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Plasma assisted coal combustion. Theory and experiment

Coal fired utility boilers face two problems, the first being the necessity to use expensive oil for start-up and
the second being the increased commercial pressure requiring operators to burn a broader range of coals,
possibly beyond the quality envisaged by the manufacturer’s assurances for the combustion equipment. Each
problem produces a subsequent negative environmental impact. Oil-firing for start-up increases the gaseous
and particulate burden of the plant. The firing of poorer quality coals has two disadvantages: reduced flame
stability performance necessitating oil support and its consequential emissions and cost implications; and
reduced combustion efficiency due to a higher amount of carbon in the residual ash, resulting in an increase
in the amount of emissions per MW of power generated. Plasma assisted coal combustion represents a
new effective and ecological friendly technology, which is equally applicable to alternative ‘green’ solid
fuels. One of the prospective technologies is Thermochemical Plasma Preparation of Coals for Burning
(TCPPCB). This technology addresses the above problems in Thermal Power Plants (TPP). The realisation
of the TCPPCB technology project comprises two main steps. The first is the execution of a numerical
simulation and the second involves full-scale trials of plasma supported coal combustion through plasma-
fuel systems (PFS) mounted at TPP boilers. For both the numerical simulation and the further full-scale
trials, the boiler of 200 MW power of Gusinoozersk TPP (Russia) was selected. Four PFS are mounted on
the furnace and used for boiler start-up and low-rank coal flame stabilisation. The numerical simulation was
fullfilled with the help of the Cinar ICE ‘CFD’ code. Cinar ICE has been designed to provide computational
solutions to industrial problems related to combustion and fluid mechanics. The Cinar code solves equations
for mass, momentum and energy conservation. Physical models are employed for devolatilisation, volatiles
combustion (fast un-premixed combustion), the char burnout and the turbulence (k-¢). Comparison of the
calculations with the trials data showed good agreement. The maximal devergency between mesured and
calculated temperatures in the outlet of the furnace does not exeed 15%. Note: this is bound to be true
from a simple heat balance if the data are any good. Numerical simulation and full-scale trials enabled the
following technological recommendations for improvement of existing conventional TPP to be made. It is
concluded that the developed and industrially tested PFS improves coal combustion efficiency, decreases
harmful emission from pulverized coal fired TPP. Prior to the wider implementation of PFS, additional data
relating to further coal types and their blends are required.

Keywords: Coal combustion, coal thermo chemical preparation, plasma-fuel system, simulation, full-scale
experiment.
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C:xuranue yris ¢ J1a3MeHHBIM CONMPOBOKAeHNeM. Teopust 1 IKCIIepUMEHT

CHKUTaHWIO YIS B IPOMBIIUICHHBIX KOTJIAX COMYTCTBYET JIBE IIPOOIIEMBI, IIEpBasi U3 KOTOPBIX — 3TO HEOOXO-
JUMOCTB MCTIONB30BaHMS TOPOTOCTOSAIIECTO Ma3yTa Ui ITycKa KOTJa, W BTOpasi — HEOOXOANMOCTh CIKUTATh
IIMPOKHUH CIIEKTP HEMPOEKTHHIX yrel. Kaxaas u3 aTux mpoOiieM OTpUIAaTENbHO BIUSET HA OKPYKAIOIIYIO
cpeny. Crkuranue Ma3yTa JJisl paCTOIKH KOTJIoarperara yBeJIMuuBaeT 3aJI0BbIe BBIOPOCH BPEIHBIX Ta30B U

