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Ap pli ca tion of plasma-sys tem for pul ver ized coal ig ni tion and com bus tion
sta bi li za tion in util ity boiler fur naces prom ises to achieve cer tain sav ings
com pared to the use of heavy oil burn ers. Plasma torches are built in
air-coal dust mix ture ducts be tween coal mills and burn ers. Char ac ter is tics
of pro cesses in the ducts with plasma-sys tem for pul ver ized coal com bus tion 
sta bi li za tion are an a lyzed in the pa per, with re spect to the mod el ing and nu -
mer i cal sim u la tion of mass, mo men tum and heat trans fer in two-phase tur -
bu lent gas-par ti cle flow. The sim u la tions have been per formed for three dif -
fer ent ge om e tries of the air-coal dust mix ture ducts with plasma torches, for 
TENT A1 util ity boiler and pul ver ized lig nite Kolubara-Field “D“. Se lected 
re sults of nu mer i cal sim u la tion of pro cesses are pre sented. The plasma-sys -
tem ther mal ef fect is dis cussed re gard ing cor re spond ing sav ings of liq uid
fuel. The re sults of nu mer i cal sim u la tions have been an a lyzed with re spect
to the pro cesses in the duct and es pe cially with re spect to the in flu ence of the 
duct shape to a tem per a ture field at the out let cross sec tion, as a ba sis for
the duct ge om e try op ti mi za tion. It has been em pha sized that nu mer i cal sim -
u la tion of pro cesses can be ap plied in anal y sis and op ti mi za tion of pul ver -
ized coal ig ni tion and com bus tion sta bi li za tion and en ables ef fi cient and
cost-ef fec tive scal ing-up pro ce dure from lab o ra tory to industrial level.
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optimization

Introduction

Pul ver ized coal ig ni tion and com bus tion sta bi li za tion by means of
plasma-chem i cal prep a ra tion of pul ver ized coal in util ity boil ers air-coal dust mix ture
ducts prom ise to achieve cer tain sav ings of liq uid fuel. Due to the coal qual ity fluc tu a -
tions dur ing util ity boil ers op er a tion, a need for heavy oil for boiler start up and pul ver -
ized coal com bus tion sta bi li za tion in do mes tic power plants is in creased. Pul ver ized coal
com bus tion sta bi li za tion is nec es sary also in the case of high-qual ity coal dur ing re duced
load ing of steam boiler. Low tem per a ture level in the fur nace dur ing burn ing of
low-qual ity coal or at re duced boiler ca pac ity, as well as an in ten sive cool ing of fur nace,
make a spon ta ne ous re ac tion of com bus tion im pos si ble. It is nec es sary to in tro duce ad di -
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tional ther mal en ergy into the sys tem in or der to pro vide con tin ual com bus tion. Dur ing
1997, Serbian power plants con sumed about 106,000 tons of liq uid fuel, i. e. 55,000 tons
for boil ers start up and 51,000 tons for pul ver ized coal com bus tion sta bi li za tion [1],
which cor re sponds to 1-2% of to tal coal con sump tion, while spe cific con sump tion of liq -
uid fuel was 4 kg per MWh of elec tric en ergy. The so lu tion to the prob lem can be found in 
the ap pli ca tion of low-tem per a ture air-plasma for the plasma-chem i cal prep a ra tion of
pul ver ized coal. This pro cess can be per formed in ducts that con duct the mix ture of
air-coal dust in a util ity boiler. The plasma-sys tem for pul ver ized coal ig ni tion and com -
bus tion sta bi li za tion is based on sub sti tu tion of heavy oil by pul ver ized coal it self, be ing
sub jected to a thermo-chem i cal prep a ra tion, ini ti ated by air-plasma, pro duced by plasma
torches, built within the ducts be tween coal mills and burn ers.

Plasma ther mal en ergy is used for heat ing the air-coal dust mix ture and ini ti at ing 
ad di tional ther mal en ergy re lease due to the pul ver ized coal com bus tion, which con trib -
utes to a de crease of the plasma torches power re quired. While gasi fi ca tion of coal par ti -
cles with car bon-di ox ide and wa ter va por con sumes en ergy, com bus tion of coal and gasi -
fi ca tion prod ucts, si mul ta neously re leas ing en ergy, should com pen sate en ergy losses and 
in crease the ther mal en ergy level of two-phase mix ture in the duct. Lim it ing fac tors of the 
pro cess are coal par ti cles heat ing rate, rel a tively short res i dence time of the air-coal dust
mix ture in the duct and the fact that plasma ef fects only a part of the duct cross sec tion
(the flame prop a ga tion prob lem). Nu mer i cal sim u la tion should give the sug ges tions for
op ti mi za tion of the pa ram e ters within de sign con cept and thermo-flow char ac ter is tics of
the fa cil ity and the pro cess.

