had an efficiency of 65 %.

e Specific weight of gas in the transformation sedtoapproximately
80 %, but its continuously growing price providesditions for partial
natural gas substitution with wood fuel, simultamgyg providing
conditions for more efficient combustion of wood.

The goal and objectives of thework

Thegoal of the research described in the dissertagiom investigate the
effect of wood pellets and gaseous fuel co-firing @mission production,
efficiency, and produced energy volumes. The fall@aobjectives were set in
order to achieve the aim of the research:
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1. to perform experiment co-firing wood biomass ofisas moisture
content with gaseous fuel — a mixture of proparklarane;

2. to make an analysis of the data obtained as thdt &fsthe performed
experiments and develop empirical equations thetriee influence of
moisture content in the wood biomass and additibeat supply to the
emission production (C CO, NQ), temperature, efficiency, and
produced heat energy;

3. to perform experiments in order to define influeméanagnetic field
on co-firing and combustion processes of wood bgsmaithout
additional heat input;

4. to make an analysis of a permanent magnet on timustion process
dynamics, e.g. development of cyclonic flow, entuegproduction, and
efficiency.

M ethodology of theresearch

The research performed in the framework of theishean be divided
into two parts. The first part contains experimgrgrformed using an
experimental equipment designed for this particplapose. Wood pellets with
various moisture contents (W = 8 %, 15 %, 20 % 2:m@o) was combusted in
this device without propane/butane and using prefbatane flame. Supply of
propane/butane was being changed from 0,9 kJ/sk@TdkJ/sec.

For the experiment on permanent magnet influencecambustion
process the device was placed into applied magtielid, which provided
formation of axial and tangential magnetic fielduction gradient in the flame
combustion zone.

The second part was devoted to the regressionsasalfthe experiment
results, where empirical equations were obtainelde EBquations describe
influence of wood pellets moisture content and sumb propane/butane on
emissions, efficiency, and produced heat energymek. It was checked using
Student criteria at a definite significance levelaRd degree of freedom f,
whether all parameters of the equation (moisturetesd in the wood and
supply of propane/butane) are significant and aesegyved in the equation.
Also, adequacy of the equation was checked usstieFicriterion F.

Scientific novelty

The results of the experimental research achievedhé work and
developed empirical equations allowed making a dunlalysis of influence on
the combustion process produced both by wood peftegisture content and
supply of propane/butane, and magnetic field.

Supply of propane/butane to the wood pellets pmwvdore intense
development of volatile matters and ignition in thigial phase of combustion
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process, as well as more complete combustion oétilel matters, thus
providing cleaner and more efficient heat energydpction. A verification of
the fact that magnetic field influences signifidarareation of flame swirling
flow.

Processes of magnetic field and flame interactemm lwe used to control
flow dynamic, temperature of the flame, and comjmsi of combustion
products.

Practical significance of the work

The thesis has a high practical significance. Tihe & it is to increase
level of wood biomass use for energy productiore Tésults of the work are
meant for different target groups:

e heat energy producers — using moist wood for cotidiuswith
additional heat supply it is possible to provide ren@fficient and
cleaner combustion of biomass;

e producers of biomass combustion equipment — fordymtion of
devices for biomass co-firing with gaseous fuels;

e society and state municipalities — rational andcigfiit use of wood
biomass.

Approbation

The results of the research has been discussegresehted at the
following scientific conferences:

1. seminar of the project CHP Goes Green with preientgBiomasas
un gizes Idzdedziasanas izptes rezuliti’ — 2013, 14" of May,Riga;

2. 53. RTU scientific conference, in section ,, Envineental and Climate
Technologies”, with poster ,The Regulation Posgibd of Biomass
Combustion” — 2012, 11.-12. of October, Riga;

3. 10" International conference ICheaP with report ,THée& of Co-
Gasification of Biomass Pellets with Gas on therite# Degradation
of Biomass” — 2011, 8.-11. of May, Florence;

4. 69. LU scientific conference with poster ,DegSapeascesu dinamikas
kontroles iesgjas virpdplasna” — 2011, g of February, Riga;

5. 51. RTU scientific conference, in section ,, Envinoental and Climate
Technologies”, with report ,The modification of wiopellets and
propane co-firing in a magnetic field” — 2010™df October, Riga;

6. 50. RTU scientific conference, in section ,, Envinoental and Climate
Technologies”, with report ,The magnetic field effeon the swirling
combustion of the renewable fuel” — 2009"18 October, Riga;

7. seminar “Current and future woody biomass for epergvionitoring
use and understanding technology” with poster “ting of wood
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pellets with propane for environmental friendly eneproduction” —
2009, 18' of September, Riga.
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1. EXPERIMENT EQUIPMENT AND MATERIALS

In the framework of the dissertation experimenésearches were made
on wood pellets with various moisture content covj with propane/butane
mixture and on impact of magnetic field on the castion process. All
experiments were carried out at the laboratory ehtHand Mass Transfer
Institute of Physics of the University of Latviahere a special pilot device was
constructed for this purpose. The layout of thetpdevice is shown in the
figure 1.1.

i=="