ISSN 1563-0315 Kaz¥V xabapusl. ®usuka cepusicel. Ne 1 (44). 2013



44

Plasma assisted coal combustion. Theory and experiment

caxxu B arMocdepy. Cxkuranue HU3KOCOPTHBIX YIVICH HMeEET JiBa HEOCTaTKa: CHU)KEHHE YCTOWYHBOCTH TO-
PEHUS TBUICYTOIBHOTO (akena, Tpedyroliee cTabmIN3auy ero TOPEHUs TOIIOYHBIM Ma3yTOM, CIIEACTBHEM
Yero sBJIAETCS MOBBIIICHUE IBUICTA30BbIX BHIOPOCOB M 3aTpar, a TAKKe CHIKEHHE 3(P(HEKTUBHOCTH CHKU-
TaHUs Yo U3-3a OoJsiee BBICOKOTO MEXaHWYECKOro HEAOXKOoTa TOIUIMBA. B pesymbrare HaOmomaercs mo-
BBIIICHHE CTOMMOCTH YCTaHOBJIEHHOTO KBT BbIpabaTeiBaeMOM 3JeKTpHUUeckoil MourHocTH. IlnazmenHas
TEXHOJIOTHSI COKUTAHMS YIUIS IPEJICTABIISIET COO0M HOBBIN A(PEKTUBHBINA 1 IKOJIOTHYECKU TPUEMIIEMbIH Me-
TOA, OJNM3KNHN K «3€JIEHOI TEXHOJIOTHUHM» UCIOJIB30BaHMS TBEP/IBIX TOIUIMB. [1a3MeHHast TepMOXUMHUYECKast
noaroroska torumsa K cxuranuio (ITTIITC) ycrpanser BblmeynoMsHy Thie IPOOIEMBI HA MBUICYTOIBHBIX
TeruioBbIX dekTpocTaHIisix (TDOC). Peanmsanus texnonoruu IITIITC BrimtodaeT B ceds ABa OCHOBHBIX
stamna. [lepBblil — UnCICHHOE MOZIENNPOBAHHE, @ BTOPOH — MOJTHOMACIITAOHbIEC UCTIBITAHUS COKUTAHUS YTIS
C UCTIONIb30BaHKEM IU1a3MeHHO-TOMIHBHBIX cucteM (IITC), yctanoBnenHsix Ha koTnax TOC. Jlns yucnen-
HOTO MozieMpoBanus U nanbHennux ucnsiranuii [ITC Obl1 BeIOpan koten MoriHocThio 200 MBT I'ycnno-
o3epckoii ['POC (Poccus). Uetsipe [ITC ObLIH yCTaHOBICHBI B TOIIKE KOTIIA TSI €10 O€3Ma3yTHOW PaCTONKH
1 cTabMIIM3aIMy TOPEHUs ITBUICYTOIBHOTO (hakena. UnciieHHOe MO/IEMPOBAaHUE OBUIO BBIMIOJIHEHO C IOMO-
mpio 3D mporpammer Cinar ICE, koTopas Opiia pa3paboTaHa ISl pelIeHus TPUKIaTHBIX 3a/1ad TOPEHIS ’
ra30JMHAMHKH B TOIKaX MPOMBIINIIEHHBIX KOTIOB. [Iporpamma Cinar ICE ocHoBaHa Ha perieHun ypaBHe-
HUIA TEIJI0- MacCOOOMEHa, UMITYJIbCA M SHEPTHH, C HCIOIb30BaHHEM (U3MUECKUX MOJEIICH ISl OMUCaHMs
BBIXO/1a JIETYYHX YIVIsSI, UX TOpeHus (YNPOIIeHHAas KHHETHYecKas CXeMa roprodyeil CMecH), BBITOpaHus yTiie-
pona u TypOyneHTHOCTH (K-e-Mozenb). CpaBHeHHE pacueToB ¢ pesynbraramu ucnbiranuid [ITC mokasano
xopoiiee coracue. MakcuMalnbHOE PacXOKACHUE MEXTy U3MEPEHHBIMH M PACCUMTAHHBIMU 3HAUYCHUSMHU
TEMIIepaTypbl Ha BBIXOJIE M3 TONKH HE MpeBbmano 15%. 3ameruM, 9To 3Ta BEJIMYMHA HE MIPEBBIIIACT HE-
BSI3KM TEIUIOBOTO OanaHca TONKH KoTiIa. YuciaeHHoe MoaenpoBanye u HatypHsle ucnbitanus [1TC no3so-
JIUIIM pa3paboTarh TEXHOJIOTMYECKHE PEKOMEH IAIMK 110 COBEPUICHCTBOBaHHIO cyiiecTBytomux TOC. Pas-
paboTaHHBIE U WCIBITAHHBIE HA MPOMBINUIEHHOM IblIeyroibHoM Komie [ITC noseimator 3¢dexTuBHOCTL
CKUTaHMS YISl M YMEHBIIAIOT BpeHbIe BHIOpocHl. [ mmpokoro Baeapenust [1TC TpebyroTcst 1omnoiaHu-
TEJIbHBIC JJAHHBIC 110 TNIa3MEHHOMY CXKHTaHHIO PA3JIMYHBIX TUIIOB YIJICH U X CMecel.

Kniouegvie cnosa: cxuranue yris, TepPMOXMUMHUECKasl IOATOTOBKA YIUIsl, INIa3MEHHO-TOIUINBHAS CUCTEMA,
MOZIEINPOBAHUE, HATYPHBIN SKCTIEPUMEHT.

B.E. Meccepine, A.b. Yctumenko, E.W. Kapnenko, @.Y. Jloksyn, 3. SIHKOCKH
Inazmabik KocTayMeH KoMipai xxary. Teopus :koHe IKCIIepUMEHT