There are zones of in ten sive re ac tions due to the plasma ef fect as well as a rel a -
tively in ert re gions in which in flu ence of colder air-coal dust mix ture stream is pre dom i -
nant, giv ing a non uni form tem per a ture and con cen tra tion field in the duct. In such a sit u a -
tion, an over-do main av er ag ing pro ce dure, like in stan dard, en gi neer ing cal cu la tions,
leads to the wrong con clu sions. Con ven tional, em pir i cal tecniques of cal cu la tions do not
pro vide re li abil ity while treat ing changed op er at ing con di tions. A need for de vel op ment
of math e mat i cal mod els ex ists also for the pur pose of minimization of ex pen sive and,
offten, in com plete ex per i men tal in ves ti ga tions. Sim u la tions give com plete fields of rel e -
vant vari ables in the do main as well as an in-depth un der stand ing of com plex pro cesses
in en ergy sys tems, pro vid ing in for ma tion on the pro cesses that can not be ob tained in any
other way, as a ba sis for the pro cess and sys tem op ti mi za tion.

A model de vel oped and de scribed in the pa per is based on solv ing the par tial dif -
fer en tial equa tions of mass, mo men tum and en ergy con ser va tion in re act ing, two-phase
tur bu lent flow, with us ing of ad di tional re la tions de scrib ing dif fer ent phe nom ena in the
pro cess and their mu tual in ter ac tions. Nu mer i cal pro ce dure is de vel oped to the level in
which it pro vides sta bile and re li able so lu tions.

A pro cess of plasma-chem i cal prep a ra tion of pul ver ized coal takes place in
sub-stoichiometric con di tions (with ox y gen mass con cen tra tion less than 10%) in which
gasi fi ca tion of coal and com bus tion of gas eous prod ucts of gasi fi ca tion (in re gions where 
the ox y gen has not been con sumed) are ex pected to be the dom i nant re ac tions. These
phe nom ena are in cluded in the model of re ac tion pro cesses within a prep a ra tion of pri -
mary air and pul ver ized coal mix ture. While a num ber of au thors have al ready paid their
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at ten tion to the in ves ti ga tion of coal gasi fi ca tion [2-5], mod el ing and sim u la tion of these
pro cesses [6] are con sid er ably less of ten rep re sented in lit er a ture. Pro cesses of plasma
thermo chem i cal treat ment of coal at coal-fired ther mal power sta tions [7-9] as well as
math e mat i cal mod el ing of plasma-chem i cal coal con ver sion pro cesses (e. g. [10-12])
have been also in ves ti gated from var i ous points of view. How ever, we could not have
reached, through avail able ref er ences, the other au thors’ sim u la tions re sults (if any) con -
sid er ing pro cesses in air-coal dust mix ture ducts in ex ist ing op er at ing con di tions at ther -
mal power plants. 

As the first step, a two-di men sional model for de scrip tion of pro cesses in
axysymmetric and rect an gu lar air-coal dust mix ture ducts has been de vel oped and ver i -
fied. How ever, con sid er ing the duct ge om e try and di men sions, as well as the fact that in -
ten sive pro cesses takes place only in some re gions of the duct cross sec tion and re gard ing 
con sid er able gra di ents of vari ables in transversal di rec tions, the pro cess occuring in the
duct is con sid ered to be a three-di men sional by its na ture. A two-di men sional model
gives ap prox i mately real pic ture of pro cess only in the plane cross ing the plasma torches
axes, while pic tures in other planes are con sid er ably dif fer ent. An ap pro pri ate de scrip -
tion of global pro cess can be ob tained only by means of com plete, three-di men sional
sim u la tions. On the base of two-di men sional model, a three-di men sional model has been
de vel oped as well as cor re spond ing com puter code for sim u la tion of com plex pro cesses
in the air-coal dust mix ture ducts with plasma-sys tem for com bus tion sta bi li za tion. The
model takes into ac count the trans fer of mass, mo men tum and en ergy be tween trans port
fluid, coal par ti cles and plasma jet in jected into the duct. De vel oped math e mat i cal model
has been ver i fied and cor re spond ing pre dic tions com pared with sit u a tions of dif fer ent
prob lems (pul ver ized coal flame, util ity boiler fur nace [13,14]). It has been ap plied here
for the pre dic tion of the pro cess that has not been ex per i men tally in ves ti gated, so there
are no avail able ref er ent ex per i men tal data. The model has been ap plied for sim u la tion of
pro cesses in one of the air-coal dust mix ture ducts with two op po site plasma torches, for
TENT-A1 210 MWe util ity boiler fir ing pul ver ized Ser bian Kolubara lig nite, but for
three dif fer ent shapes of the duct: rect an gu lar duct with con stant cross sec tion area, cir cu -
lar duct and rect an gu lar duct with flow ex pan sion through a dif fuser. Se lected re sults of
nu mer i cal sim u la tions are pre sented and an a lyzed with re spect to the char ac ter is tics of
pro cesses and the ther mal ef fect of plasma torches. A duct ge om e try in flu ence to a tem -
per a ture field in the out let sec tion of the duct is con sid ered es pe cially, pro vid ing a re li -
able ap proach for op ti mi za tion of the duct ge om e try. 