Fig. 1.1. Pilot device: A — Co-firing; B — appliga of magnetic field
1 — wood fuel gasifier; 2 — propane/butane/air bur3 — primary air supply; 4 —
secondary air flow; 5 — cooled channel sectionsdéagnostic probe outlets; 7 — inlets
of cooling water flow; 8 — outlets of cooling wafesw; 9 — permanent magnets; 10 —
steel riddle

The main parts of the device are wood fuel gasifigl),
propane/butane/air burner (2), as well as cooleghwél sections (5), where
volatile matters are produced, and ignition and mastion occur. The channel
is comprised of three cooled sections and cooliatenflow inlet (7) and outlet
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(8). In order to secure gasification and full costitan of volatile matters air is
supplied through 2 tangential inlet® 6 mm) at the bottom of the gasifier (3)
and at its upper part (4) above the wood biomags I&ections with outlets for
diagnostic probes are located between the seatiaihe water cooling channel.
The probes are meant for combustion zone temperagas composition, and
axial and tangential velocity measurements. Propartene/air flame is
forming when radial propane and butane flow angeatial air flow are mixed
in the channel. Wood biomass, which has been edénto the propane/butane
flame provides faster heating and thermal decortiposand acceleration of
volatiles and ignition.

The permanent magnet (9) with 4 pairs of polesciviieight is 50 mm,
was attached below the secondary air supply anpapegbutane/air burner in
order to produce axial and tangential transfer afamagnetic oxygen
molecules to the pellet layer surface, thus proxjdinore complete mixing of
volatiles and air at the primary stage of combunstimcess.

Magnetic induction (B) above the magnet poles rescils maximal
value of 120 mT at the outer wall of the channete&tive 2004/40/EC of the
European Parliament and the Council on the minimhealth and safety
requirements regarding the exposure of workershi risks arising from
physical agents (electromagnetic fields) definest tlmaximum allowed
radioation level for devices with frequency belowHz can be 200 mT. This
means that the permanent magnet used in the expesncomplies with the
safety standards.

Axial gradient of the magnetic field inductioﬁ*%l_) at the wall of the

channel, which causes oxygen transfer towards éfetpsurface is equal to
1,56 T/m, but it is not higher than 0,8 T/m in tientral part of the flame.

1.1. Characteristic parameters of the materials

In all of the experiments wood pellets were combusietliltaneously
with propane/butane mixture without it. Wood pedlehoisture content (%),
volume (g), propane/butane supply (kJ/ses), andsapply (I/min) varied
according to the experiment.

Wood pellets. In the experiments on the impact of magnetic fihdthe
combustion process wood pellets with moisture gurni€8% were used. In the
experiments on the impact of propane/butane supplythe combustion of
wood pellets the pellets were selected with difiermoisture content: 8 %,
15 %, 20 %, and 25 %. A discrete volume of woodetelwas used for
combustion in the experiments: in co-firing expemts it was 500 grams of
pellets, but in the experiments with permanent reagr820 grams.

11



Propane/butane mixture. During the experiment supply of
propane/butane mixture varied from O till 1,55 kd/s

Air supply. Primary air supply in the experiments was equal#d/min.
This value was meant for induction of wood pellasi§cation. Secondary air
supply was 69 I/min for co-firing and 71 I/min fapplication of magnetic field.
The secondary air was supplied in order to seadredmbustion of volatiles.

Table 1.1
Summary on the materials used in the experiments

Co-firing Magnetic field
Weight of the wood pellets, g 500 320
Moisture content (W), % 8; 15; 20; 25 8
Supply of propane/butane0,9; 1,03; 1,16; 1,27 1,27; 1,37, 1,46; 1,55
kJ/sec
Primary air supply, I/min 47 47
Secondary air supply, I/min 69 71

Table 1.1 shows a summary on the materials usetivin series of
experiments: co-firing and application of magnétdd.

1.2. Description of the experimental research

During the experimental research, which was carigdin the Institute
of Physics of the University of Latvia, a large rien of experiments was
carried out. Two possibilities of wood pellets carstion were analyzed during
these experiments:

1. simultaneous combustion of wood pellets with défdr moisture
content and propane/butane mixture;
2. combustion of wood pellets applying magnetic field.
Local flame temperature measuremerits=(f (t)) were made during the

experiment, measurements of the temperature angasition (Q, CO,, CO,
NO,), measurements of combustion efficiency, as wellogal measurements
of radial distribution of the axial and tangenfl@me velocity in the different
stages of the combustion process. Also, measurenmnihe produced heat
volumes were made to analyze the total producetivohames.

In order to obtain a valid data about the procefisastake place on the
combustion chamber, the measurement instrumentschwivere used —
thermocouples, gas analyzer probe, and Pitot's wire inserted at different
height values depending on the series of experiment
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Table 1.2
Placement of the measurement instruments abova tipane/butane burner

Co-firing Magnetic field
First thermocouple 157 mm 55 mm
Second thermocouple 187 mm 380 mm
Gas analyzer, Pitot’s tube 386 mm 145 mm

Thermocouples were placed in the center of the relafR = 0), while
the gas analyzer probe and Pitot’s tube were placedrding to the aim of the
experiment either in the center of the channel ( m case of making kinetic
measurements of the flame composition, or were thoadially in the channel
when making measurements of the flame compositmhradial distribution of
velocity in the steady combustion process. Measentsn of the flame
composition and radial distribution of velocity wemade moving the probes
with an interval of 30 second in the direction frdme center of the flame to the
channel wall and backwards. Diameter of the chanwdlere combustion
process is developed, is 60 mm.