OHepkacin KazaHaapaa KeMip/i xKary eKi MOceleHi TyasIpajibl, OipiHIIi — oy Ka3aHIsl kidepy yIIiH aca
KbIMOAT Ma3yTThl NaiiagaHy KaXeTTUIIr KoHEe eKiHII — OipHele )o0aublK emec Kkemipiepai xary. Ochl
MaceJesepIiH 9p KalChIChl KOpIaraH opTara Kepi acep ereni. Kazanaapaan TypaTblH arperarThbl )KaHbIpyFa
KaXXeT MasyTThl jKary arMmocdepara 3apapiibl I'a3 JKOHE KYWEHIH HIbIFapyblH acblpajbl. TOMEH COpPTTHI
KeMipiep/i KaFyIblH €Ki KeMIIUTri 6ap: TO3aHabl KOMIpIiK ajnayibl TYpPaKTaHOBIPY YIIiH JKaHIBIPY Ma-
3yTTHI KQKET €TETiH JKaHyAbIH KaJbIIThl KYHIHIH TOMEH/IEYl, OHBIH CaJIAaphl TO3aH Ta3/bl MIbIFapyIap MEH
IIBIFBIHIAPABIH KO0eI01 )KOHE COHBIMEH KaTap OTBIH/IbI MEXaHUKAJIBIK TYP/IE ’KaHABIPY KEPEK OOIFaH/IBIKTaH
KOMIpJIiH JKaHy THIMALIr TeMeHzaeyi Ooubin Tabbuiaabl. HoTmkeciHue 3MeKTpiliK KyarThlH OelrijeHreH
kBr1-H OarackinblH ecyi Oaiikanaasl. KemipaiH miia3Maliblk »Karybl )KaHa THIM/ JKOHE SKOJIOTHSUIBIK Ta3a
aztic, OYIT 911iC KATThI OTBHIH/IBI KOJJIAHY <GKAchlT TEXHOJIOTHSChIHA» KaKbiH. OTBIHABI XKaFyFa IIa3MalblK
TepMoXuMMsITBIK faiibiaaay (OXKIIT/) aranmran mocernernepii TO3aH KOMIPIIK JKbUTYy SJICKTPCTAHIHA-
nmapeiHaa (JKOC) memeni. OXKIIT TeXHOMOTHACH €Ki dTanTaH Typansl. BipiHIII — CaHIBIK MOJEIBIEY,
an exiximi — XKOC KkazanmapslHAa OpHATBUIFaH TUTa3Ma-oThIHABIK kyienepai (ITOX) xonmmany apKbUTBI
KOMIp/Ii JKaFyJIblH TONBIK TYp/e cbiHaybl. Canabik Mozenbaey sxoHe [10XK opi kapaii cbiHayaaH eTKi3y yIIiH
kyarsl 200 MBT-ThIK Peceit eninperi 'ycunosepck I'POC kaszansl ansingbl. Kazanra Tept [10XK opHathLi-
JIBI, OJIap Ka3aHIbl Ma3yTChI3 JKaryFa )KaHe TO3aH KOMIpIIiK ajlay/ibl TYPaKThIpaHAbIpyFa apHairad. CaHIbIK
MOZIENb/ICY OHEPKICIIT Ka3aHJap/IbIH KaHIbIPY KYPaJIIapbIHAA JKaHy XKOHE Ia30IMHAMHUKAHBIH KOJIaHOAIbI
ecenrepinig menryre apaanrad Cinar ICE 3D mporpammacs! apksutbl operiHgangsl. Cinar ICE nporpamma-
CBI KOMIP/IiH HIBIFY KOHE JKaHy YAepiciH (KaHy KOCHaHbIH KbICKAPTHUIFAH KHHETHKAJIBIK MOJIEI ), OTTETiHIH
KaHy MeH TYpOYJCHTTUIKTIH (K-£-MOJI€JIb) CHIIATTANTBIH (PM3UKAJIBIK MOJEIbACP] apKbUIbI KOMIP JKbLTY
Macca ajMmacy, UMIIYJbC JKOHE DHEPIHsSHBIH TeHJIIKTepiH wemryre HerizuenreH. Ecenreynepain ITOX
CBIHAKTAPBIHBIH HOTHIKECIMEH CaJIBICTBIPYHI JKaKChl KeJliciMae ekeHiH KopiH/i. OTTHIKTHIH IIBIFBICHIH/IAFbI
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TEMIIepaTypaHblH OJIIICHIeH MEH €CENTEIreH MOHHIH MaKCHMallbl alblpMambuiblFbl 15%-man acmna-
nbl. CangplK Monenbaey koHe [1OXK-H 3arTeik chiHakTapsl JKOC-abl jKakcapTy YIIH TEXHOJOTHSIBIK
ChIHAKHaMaJap/ibl KypacThIpyFa MYMKIHJIIK Oepai. Kypbuiran xoHe OHEpKaCINTIK To3aH KOMIPIIK Ka3zaH/a
ceiHaynan otkiziaren ITOX kemipni skary THIMAUIITIH achlpaabl »oHE 3apapilbl IIBIFBIHAAPIBI a3aid-
taapl. [TIOX-ai eHrizy ymiH opTypii THUNTI KeMIpJIepiH >KSHE OJap/blH KOCHAJapBIHBIH IUIA3MaJIbIK

JKaHJABIPYBIHBIH KOCBIMIIIA zLepeKTepi KaxeT eTineni.

Tyitin co30ep: xoMip/i kary, KOMIp/l KbUTyXUMHUSUIBIK JIasipiiay, T1a3Majbl-OThIHABIK JKYHE, MOJAECIbBICY,

3aTThIK OKCIICPHUMCHT.

Introduction

Plasma assisted coal combustion is a relatively
unexplored area in coal combustion science and only
afew references are available on this subject[1]. Coal
fired utility boilers face two problems, the first being
the necessity to use expensive oil for start-up and
the second being the increased commercial pressure
requiring operators to burn a broader range of coals,
possibly outside the specifications envisaged by
the manufacturer’s assurances for the combustion
equipment. Each of these problems results in a
negative environmental impact. Oil firing for start-
up increases the gaseous and particulate burden of
the plant. The firing of poorer quality coals has two
disad-vantages: reduced flame stability performance
necessitating oil support and its consequential
emis-sions and cost implications; and reduced
combustion efficiency due to a increased amounts of
car-bon in the residual ash, resulting in an increase
of emissions per MW of power generated. Plasma
assisted coal combustion represents a new effective
and ecological friendly technology, which is equally
applicable to alternative ‘green’ solid fuels.