Mathematical model of plasma thermal and
chemical preparation of coal in
air-coal dust mixture duct

A three-di men sional el lip tic flow is de scribed by the model, with the main char -
ac ter is tics given in the pa per. Ax ial flow of air-coal dust mix ture through the duct, with
lat eral in tro duc tion of plasma jet is con sid ered. Tur bu lent flow of multicomponent gas -
eous phase is treated in Eulerian field, eq. (1), for gen eral vari able F : 
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Sys tem of eq. (1) is closed by means of stan dard k-e gas tur bu lence model. Equa -
tion (1) is solved for mass, mo men tum, en ergy, gas com po nents con cen tra tions and tur -
bu lence ki netic en ergy and its dis si pa tion. For cou pling of gas eous and dis persed phase
PSI-CELL (Par ti cle Source in Cell) method is used, where ad di tional sources due to par -
ti cles S p

F , ob tained by par ti cle track ing are in tro duced in eq. (1). 
Ra di a tion heat trans fer is de scribed by us ing the “model of six fluxes” [15].

Equa tions for to tal ra di a tion fluxes are solved si mul ta neously with fluid dy namic equa -
tions by the same nu mer i cal pro ce dure. In “x” di rec tion, the equa tion is:
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In eq. (2) W0 = Ks /Kt is albedo of radiation scattering, while Kt = Ka + Ks is total
coefficient of radiation, as a sum of apsorption and scattering coefficients. Equation (2)
has equivalent form for the other two directions.

Dis persed phase is de scribed by dif fer en tial equa tions of mo tion, en ergy and
mass change due to chem i cal re ac tions, in Lagrangian field, for in di vid ual par ti cles, with
dif fu sion model of par ti cle dis per sion by gas tur bu lence. Par ti cle to tal ve loc ity is a sum of 
con vec tive and dif fu sion ve loc ity:
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U U Up pc pd= + (3)

where convective velocity is obtained from the equation of particle motion and particle
diffusion velocity is given as:
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where Np is particle concentration (particle number density), constant along each particle
trajectory, obtained from transport equation similar to eq. (1) and Gp is coefficient of
particle turbulent diffusion:
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given with respect to the fluid and particles turbulent diffusivity, nt and np
t . 

Re ac tions model con sid ers both het er o ge neous and ho mo ge neous chem i cal re -
ac tions.
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Model of dispersed phase combustion and gasification

Het er o ge neous re ac tions are de scribed in com bined ki netic-dif fu sion re gime,
within a “shrink ing core” con cept [16]. Re ac tions of ox i da tion of car bon and hy dro gen
from coal are con sid ered di rectly, while sul fur is taken into ac count through equiv a lent
car bon con tent. Ki netic pa ram e ters are taken from prevoius ex per i men tal in ves ti ga tions
of Ser bian lig nites. Two re ac tions of coal com bus tion (C + O2 = CO2, 2H2 + O2 = 2H2O)
and two of coal gasi fi ca tion (C + H2O = CO + H2, C + CO2 = 2CO) are con sid ered. Mois -
ture evap o ra tion from coal par ti cles and con sump tion of coal orig i nat ing ox y gen are also
taken into ac count. Pul ver ized coal par ti cle re ac tion rate in com bined ki netic-dif fu sion
re gime [16] is given as:
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where kr is reaction rate parametar in kinetic regime, given by Arrhenius expression, eq.
(7), and kd is diffusion parameter of mass transfer, eq. (8):
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where A is pre-exponential factor and E activation energy, determined experimentaly for
coal considered. Parameter kd is given as a function of Sherwood number Sh:

k
d

d = Sh
p

D
(8)