Length of each of the experiments was 2400 secordd aninutes, thus
providing full combustion of the wood pellets. lihaf the experiments propane
and butane were combusted first, but wood pelletsevadded at the 60th
second of the experiment.
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2.METHODOLOGY OF DATA PROCESSING AND
CALCULATION

Data processing and different calculations hadetonade in order to use
the obtained data for carrying out an analysis.

The experimental data was obtained in two wayshgusi computer
program PC-20 for local flame temperature and doleater temperature
measurements, and using gas analyzer TESTO 35@defining temperature
values for polluting substances, efficiency, andgerature of the combustion
products.

2.1. Gasanalyzer data processing

Gas analyzer Testo 350-XL uses two measuremert farithe analysis
of gas pollution: percents (%) for defining @d CQ emissions, and ppm for
CO and NQ defining. ppm farts per million) is a measurement unit, which
does not depend on temperature or air pressunenil=0,0001 %).

Processing the experimental data CO and, E@issions (ppm) were
translated into mg/nfnIn this case normal conditions were used (tentpeza
0 °C, pressure — 1013 mba). In order to compara dbtained in the different
experiments, measured emissions were recalculaiad teference conditions,
applying oxygen content in the flue gases at tliereace conditions (£).
This value changes depending on the fuel, whialséd. For example, £ for
wood is 10%, for gas — (natural gas, propane, le)tan3%. Considering the
above mentioned facts, formula for CO and,N@calculation from ppm to
mg/nnT is the following:

CO(mg /nm?) = CO(ppm)x 125x {ﬂ} (2.1)
(21_ OZmer.)
3 21- Oyt

2.2. Calculation of the maximum CO, emission

Carbon dioxide (Cg) is a product of full combustion. Its maximum
value, which can be emitted during combustion ddpeon the type and
composition of the fuel. It is calculated using themulas shown below:

21
COZmax = 1+ 5 (2-3)
HY - 01250¢
=237— T 2.4
g cY + 0375 (2:4)



where

H® — hydrogen content in the as-fired fuel;
0“ — oxygen content in the as-fired fuel;
C” — carbon content in the as-fired fuel;
S' — sulphur content in the as-fired fuel.

When 1 kg of wood pellets is combusted, the maxui@i@® emission
volume is 20,24 % irrespective of the moisture eoht When 1 kg of
propane/butane mixture is combusted, the maximurg €fission volume is
13,93 %.

As it has been mentioned before, a discrete domeootl pellets (500 or
320 grams depending on the experiment performed)ocambusted. The pellets
were inserted in the beginning of the experimek mever refilled. During the
combustion process when wood pellet volume reduogtrogen, oxygen, and
carbon volumes reduce, too, as the result of whietximum CQ emission
volume reduces accordingly.

20.00

19.00
18.00 \
17.00

16.00

CO,, %

15.00

14.00 T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

time,s
=== prop.=0.9 kJ/s === prop.=1.03 kJ/s prop.=1.16 kl/s ==>e=prop.=1.27 kl/s

Fig. 2.1. Fluctuation of the maximum g&mission volume depending on time
and supply of propane/butane

Figure 2.1. shows a summary of the results thavdtew maximum CQ@
emission volume fluctuates during the experimesuaiplies of additional heat.
At the beginning of the experiment, when the weighthe wood pellets was
500 grams, the highest GQwas observed: 19,02 %, 18,88 %, 18,75 % and
18,65 % at propane/butane mixture supply of 0,9d¢])/1,03 kJ/ sec, 1,16 kJ/
sec and 1,27 kJ/sec accordingly. After the woodkfgelvere fully combusted,
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the maximum C@ emission volume reached 13,93 % irrelevant to ghe
mixture supply velocity.

2.3. Methods of statistical data processing

During the experiments performed in the framework tlee thesis
development more than 20 000 data was obtainedhizh an average values
were calculated. The obtained data was processety uwo statistical
processing methods — correlation and regressiolyaasaThe aim of these
methods was to obtain graphical and analytical deépece between the
variables.

Microsoft Office Excel program was used to devesgveral empirical
equations with two independent variables: supphpafpane/butane (kJ/sec)
and moisture content (%) in the wood biomass. & a@alyzed with the help of
the developed empirical equations that these inudgre variables influence
production of emissions (GOCO, NQ), efficiency, and produced heat energy
volume. Statistical evaluation was made for eacthe$e equations: obtained t
criterion for each ratio with the valug,t found in Student’s distribution tables
according to the measure of significance p = 0,08 fadegrees of freedom.
Adequacy of equations was checked using Fishericnit.
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3. ANALYSISOF EXPERIMENTAL RESEARCH RESULTS

Current chapter contains summary of experimangllte of two
experimental series:

a. The first series of experimental researches iste@léo co-firing of
wood pellets and propane/butane mixture, evaludtifigence of co-
firing on emission production, efectiveness andlpoed heat energy.

b. The second series of experimental researches atedelo usage of
gradient of magnetic field to influence the comharstprocess and
development of combustion product content. Researcm magnetic
field influence on combustion process have beeriopeed while
wood granule combustion, as well as while co-firlugod granules
with propane/butane mixture, changing its supplywaod pellets.