Thy technology Thermo Chemical Plasma
Preparation of Coals for Burning (TCPPCB) ad-
dresses the above problems in Thermal Power
Plants (TPP). The realisation of the TCPPCB tech-
nology comprises two main steps. The first includes
numerical simulations and the second involves full-
scale trials of plasma supported coal combustion
in a TPP boiler. For both the numerical study and
full-scale trials, the boiler of 200 MW power of
Gusinoozersk TPP (Russia) was selected. Four PFS
are mounted on the furnace and used for boiler start-
up and low-rank coal flame stabilisation.

The numerical simulations were performed
using the Cinar ICE ‘CFD’ code [2]. Cinar ICE has
been designed to provide computational solutions
to industrial problems related to combustion and
fluid mechanics. The Cinar code solves equations
for mass, momentum and energy conserva-tion.
Physical models are employed for devolatilisation,
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volatiles combustion (fast un-premixed combustion),
the combustion of char and the turbulence (k-
€). Comparison of the calculations with data
generally reveals excellent agreement. The maximal
discrepancies between measured and cal-culated
furnace temperatures do not exceed 15%.

Structure of the paper

The simulation of coal combustion using plasmas
in industrial scale applications includes several steps.
This paper is correspondingly structured (Fig. 1). In
the first step, the performance of plasma generator
is simulated and the results are compared with the
experimentally measured tem-perature contour
lines. The second step involves the simulation of
the thermo chemical preparation for combustion
of pulverised coal (Tugnuiski bituminous coal,
Russia) within the PFS (plasma burner 1). The
results obtained from the numerical simulations
of this phase were validated against experimental
results [3, 4]. The numerical calculations include
the implementation of several differ-ent approaches
of combustion modelling as a numerical study
towards the clarification of physical and chemical
behaviour of pulverised coal-plasma interaction.
The methodology used for the com-bustion
modelling includes the following approaches: fast
chemistry (simple reacting chemical sys-tem); a
laminar flamelet model; and a thermal equilibrium
model. Comparing the results obtained from all the
models, the thermal equilibrium model showed the
closest results to the experimental data.

The geometry of the plasma burner 2 of the
BKZ-640 boiler and the type of the fuel differ from
the data used for the modelling of plasma burner
1. The simulation of the plasma burner 1 was used
for the validation of the numerical results since
experimental measurements exist only for this
burner.

In step 3, the selected modelling approach
(thermal equilibrium) was used for simulation of
a new PFS (plasma burner 2) and another type of
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coal (Kholboldjinski brown coal, Russia). The re-
sults obtained from this study were used as an input
values for the calculation of the boiler perfor-mance
working in the ‘plasma-assisted’ operational regime.
The final step of the numerical study (Step 4)
includes the simulation of industrial boiler operation
in the conventional and plasma-assisted regimes. As

a test case of the industrial application of The BKZ
640 boiler of the Gusinoozersk TPP in Russia was
selected for this exercise.

Finally, the data obtained from full-scale trials
of the BKZ-640-140 boiler starting-up with help of
PFS are presented, and compared with the numerical
results.

Plasma flame 1
Validation

Boiler BKZ 640-140
H=34m;W=18m;D=7.7m
Kholboldjinski coal

e 0 a) Conventional operating regime " s /7 i,

}:" mmmmm b) Plasma operating regime = | | 2
é * — i 4
|
Plasma burner 1 2 Plasma burner 2 3 5
D=025m;L=235m D=043m;L=3.0m .
Tugnuiski coal plasma Kholboldjinski coal ~pasma Boiler
Validation QEHEI'ECOT generator BKZ 640_140
furnace ’ furnace Full-scale
air-fuel air-fuel TR-[ALS
mixture mixture
pulverised-coal torch pulverised-coal torch

Figure 1 — Schematic view of the work performed

Numerical and experimental investigation of
plasma flame

The plasma generator creates a low-temperature
plasma flame using air as the plasma gas, blown
through the arc formation region. The high
concentration of electrical energy heats the air
forming the plasma flame. The mass-averaged
temperature of the plasma flame is within the range
of 2500-5000K, depending on the electric power
supply. The plasma generator is placed on the

Cathode ~ “Amode

plasma burner to provide the heat necessary for the
thermo chemical preparation of the coal prior to its
combustion.

The measured temperature contours for a
typical plasma flame are presented in Fig. 2. The
measurements were taken for an unconfined air
plasma flame. The mean temperature of the plasma
flame at the outlet of the plasma generator is about
5000 K for an air mass flow through the nozzle of
around 36 kg/h and a power input of 100 kW.

1000K

L, mm

R mm

Figure 2 — Experimental plasma flame and its measured isotherms
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In preliminary calculations, the spreading
rate of the plasma jet emerging from the plasma
generator nozzle was simulated. The divergent
nozzle expands from 40 to 60 mm over a length of
80mm (Fig. 2).

Predicted isotherms profiles are shown in Fig. 3.
Comparisons with the experimental data, taken from
Fig. 2, are presented in Table 1. It can be seen that
predicted and measured results are generally in quite
good agreement.

Temperature (K)

5000
40G0
N 3000
2060
o000

Figure 3 — Predicted isotherms of air-plasma flow from the plasma generator

Table 1 — Comparison of measured and predicted values of the temperatures along the air plasma flame

Temperature (K)

Distance along | 5, 4500 4000 3500 2500 2000 1500 1000
axis (m)

Experiment 0.03 0.05 0.086 0.116 0.153 0.188 0.227 0.375

Simulation 0.03 0.086 0.109 0.123 0.167 0.202 0.255 0.37

Numerical and experimental investigation of
PFS

The plasma burner is a cylinder with the plasma
generator placed on the burner body, as shown in
Fig. 4.

The mechanism of the thermo chemical
preparation of pulverised coal for combustion can

Air/Coal
mixture
e E— -=

350K

. 60 mm

R R R R R R R R R R PR

2350 mm

The temperature of the lined non-cooled wall T, = 800K

Figure 4 — Schematic view of cylindrical direct flow
burner (PFS)

ISSN 1563-0315

be explained as follows. Primary air-coal mixture is
fed through the pipes to the burners. If the burner
is not equipped with a plasma generator, the air-
coal mixture is introduced into the furnace where
it is ignited and combusted as in conventional
boilers. If the burner is equipped with a plasma
generator, the plasma flame heats up the pulverised
coal. In this case, the volatiles are released, while
the remaining char is partially gasified. Since the
primary mixture is deficient in oxygen, the carbon
is oxidised mainly to carbon monoxide. As a result,
at the exit from the burner a highly reactive mix-
ture is formed of combustible gases and partially
burned char particles, together with products of
combustion, while the temperature of the gaseous
mixture is around 1300K. Further mixing with the
secondary air, upon the introduction of the mixture
into the furnace, promotes ignition and complete
combustion of the prepared fuel, without the need
for supplementary fuel (oil or natural gas).

The numerical experiments were performed for
a cylindrical direct flow burner (Fig. 4), 0.25 m in
diameter and 2.35 m in length, equipped with the
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plasma generator. The nominal electric power supply
for the plasma generator was 100 kW. At this power
consumption, the efficiency of plasma generator is
around 85% and the plasma gas mass flow rate is
54 kg/h, while the mass averaged temperature of the
flame is some 2800 K (Table 2).

The coal and air mass flow rates through the
burner were 1.75 t/h and 3.5 t/h respectively;
while the coal-air mixture inlet temperature was
350 K. The mass flow specifications gives coal
dust concentration of around 0.5 kg of coal per kg
of air. Such concentration provides high fuel-rich
conditions within the plasma chamber with the
equivalence factor of around 3.0 [5]. The specifica-
tion of working parameters for plasma generator and
chamber can be found in Table 2.

‘Tugnuiski’ bituminous coal was used for the
experiments. Its proximate and ultimate analyses
and particle size distribution are presented in Table
3. From the available experimental data of the
plasma burner operation, the measured composition
of the gas phase at the outlet of the burner was
(volume %): CO=28.5; H,=8.0; CH,=1.5; CO,=2.0;
N,=59.5; 0,=0.0; others = 0.5, including NOX=50
mg/nm3.

The measured temperature profiles are shown in
Fig. 5. In the initial section of the PFS (line 1) the
temperature profile has only one maximum and it
is not axis-symmetric. This is due to the influ-ence
of the plasma flame. The temperature profile at the
exit from the plasma burner shows axis-symmetrical
behaviour.

Table 2 — Specification of Operating Parameters for
Plasma Burner

OPERATING DATA
Plasma burner (muffie)
Length (m) 2.35
Inner diameter (m) 0.25
Plasma Generator
Electric power (kW) 100
Plasma gas Air
Mass flow (kg/h) 54
Inlet air temperature (K) 298
Outlet air temperature (K) 2800
Inner diameter (m) 0.04
Outlet velocity (m/s) 118.2

Primary air
Air flow (kg/h) 3500
Velocity (m/s) 20.0
Temperature (K) 350
Coal dust concentration (kg/kg) 0.50
Table 3 - Specification of Tugnuiski bituminous
Coal
Tugnuiski coal

Proximate analysis mass % Particle size

distribution *
Moisture 14.00 160 um — 10%
Volat.Matter 36.27 130 um — 10%
Fixed car-bon 44.33 74 um —20%
Ash 19.40 50 um —40%
Ultimate analysis mass % 24 ym —20%
Carbon 61.7 )
Hydrogen 4.10 Lowzrs ggliiliiljk\;alue:
Nitrogen 1.20
Sulphur 0.39 Coal feed rate:
Oxygen 13.20 1750 kg/h

* assumed particles size distribution

The coal thermo chemical preparation numerical
calculations are performed for the plasma burner of
Fig. 4. The specification of the coal and the plasma
burner operating parameters used for the numerical
calculation have been given in Tables 2 and 3. The
flame from the plasma generator feeds the burner
0.35 m in axial direction upstream of the burner
inlet plane (Fig. 6). To enable the modelling exercise
the plasma flame is assumed as a heat/mass source
defined with the exit temperature of 2800 K and the
mass flow of 54 kg/h.

The numerical results for the radial temperature
profiles at the burner exit are presented in Figure
7, while Figure 6 shows the predicted temperature
contours along the burner axial direction. The
numerical results are validated with the measured
data only at the exit of the PFS. The radial
temperature profile is shown for an axial location of
2.0 m from plasma generator axis (x = 2.35 m). The
predicted profile is revealed to be axis-symmetric in
accordance with the experimental profile.