3.1. Results of biomass and gas co-firing investigations and its
analysis

The process of wood pellets combustion starts witbod pellets
endothermic heating, drying and thermal decommositi processes.
Investigations with wood pellets of different moist and different supply of
propane/butane in the device confirm that in thentef the beginning of
thermal decomposition stage essentially dependsootent of moisture and
supply of propane/butane to wood pellets.

2500
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¥
©
5 1500 -
2
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g 1000
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= 500

0 T T T T T 1
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(

(K), koksne (W=8%), prop.=1.27 kJ/s
T (K), koksne (W=25%), prop.=0

(K), koksne (W=25%), prop.=1.27 ki/s

Fig. 3.1 Temperature changes (K) for wood pellétifferent moisture content
combustion with and without propane/butane supply
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While combustion of wood pellets with 8% moisturentent with
propane/butane supply and without propane/butangplpguto biomass,
inflammation of volatile compounds has been noticedmparing wood
combustion with 25 % moist, faster reaching maxintamperature of
combustion zone (Fig. 3.1). While increasing maistcontent in wood pellets,
temﬁ)erature in the beginning of thermal decompmsitirocess decreases (after
100" second), because endometrial processes of woodiihdieand drying
dominate, thus limiting development of volatile qgmmnds and inflammation.

Table 3.1
The influence of additional heat supply on maxiteahperature during process
of thermal decomposition in initial stage

Wood pellets W=8% W=8% W=25% W=25%
Supply of propane/butane 0 kJ/sec 1,27 kd/sec 0 kJ/sec 1,27 kJ/sec
Maximal temperature 1821 K 1984 K 1699 K 1923 K
Time* 445 s 175s 875s 479 s

* Time period for reaching maximal temperature

Supply of propane/butane in wood pellets providesidr development of
volatile compounds (Table 3.1): while wood pellets8% moist co-firing with
propane/butane, maximal temperature has been atieady at 175second
after starting wood pellets gasification processt Wwhen combusting wood
pellets without propane/butane supply to biomasaximal temperature at
combustion zone has been reached after 445 sedttidseas pellets of 25 %
moist with additional heat supply to biomass haarhed maximal temperature
at 479" second, but while combusting wood granules witredditional heat
supply to biomass, maximal temperature at combustane has been reached
only in 875 seconds.

Stable combustion process of volatile compoundsni@pg on moist
content in wood fuel developed from 80 2008 second. The influence of
propane/butane supply on combustion process of bd 25 %) is observed
also in the final stage of combustion process 2060 s) (Fig. 3.1). After
combustion of wood pellets of moist 25 % withoupply of propane/butane to
the device, in the final stage of combustion al&5#30 g of charred pellets are
left in the gasifier, which continue glowing witHight increase of flame
temperature in the end of the experiment.

After evaluating results of experimental measuririghe influence of
wood fuel moisture content and additional heat Bupp average temperature
of combustion zone, the following empirical equatias been obtained:

Tay. =171523— 2715V +11783, (3.1)
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where
W — moisture content in wood fuel (biomass), %;
g — supply of propane/butane, kJ/sec.

Statistical evaluation of the coefficient gainednfr the empirical
equation (3.1) is illustrated in Table 1 in Annexes

As a result of experimental investigations it wéatexd that supply of
propane/butane to wood pellets layer provides nbt loigher temperatures, but
also increase of produced thermal energy.

3.0
£ 25 ]
2 \
=
‘a" 2.0 \
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T 1.5 \
8 \\ —
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S 1.0 ~ .
o
0.5
0.0 T T |
0 10 20 30

W, %

== (kWh), prop.=0
=m=Q (kWh), prop.=1.27 ki/s

Fig.3.2 Produced heat dependence on moisture dantemod pellets and
supply of propane/butane

Increase of wood pellets moisture reduces proddicedmal energy,
but, if propane/butane is supplied to the base arhlwstion zone, total
produced heat increases (Fig. 3.2).

The evaluation of produced heat in the device déipgnon wood
moisture and supply of propane/butane to the devieecaled mutual
interconnectedness of the parameters in the enggjtiation:

Q= 242- 008N + 035q 3.2)

Statistical evaluation of the coefficient gaineanfr the empirical
equation (3.2) is illustrated in Table 1 in Annexes

The influence of propane/butane and moisture commerCQ and CO
emissions has been evaluated during the experibyeattributing average GO
and CO emisions to the maximal value. In case ofitCfas maximal value,
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which was reached during the experiment, but malxopantity of CQ was
calculated depending on the speed of propane/bstgmy (kJ/sec).

Wood pellets moisture content influences develogmeh CO,
emission during combustion, as well as its conegiomn in products. If the
wood pellets moisture content is increased,, Giissions decrease, but
guantity of CQ emissions increases. Supply of propane/butanerttgstion
camera intensifies wood fuel combustion processcreasing CQ
concentration, but decreasing CO concentratiomodyts (Fig. 3.3).
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Fig. 3.3 The influence of propane/butane supplysbative changes in
COhavg/COsmaxand CQ,q/COmax of different moisture content wood fuel during
combustion process

i)

The results of experimental investigations confitimat current
correlations can be described with empirical equati
COZavg.