Althoughthemeasured profile shows adistinctive
temperature minimum at the chamber cen-tral line,
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Figure 5 — Measured temperature profiles inside the PFS
1 =750 mm downstream of the plasma generator; 2 —outlet of the PFS
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Figure 6 — Predicted temperature contours along the burner axial direction
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Figure 7 — Predicted temperature radial profiles at the exit of plasma burner 1

in the case of predicted temperature profile this
minimum is insignificant. This could be the reason
of under-predicted penetration of the plasma jet into
the co-flowing stream of air-coal mixture. In the real
situation, it may be expected that the plasma jet will

ISSN 1563-0315

separate the air-coal mixture flow into two streams,
leaving the central part of the flow with lower fuel
concentration. The high-energy concentrated plasma
jet, with high initial momentum, may act as a solid
body [6] penetrating through the cross flow, while
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the coal particles trajectories are divided into two
streams, showing two temperatures maxima on both
sides of the centre line.

As can be seen from Fig. 7, when using the
fast chemistry model the code over predicts the
temperature level of combustion. The averaged
temperature at the exit from plasma burner is 1600
K while the experimental one was 1200 K. This
discrepancy in temperature, as well in species
concentrations, may be attributed to the nature of
combustion model used, since the fast chemistry
model takes into account only global nature of
the combustion process. Thus, it was necessary
to employ the model that includes the finite rate
chemical reactions, such as laminar flamelet model.

The laminar flamelet approach involves detailed
chemical mechanism of volatiles species combustion,
with some 250 chemical reactions included in the
calculation (standard GRI-mechanism). The ‘Flame
Master’ code [9] was used for creating the libraries
carrying the infor-mation of species concentration as
a function of mixture fraction. This approach gives
more data on intermediate species concentration and
improved the predictions of the temperature level.
However, the species concentrations, mainly of CO,
were generally under predicted.

The modification of the fast chemistry model
introducing the reactions of char gasification (char +
CO2 and char + H,0) gave slightly better predictions
than the standard fast chemistry mod-el. During the
parametric study, it was observed that the activation
energy of char gasification reac-tions was too high
to produce the required amount of unburned gases
such as CO and H,. According to [7], the activation
energy for both gasification reactions are likely to
decrease as a result of the existence of electric and
magnetic fields coming from the plasma flame. This
would increase the reactivity of the residual char,
while their values have to be obtained from the
experimental measurements. These results are not
presented in this paper.

For the thermal equilibrium calculations, the
TERRA code was used. The application of the
thermal and chemical equilibrium approach gave
the closest results to the experimental data. This
method included the formation of the libraries
containing the values of species concentrations as
a function of the mixture fraction and temperature
level. The improvement of temperature level pre-
diction and species concentrations is evident in Fig.
7 and 8. Although the combustion is not a thermal

equilibrium process, the application of this approach
could be justified by the existence of charged
species and radicals, which are highly active and
probably act as a catalyst increasing the rate of
chemical reactions. In addition to this, the high-
energy input and maximum temperature level make
the chemical reactions fast so that they are probably
close to the equilibrium condition. The thermal and
chemical equilibrium approach was selected for the
calculations of the plasma burner 2 (Fig. 1).

Simulation of PFS 2

The properties and working parameters of the
plasma burner 2 differ from the plasma burner 1 in
the geometry and the type of coal used. Generally,
the geometry of the plasma burner 2 is similar to the
geometry of that of 1 (Fig. 4), the only difference
being a burner length (L = 3.0 m) and di-ameter
(D = 0.43 m). In this case, the pulverised coal was
Kholboldjinski brown coal (Table 4).

The prediction of the temperature level at the
exit from the plasma burner is uniform attaining
a maximum level of some 1400K (Fig. 9). For
calculation of the second plasma burner just
the thermal equilibrium method was used. This
approach gave the closest results to experimental
data in case of plasma burner 1 (paragraph 3). The
predicted species concentrations at the exit from
plasma burner are presented in Fig. 10. The values
of the temperature level and species concentrations
were used input values for the numerical simulation
of the boiler working in the plasma regime.

Numerical investigation of the furnace

The plasma burner 2 was incorporated in
the furnace of a full-scale boiler with a steam
productivity of 640 t/h (Gusinoozersk Thermal
Power Plant, Eastern Siberia, Russia). The schematic
view of the boiler equipped with PFS (muffles)
and its primary dimensions are shown in Fig. 11.
The furnace is characterised by two symmetrical
combustion chambers, each having 4 tangentially
directed main double burners in two layers. Waste
burners are situated in a top layer. Each of the main
burners is divided in two sections. They are the
section of air-fuel mixture supply and the sec-tion
of secondary air supply. The waste burners supply a
low coal concentration in the air-fuel mix-ture (< 0.1
kg/kg), so their effect on combustion is very small.
Combustion chambers are joined by a central section.
The cooling chamber is above of the combustion
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Figure 8 — Predicted radial profiles for species concentrations at the exit of plasma burner 1
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Figure 9 — Predicted temperature radial profile at the exit of plasma burner 2

chambers and then turning chamber follows. The
technical specification and operating data for the
BKZ 640-140 boiler along with the Kholboldjinski
brown coal specification are presented in Table 4.
Four PFS (plasma burners 2) are mounted
instead of four lower sections of the main double
burners as it is shown in Fig. 11 (on the right).
During the period of boiler warm- up and flame
sta-bilisation, the plasma generators are operating.

ISSN 1563-0315

When the boiler performance is stabilised, the
plasma generators are switched off and plasma
burners work as conventional burners for pulverised
coal. In the case of flame instabilities, the plasma
generators are easily switched on.

The grid configuration for the mathematical
simulation and a 3D view of the generated grid profile
can be found in Fig. 12. The grid is defined by 118 x
52 x 68 grid lines in three directions (X, y and z).
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Figure 11 — Scheme of a full-scale industrial furnace, BKZ 640-140 boiler

The main results from numerical experiments
for the furnace, velocity vectors, temperature
profiles and oxygen concentrations, are presented
in Fig. 13-15. In Fig. 14 and 15, panel 1 presents
the predicted values for the centre line along the
furnace height, while panel 2 gives the values at
the exit, along the furnace width. The numerical
results represent the boiler performance for the

standard operational regime and for operation in
plasma regime. Due to the lack of measured data,
only values of boiler performance in standard
regime and at the exit from the furnace could be
vali-dated. The measured averaged temperature at
the exit is around 1400 K, and this value agrees
with the numerical results, while the averaged
concentration of measured oxygen is around 4%.
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combustion chamber results from the introduction
of the mix-ture of hot combustible gases and
unburned char from the plasma burners.

In the plasma regime (Fig. 15) the temperature
levels along the furnace height are lower, while
rapid com-bustion of pulverised fuel within the

Table 4 — Specification of the Coal, Technical and Operating Parameters for BKZ 640-140 Boiler

Ne | Characteristics Dimension Notation Value
1 | Fuel consumption on the boiler kg/h B 121300
2 | Fuel consumption on the burner kg/h B, 15160

S 0.38
C 47.56
H 3.81
(0) 17.12
3 | Fuel — Kholboldjinski Brown Coal: Coal composition % N 0.83
FC 24.94
VM 31.66
W 18.80
A 24.60
4 | Heat of combustion MlJ/kg QY. 14350
5 | Theoretically required quantity of air for burning 1 kg of coal Nm’/kg v, 3.8
6 | Total amount of air on the boiler Nm’/h A% 553128
7 | Milling fineness % Ry, 50
8 | Coefficient of air surplus on the fire-chamber’s outlet art 1.2
9 | Air inflow in the fire-chamber % Aa 30

10 Part of primary air from the total quantity of air supplied in fire- % N 27

chamber primary

11 | Fire-chamber’s height mm z(H) 7096
12 | Fire-chamber’s width mm Y 18176
13 | Fire-chamber’s depth mm X 7744
14 | Cooling chamber’s height mm z, 26500
15 | Cooling chamber’s width mm Y, 18176
16 | Cooling chamber’s depth mm X, 7744
17 | Type of the using burners fan-tail burner
18 | Number of double burners n 8
19 | Section of the burner on primary air m? F, 0.364
20 | Section of the burner on secondary air m? Fy 0.538
21 | Air-fuel mixture velocity m/s W, 20
22 | Secondary air velocity m/s W, 44
23 | Temperature of air-fuel mixture °C ta 80
24 | Temperature of the secondary air °C t 350
25 | Concentration of coal dust in air-fuel mixture kg/kg 0.628
26 | Number of waste burners n 8
27 | Diameter of waste burners mm dy/dP 630/530
28 | Air-fuel mixture velocity m/s W, 30.9
29 | Secondary air velocity m/s W, 323
30 | Temperature of air-fuel mixture °C t 80
31 | Temperature of the secondary air °C t, 350
32 | Concentration of coal dust in air-fuel mixture kg/kg u < 0.1
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The predicted results of industrial boiler
simulations in conventional and plasma operational
mode show that operation of the plasma burners
there creates favourable conditions which promote
stable ignition of the pulverised fuel and its intensive
burning within the combustion chamber.

Full-scale trials

The schematic of the plasma generators
mounted directly onto direct flow pulverized coal
burners is shown in Fig. 4. The use of different types
of burners does not incur essential distinctions in
the mechanism of thermo chemical preparation of
pulverized coal for combustion.

The scheme of the boiler’s furnace and its
geometrical sizes are shown in Fig. 11. During
the tests of oil-fuel-free boiler start-up, the main
operating parameters were measured with the help
of standard boiler measuring instruments. Also,
samples of raw coal and volatile ash were taken at
cer-tain time intervals depending on the increase of
heat generation in the furnace and the temperatures
of flue gas at the outlet. In addition, the flame
temperature was periodically measured.

The full-scale trials of the boiler BKZ-640 (steam
productivity 640 t/h) start-up and stabiliza-tion of
coal-dust flame were fulfilled in correspondence
with a specially constructed operating pro-gramme,
ratified by the technical manager of Gusinoozersk
TPP.

Plasma starting-up of the boiler was carried out
from cold (non-operated) state in accordance with
Instruction for the boiler exploitation and work
program of the trials.

Temperature measuring was effected with
the help of thermocouples and optical infrared

py-rometers. Samples of gas and volatile ash for
analyses were taken before electrical filter with the
help of special ejector sampling tube in accordance
with the method of SOUZTEKHENERGO [8].

The main results of the trials are gathered in
Table 5.

In 1 hour and 35 minutes after starting of all
four plasma generators and the supply of the pul-
verised coal to the plasma-fuel systems temperature
of the exhaust gas in turning chamber was 3000C.
After 4 hours and 10 minutes, the conditions for
steam turbine activation were achieved. In 5 hours
temperature of the exhaust gas in turning chamber
achieved 3700C at that turbine speed achieved 3000
rpm. The temperature of the gas at the furnace outlet
(height is 32.3 m) achieved 1030-1175 OC. The
combustible matter in the ash was 15.8% while all
the volatile matter evolved to the gas phase. This
translates to an unburned carbon was about 3.2%.
After an elapsed time of 6 hours and 55 minutes the
power-generation was 10 MWe, and pulverised coal
was supplied to four main boiler burners of the upper
burner level above PFS when the power-generating
unit load be-came 15 MWe.