= 049- 00W + 003q (3.3)
co 2max
Co
—29 — _0p01+ 0008V + 0039 (3.4)
CO\ax

Statistical evaluation of the coefficient gaineanfr the empirical
equations (3.3) and (3.4) is illustrated in Tabia Annexes.

For total combustion of wood pellets and gas mixtwgufficient air
supply should be provided: & 1). With wood fuel moisture content increase,
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theoretically sufficient air volume for fuel comitiom decreases, whereas
during the experiments the same air volume has begplied not depending on
the wood pellets moisture content. Due to thataeamefficient of air excess
increases from 2,5 to 3,07 with wood pellets moéstcontent increase from
8 % to 25 % and the process of wood pellets cordiusgevelops at expressed
odd air supply in the device.
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Fig. 3.4 Qaw/Ozmaxchanges in products depending on moisture coirtent
wood fuel and supply of propane/butane in combuostmnme

When the moisture content in wood pellets increa&®s,q/Oomax
(Oomax = 21 %) increases and average ddncentration in products increases,
which confirms that in case of moisture increasgeliets, less air should be
supplied for total burn-off of the fuel. At the sanime combusting wood
pellets with supply of propane/butane to the devicerease of relative
O2avg/O2max Volume concentration in products is slightly lomeecause supply
of propane/butane increases average temperatemrgiustion zone, providing
complete combustion of volatile compounds (Fig).3.3

Analysis of experimental results confirms that uefice of wood
pellets moisture content and supply of propanefiitan changes in relative
O2avg/O2max Volume concentration can be approximately charaerusing
empirical equation (3.5):

Oz _ 055, oaw - 006q (3.5)
2max
Statistical evaluation of the coefficient gaineanfr the empirical
equation (3.5) is illustrated in Table 1 in Annexes
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NO, emission during combustion process develops inrdetice with
Zeldovich’'s mechanism, which development is esa#ytinfluenced by the
temperature at combustion zone, air supply in #ncg, as well as nitrogen
content in the biomass. Slight increase (~ 20 %)N@i concentration in
products is observed using supply of propane/buiartbe combustion zone.
Nevertheless maximal NO concentration in products at supply of
propane/butane to the device does not exceed 70 wpioh is provided by
small nitrogen concentration in wood fuel (0,18 #pat provides ecologically
pure combustion process.
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T Linear (NOyay (prop.=0))  —  Lienar (NOyayg (prop.=1.27 ki/s))

Fig. 3.5 The influence of propane/butane supplyraondture content in wood
pellets on concentration of N@mission in products

Results of the experimental measuring show thdtiente of wood
pellets moisture content and supply of propanefirutan relative changes of
NOyavg/NOymax Can be described using equation (3.6).,Mpis an average
value during the experiment, but N« — maximal value during the
experiment.

MOran. _ 065- 00 + 012q (3.6)
Noxmax
Statistical evaluation of the coefficient gaineanfr the empirical
equation (3.6) is illustrated in Table 1 in Annexes
While combusting the biomass it is important toange combustion
process not only with limited exhaust of hazardemsssion into atmosphere,
but also higher heat production and effectivenésombustion process should
be provided. While proceeding experimental data effectiveness of
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combustion, it is stated that supply of propan&lbetand changes in wood fuel
moisture content influence effectiveness of the lmastion processnj, which
increases with higher supply of propane/butaneh&o dombustion zone and
decreases with higher moisture content in woodefse(Fig. 3.6).
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Fig. 3.6nag/Mmmaxat different velocity of propane/butane supply andifferent
moisture content in wood pellets

The influence of moisture content in wood biomass additional heat
supply on effectiveness can be described with tirgaation:

Mg _ 093- 0p08N + 004q (3.7)

77max
Statistical evaluation of the coefficient gainednir the empirical
equation (3.7) is illustrated in Table 1 in Annexes

3.2. Research of magnetic field impact on the combustion process

Number of researches that have been carried ouiopsty confirmed
that effects of interaction between flame and inbgemeous magnetic field can
be used in order to achieve additional impact endbmbustion process. The
effect is based on transfer of paramagnetic oxygesards the gradient caused
by the magnetic field gradient. It provides fludtoas of local oxygen
concentrations in the air and in volatile mixtuvgth the following changes in
combustion of volatiles. In order to evaluate intp#Eiche magnetic field on the
combustion formation the bottom of the combustiomez was placed into a
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magnetic field, thus providing formation of a matodield gradient at the
bottom of the combustion zone, where an intensengpigf volatile flow with
air swirling flow.

Influence of the magnetic field gradient (dB/dL) e flow dynamics is
mainly defined by the magnetic force(§, which depends on the magnetic
susceptibility of the oxygeny() and magnetic permeabilityund). Force
generated by the magnetic field gradient definastdiations of the swirling
flow dynamics, followed by fluctuations in volatikeatter combustion process.

For evaluation of the magnetic field impact on th@wv dynamics
measurements of axial and tangential velocity ithgtion at the bottom of the
combustion zone were made, making an evaluationagfetic field impact on
the formation of velocity distribution.