When the temperature in the turning chamber
was 380°C (7 hours and 25 minutes from the start-
up initiation) and for a power generation of 45
MWe, pulverised coal was supplied to all of the
upper level main burners. Temperature of the gas
inside the furnace on the outlet achieved 1050-
1200 °C. After 10 hours from start-up, the power
of power-generating unit achieved 120 MWe, the
temperature inside the furnace (height is 32.3 m)
was 1150-1300 °C, the temperature of the flue gas
in turning chamber achieved 4800C and the flue gas
temperature after electrostatic precipitator (ESP)

Table 5 — Main results of industrial trials of Gusinoozersk TPP boiler starting-up with the help of PFS

. Combustible and Combustible and
Day Gas temperatures in the . . .

i £ f turni hamb Characteristics of raw coal | volatile matter content volatile matter
lmel.o Number urnace(,l ur}llnngtc amber before the mill in dry dust loss before | content in pulp
Samping | and type of and exhaust gas electrofilter after electrofilter

the boiler - -
hours- T, T, T, | WY | AY | V&, Qv, C, Vdaf) Cour V)
minutes o°C °C °C % % % | kcal/kg % % % %
6-00 825-1025 200 61 48.1 11.1 30.7 13.4
7-35 _ 985-1040 300 80 23.1 8.7 27.6 7.0
#2 BKZ 26.0 | 28.4 | 45.0 | 3840
11-00 640-140 [ 1030-1175 | 370 83 15.8 4.4 16.5 3.8
13-25 1050-1200 | 380 85 30.2 7.0 20.2 6.6
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Figure 16 — Variation the main parameters of the trial with the duration of plasma starting-up of the boiler BKZ-640-140

was 90°C. Plasma-fuel systems are stopped after
attaining these conditions. The burners equipped
with plasma generators then operate as the main
pulverised coal burners and the boiler itself operates
in design mode without the need for further plasma
stabilisation. Fig. 16 summarises the start-up period.
As seen from the figure, the temperatures of exhaust
gas, milling agent, gas in turning chamber and
minimal and maximal temperatures in the furnace
increase monotonously.

The curves for combustible and volatile
matter content in the dry coal dust before the ESP
and pulp (slurry) downstream of it have minima.
Their subsequent rise can be explained the whole
upper level of main burners not being equipped
with PFS.

Further heating of the furnace decreases
combustible and volatile matter content in dry
dust be-fore the ESP and pulp after electric filter
and brings to conformity with the boiler Operating
Instruc-tion. Note, minimal temperature Tf (Fig. 5)
is temperature of the pulverised coal flame at the
PFS outlet near the burner throat. The maximum
flame temperature T/ was measured by Infrared
Pyrom-eter.

The following data were measured when the
boiler power was 120 MW and the excess air factor
was 1.24 the: concentration of oxygen (O,) in exhaust
gas was 6.1%, NOx was 700 mg/nm® (1431.5 ppm),
unburned carbon was -0.8%, temperature in the
body of flame was 1270°C and tem-perature in
the furnace outlet was 1050°C. The concentration
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of carbon dioxide (CO,) in exhaust gas calculated
through O, concentration was 14%.

Comparison of the experimental data with the
predictions (Fig. 15) shows satisfactory agree-ment.
As we can see the difference in temperature of the
combustion products inside the furnace is not more
than 17% and at the furnace outlet it is about 6%.
The difference in concentrations of oxy-gen in the
exhaust gas is about 30%. A possible explanation of
the discrepancy is the 60% boiler load factor during
the period of the measurements.

CV is combustible matter content in dry dust
loss before electrofilter; CPULP is combustible
matter content in pulp after electric filter; Vdaf
is volatile matter content; Tex is exhaust gas
temperature; Tm is temperature of milling agent;
Ttur is gas temperature in the turning chamber; Tf is
gas temperatures in the furnace.

Conclusions

* Developed, investigated and industrially-tested
plasma-fuel systems (PFS) improve coal com-bustion
efficiency of, while decreasing harmful emission
from, pulverized-coal-fired Thermal Power Plants.

* PFS eliminate the need for expense gas or oil
fuels on start-up.

* PFS improve coal ignition and burnout
without the need for such remedies as increasing the
mill temperature, augmenting the excess air factor,
or finer grinding.

* The application of different numerical
modelling approaches of pulverised coal
preparation for combustion within the plasma
burner has shed new light on the possible chemical
and physical mechanisms of the coal-plasma
interaction.

* Although the combustion process of pulverised
coal may not be in thermal equilibrium, the pre-
sent thermal equilibrium calculations resulted in
predictions close to the experimental data.

e Simulation of an industrial boiler in
conventional and plasma operational modes reveal
that dur-ing the operation of PFS results in stable
ignition and intensive burning of the pf at reduced
temperature, conditions which reduce the amount of
nitrogen oxide formation.

* Prior to the wider implementation of PFS,
additional data relating to further coal types and
their blends are ideally required.
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