As the result of the interaction of the magneteldigradient generated
force and the flame fluctuations of swirling flowrdamics are observed with an
evident reduction of axial and tangential velocdly the flame (Fig. 3.7).
Considering this a forecast can be made that irptbeess of magnetic field
and flame interaction length of volatile matter @onment in the combustion
zone will increase, providing more complete comionstf volatile matters.

1.8 3
a b
1.6
2.5
14 r: — ﬁ
3 X
% 12 s = 2 2 / .
< : ° % E .
1 L} : = 15
9 0.8 v " o] .
% .. .- E . / !
> 0.6 .- ° g / .-
04 o ° n--/s... ..'
[ 0.5 T
0.2
O . . o T T T
0 10 20
0 10 20
R, mm R, mm

=V, avg., prop.=1.27 ki/s Vig_avg., prop.=1.27kl;

coooc -
coedlles v, avg, prop.=1.27ki/s, Vig_ave., prop.=1.27kJ;

Fig. 3.7 The effect of magnetic field on formatiminflame axial (a) and
tangential (b) velocity distribution in the procegso-firing (L/D ~ 2,6)

Supply of propane/butane the combustion zone armhdtmof the
magnetic field on formation of flame axial and tangal velocity distribution
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are related to the fluctuations of the swirlingflaumber (S), which defines the
formation of recirculation zone and intensity ofidwg flow (Fig. 3.8).
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Fig. 3.8. Influence of magnetic flow on fluctuatsaf the swirling flow number

at different capacities of propane/butane supply

The results of the experimental measurements piteaeincrease of
propane/butane supply to the combustion chambedughy reduces the
swirling flow of the flame. Accordingly, axial inease of velocity caused by the
supply of propane/butane limits formation of theineulation flow.

Influence of the magnetic field on combustion pesceemissions,
temperature, and produced heat energy was invesdigand evaluated also in
the process of wood pellet combustion with supgdlypmmpane/butane at the
bottom of the combustion zone, while changing sppplpropane/butane from
1,27 kJ/sec till 1,55 kJ/sec. These experimenttd eaas compared with the
process of wood pellet and gaseous mixture cogfigrocess, where magnetic
field was not applied (B = 0). Average parametdues were calculated for the
data analysis. These average values obtained fiwmekperiments with
magnetic field (B) were divided by the average ealwbtained from the
experiments without magnetic field (B=0).

Figure 3.9 shows how AB)/O,(B = 0) ratio depending on supply of
propane/butane during the experiment.
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Fig. 3.9 Influence of propane/butane supply o(BPO,(B=0)

When wood pellets are combusted without supplyropane/butane in
the bottom of the combustion zone;(B)/O,(B=0) ratio is greater than 1. It
means that average amount of oxygen at the bottbroombustion zone
increases if paramagnetic oxygen transfer is iifiedsalong the magnetic
field. At the same time if wood pellets are combdstwith supply of
propane/butane in the bottom of the combustion z&»eB)/O,(B=0) ratio
reduces, which indicates reduction of the averageuat of oxygen. Basically
this can be explained with the fact that in casedabd pellets are combusted
with supply of propane/butane additional heatingpafamagnetic oxygen is
provided, ensuring transfer of hotter heat flowth® pellet surface. This
improves gasification of the wood pellets and plesi more intensive
formation of volatiles.
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Fig. 3.10 Influence of propane/butane supply on@BCO,(B=0) and
CO(B)/CO(B=0)

In contrast to the changes of oxygen concentratianhigher
CO,(B)/CO,(B=0) ratio for wood pellet combustion process lis@rved when
supply of propane/butane to the bottom of the catibn zone is increased.
More intensive combustion process with L£€mission increase if formed
without supply of propane/butane to the bottom led tombustion zone if
paramagnetic oxygen transfers towards the bottorthefcombustion zone if
not intensified. More complete volatile combustian be achieved by
combining supply of propane/butane at the bottontahbustion zone with
magnetic force produced paramagnetic oxygen transfefluence of
propane/butane supply is describes by the followmegar equation:

CO,(B)
0, (6-0) 025q+ 077 (3.8)

After influence of magnetic field and supply of pame/butane on
concentration of CO emissions was stated that gugpdropane/butane ensures
reduction of CO(B)/CO(B=0) ratio (Fig. 3.10).

The highest CO(B)/CO(B=0) ratio is observed if wopedllets are
combusted without supply of propane/butane at timim of combustion zone,
when paramagnetic oxygen transfer stimulates foomabf air excess and
temperature reduction. When supply of propane/leutsn provided at the
bottom of combustion zone, this ratio decreasesmodides more complete
combustion process as well as decreases reledsgroful CO emissions into
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the environment. Influence of propane/butane sumplyCO(B)/CO(B=0) is
described with the following linear equation:
CO(B)
————=-0 8
Co(B=0) 280 + 12 (3.9)
Paramagnetic oxygen transfer caused by the madieiticand supply

of propane/butane at the bottom of combustion zofhgence also formation of
NO.. The results of the experimental research on emite of this factor on
fluctuation of NQ(B) /NOy (B=0) are summarized in Figure 3.11.
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Fig. 3.11 Influence of propane/butane supply on(BPNO,(B=0)

As it is seen from Figure 3.11. in the process afodv pellet
combustion NG(B)/NO,(B=0) ratio increases, thus increasing supply of
propane/butane at the bottom of combustion zone.filure shows that in all
cases NQB)/NO,(B=0) ratio is greater than 1, which means thatieation of
magnetic field intensifies formation of N@vith higher NQ emission release
into the atmosphere. This should be evaluated asgative result of the
interaction between the field and the flame.

One of the most significant factors that influerfoemation of NQ
emissions is fluctuations of combustion zone temmpee and air excessu)
which is generated by supply of propane/butanethadnagnetic field. These
fluctuations are shown in Figure 3.12.

o(B)/a(B=0) ratio reduces when supply of propane/butaheha
bottom of combustion zone is increased (similaDi(B)/O,(B=0) ratio). This
relation is shown in Figure 3.12 and is describath whe following linear
equation:
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a(B)

———=0 + 143
B0~ 031 (3.10)
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Fig. 3.12 Influence of propane/butane suppha@B)/a(B=0) and T(B)/T(B=0)

Figure 3.12 shows that fluctuations of T(B)/T(B=@}io depends on
supply of propane/butane at the bottom of combnostione. Temperature
increases when supply of propane/butane is provigtiedhe bottom of
combustion zone. Considering that oxygen transfeviged by the magnetic
field simultaneously increases concentration ofgaxy combustion of the
volatiles gets intensified.

Influence of propane/butane supply on the temperatudescribed by
the following linear equation:

T(B)
T(B=0)

After influence of propane/butane supply and magnié¢ld on the
formation of combustion process has been analynfidence of these factors
on efficiency of combustion process and amountrotipced heat energy was
evaluated. The results of these analyzes are shokigure 3.13.

Linear (a(B)/a(B=0))

= 007+ 093 (3.11)
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Fig. 3.13 Influence of propane/butane supply@d)/n(B=0) un Q(B)/Q(B=0)

As it results from the figure 3.13 — influence obpane/butane supply
on the process of interaction between the flamenaaghetic fieldn(B)/m(B=0)
is described with the following linear equation:

O/ 0079+ 090
2B=0) = q+ 09 (3.12)

If wood pellets are combusted and provide incredgaopane/butane
supply at the bottom of the combustion zone, efficy of the combustion
process also increases. In the result of intenachetween the flame and
magnetic field average efficiency of combustion gess is higher than its
efficiency in those cases, when magnetic field has been applied and
paramagnetic oxygen transfer towards gradient ef field has not been
intensified.

Figure 3.13 shows influence of propane/butane supplQ(B)/Q(B=0)
ratio, comparing produced heat energy (kWh) in éxperiments with and
without application of magnetic field. Influence pfopane/butane supply on
the ratio Q(B)/Q(B=0) is described with the folloilinear equation:

QB) _
Qg - 00+ 098 (3.13)

In the result of interaction between the flame andgnetic field
increase of produced heat energy is observed.cleases when supply of
propane/butane to the device is increasing.
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1.

CONCLUSIONS

It was investigated in the framework of the devebbplissertation that
moisture content in the wood pellets influences lmastion process —
formation of emissions, temperature, efficiencyd gmoduced amount of
heat energy. A research on how combustion procasse improved by
co-firing wood pellets with gaseous fuel was made. perform the
scientific research, an experimental device wagyded for co-firing wood
biomass and gaseous fuel.
The following conclusions were made in the restlco-firing of wood
pellets with different moisture content with suppfypropane/butane:
2.1.Duration of thermal decomposition of wood pelletsbgantially
depends on moisture content and supply of propatesib. Moisture
in the wood biomass delays formation and ignitibraatiles, as well
as its combustion, in the process of which the ésghemperature in
the combustion zone is reached. When wood pelléts moisture
content of 8% is combusted, the maximum temperaiorehe
combustion zone is reached already at thd'4e5ond after beginning
of gasification process. In case of wood pellethvid5 % moisture
content formation and ignition of volatiles is skigantly delayed and
the maximum temperature in the combustion zoneashed at the
875" second only. Experimental research carried otliernframework
of the confirms that endothermic processes that carenected to
warming up and drying of wood pellets with moistaentent 25 %
can be compensated applying supply of propane/putarihe wood
pellets — e.g.co-firing wood pellets with supply pbpane/butane of
1,27 kd/sec, thus intensifying formation and igmitiof volatiles.
Maximum temperature in the combustion zone is reddignificantly
faster — already at the 4“79econd;
2.2.1t was stated as the result of experimental rebe#nat supply of
propane/butane to the wood pellets layer providesusat of produced
heat energy. Combustion of wood pellets with moestaontent of
25 % without supply of propane/butane produced RWH of heat
energy during the experiment. Co-firing this wooilhwgaseous fuel
of 1,27 kJ/sec generated 36 % greater amount oiemeagy;
2.3.Analysis of combustion product composition fluctaas was made in
order to evaluate impact of co-firing on the conipos. It was made
by evaluating relative changes of the combusti@mdpect composition
in the process of co-firing. The analysis showeat formation of CQ
emissions in the process of wood pellets combussiaignificantly
influenced by the moisture content in the woodgisilCQ emission
formation is reduced if moisture content increasdsle CO emission

31



volume increases. For example, in combustion ofdvpellets with
moisture content of 8 % GCQy/COmax ratio was equal to 0,47,
CO,1y/COnax ratio — 0,04. Meanwhile during combustion of wood
pellets with moisture content of 25%, relative amoof CQO, was
reduced by 23%, while relative amount of CO incegaby 70%.
During combustion of wood pellets with moisture o of 25 %
with supply of propane/butane relative amount of,@@reased by
8 %, CO — reduced by 31 % in comparison with cortibnsof wood
pellets without supply of propane/butane. This psovthat using
supply of propane/butane to the wood fuel formatigmition, and
combustion of volatiles in intensified, as well fasmation of CQ
emissions, but concentration of CO emission in amstibn products
is reduced;

2.4.When wood pellet moisture content increases frofb 8 25 %
average volume of Oconcentration in products increases from
11,41 % till 13,97 %. This shows that increase ofsture content s in
the wood fuel provides increase of averagecOncentration in the
products, which means that increase of moisturetecbnin the
biomass limits combustion of volatiles and air dyppas to be
reduced in order to provide complete combustion tloé fuel.
Simultaneous combustion of wood pellets with suppbf
propane/butane in the device provides slightly lowecrease of
relative Qayg/Ozmax Volume concentration by 11% in comparison with
wood pellets combustion without supply of propan&be, because
supply of propane/butane increases average teroperah the
combustion zone, hence providing more complete csitidn of
volatiles;

2.5.Increase of moisture content in wood pellets lichitermation of NQ
emissions, which is related to increase of oxygercentration. At the
same time, during wood co-firing with supply of pame/butane a
moderate NQ emission increase by 21 % in average, was observed
which was related to the increase of average teatyrer,

2.6.Processing the experimental data on combustiodieitty showed that
supply of propane/butane and changes of moistureenbin the wood
pellets influence efficiency of combustion procdssncreases when
supply of propane/butane in the combustion zonegseased and
reduces when wood pellets moisture content is asee;

2.7.Analyzing impact of wood pellets moisture contemid asupply of

COszg. CO Ozavg. NO

avg.

co 2max , Comax OZmax Noxmax

xavg.

propane/butane on g, Q,
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’7avg. .. . . . .
, empirical equations were developed using regrasanalysis.
’7max
Statistical evaluation of the equation ratios anefification of
equation adequacy allowed concluding that the egptiarameters —
wood pellets moisture content and supply of profiariane — are
significant and application of the equations igect.
It was stated in the result of the experimentadéaesh that it is possible to
use flame and nonhomogeneous magnetic field irtteraceffect for
additional control of combustion processes. Thigeatfis based on
magnetic field gradient caused paramagnetic oxygensfer in the
direction of field gradient, causing the changes lotal oxygen
concentration in air and volatiles mixture with Iboting changes of
volatiles combustion process. The following conidos were made after
the experimental device was placed into a permamagnetic field and
wood pellets were combusted with and without supplyropane/butane:
3.1.As the result of the interaction of the magnetatdigradient generated
force and the flame fluctuations of swirling flowyrdamics are
observed with an evident reduction of axial andjéntial velocity of
the flame. Considering this a forecast can be ntiaalein the process
of magnetic field and flame interaction length adblatile matter
containment in the combustion zone will increasmviding more
complete combustion of volatile matters;
3.2.When wood pellets were combusted without supplgropane/butane
it was stated that magnetic field causes paramagoeggen transfer
to the outer part of the flame, reducing format@nCO,, reducing
temperature of the combustion zone and efficiefdlgd combustion
process;
3.3.0,(B)/O,(B=0) ratio reduced 19 %, while T(B)/T(B=0) incredsby
16 %, when supply of propane/butane to the wootktpkdyer was
increased from 0 kJ/sec till 1,55 kJ/sec, providimgrease of
CO,(B)/CO,(B=0) ratio by 56 % but reduction of CO(B)/CO(B=0)
ratio by 33 %. This means that combination of prggautane supply
to the bottom of the combustion zone with paramtgnexygen
transfer caused by the magnetic force can ensune momplete
combustion of volatiles. Supply of propane/butand application of
magnetic field caused increase of the temperatimgs increasing
formation of NQ emissions by 30%;
3.4.Application of magnetic and co-firing of wood péde with
propane/butane provided increase of efficiency #yi8 average and
increase of produced amount of heat energy by 6%.
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Tavg.

Qavg.

Cco 2avg.
Cco 2max

COavg.
CO

max

OZavg .

o 2max

Noxavg.
NO

Xmax

Navg.

77max

Statistical evaluation of empirical equation ratios

Arguments
bo
by

Coefficients
1715,23
-27,15
117,83
2,42
-0,08
0,35
0,49
-0,01
0,03
-0,001
0,006
0,039
0,52
0,01
-0,06
0,65
-0,01
0,12
0,93
-0,008
0,04

t statistic
25,1
-8,42
2,42
10,38
-6,81
2,31
26,43
-5,74
2,5
10,38
-6,81
2,31
20,97
5,22
-3,53
16,11
2,32
-6,39
44,77
-6,99
3,34

P value
0,000
0,000
0,036
0,000
0,000
0,035
0,000
0,000
0,026
0,004
0,008
0,019
0,000
0,000
0,003
0,000
0,036
0,000
0,000
0,000
0,007
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