Molecular diffusivity D is given by empirical expression for high-temperature
combustion products [17]:

D = 9.8·10–10T1.75 (9)

Model of combustion in gaseous phase

Model de scribes com bus tion of car bon-mon ox ide (2CO + O2 = 2CO2) and hy -
dro gen (2H2 + O2 = 2H2O) in gas mix ture, with solv ing the con ser va tion equa tions, in the
form of eq. (1), for  com po nents of the gas mix ture: N2, O2, CO2, H2O, CO, and H2. Ho -
mo ge neous com bus tion pro cess is con trolled by slower of two pro cesses: chem i cal ki net -
ics and tur bu lent mix ing:

& min( & , & )W W Wc ch ct= (10)

Ki netic rate of ox i da tion re ac tion is given by Arrhenius ex pres sion:
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61

Sijer~i}, M., Belo{evi}, S., Stefanovi}, P.: Modeling of Pulverized Coal Combustion ...



In ad di tion to chem i cal ki net ics, the sec ond con trol ling mech a nism is tur bu lent
dif fu sion, i. e. tur bu lent mix ing, which has been de ter mined ac cord ing to the “Eddy-
-Break-Up Model” [18]:

& min ,Wct fu fu
oxA= ×
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e
r
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k s k
(12)

For coefficient Afu a value of 0.53 has been applied, as a universal value, often used.
Ther mo dy namic and trans port prop er ties are de ter mined with re spect to the

equa tions of state, semiempirical re la tions and re gres sions of tab u lar data. Bound ary con -
di tions at the in let are de fined by the na ture of the prob lem and at the out let by the con di -
tion of con ti nu ity. Con di tions near the walls are de scribed by so called “wall func tions”

Discretization of the gas phase par tial dif fer en tial equa tions has been per formed
by means of the con trol vol ume method and hy brid dif fer enc ing scheme [19], ac cord ing
to a TEACH code for pure hy dro dy nam ics [20], ex tended here for two-phase flow. Cou -
pling of con ti nu ity and mo men tum equa tions are per formed by  SIMPLE al go rithm [19]
and sta bi li za tion of it er a tion by un der-re lax ation. Equa tions are solved by us ing SIPSOL
method, de rived from SIM pro ce dure [21].

3D nu mer i cal grids have been used for cal cu la tions: with 76,500 nodes for the
straight rect an gu lar duct (for the rea son of symmetry, a half of the duct is con sid ered),
with 73,696 nodes for the cir cu lar duct and with 156,604 nodes for the half of the duct
with a dif fuser, all giv ing a good con ver gence. In or der to per form the grid re fine ment
tests, dif fer ent grid re fine ments have been also con sid ered, for each of these cases. For
the straight duct, ad di tional grid with 147,900 nodes has been used. For cir cu lar duct, ad -
di tional grid with 80,892 nodes has been used. For the duct with a dif fuser, ad di tional
grids with 80,892, 92,684, and 182,172 nodes have been used. All nu mer i cal grids used,
have given a good con ver gence, with out any con sid er able dif fer ence in re sults. The anal -
y sis of the re sults, ob tained in the cases con sid ered, has not shown any im por tant in flu -
ence of nu mer i cal dif fu sion. Cal cu la tions have also em pha sized the im por tance of nu -
mer i cal par ti cles track ing for gen eral so lu tion con ver gence. To tal num ber of 2100
tra jec to ries has been con sid ered in the pre dic tions. 

Problem description, calculation parameters
and operation regime considered

Through the air-coal dust mix ture duct, pul ver ized coal is car ried by a trans port
fluid with fol low ing char ac ter is tics: mass flow rate 5.3 kg/s per duct (135,000 m3/h, i. e.
42.44 kg/s per one coal mill with 8 rect an gu lar or 16 cir cu lar ducts go ing to the fur nace),
in let tem per a ture of mix ture 170 °C and in let com po si tion of trans port fluid (mass con -
cen tra tions of com po nents): XCO2 = 0.108; XH2O = 0.232; XN2 = 0.574; XO2 = 0.086
(cor re spond ing to the air-ex cess of 0.5). Pul ver ized coal mass flow rate cor re sponds to re -
duced grind ing ca pac ity 45 t/h of the mill (with nom i nal ca pac ity of 68 t/h). Near the
air-coal dust mix ture in let, from two op po site plasma torches at lat eral sides of the duct,
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air plasma jets en ter the duct. Plasma mass flow rate is 0.015 kg/s per one torch (cor re -
spond ing to the power of 100 kW per one torch, i. e. 200 kW for pair of torches, ap plied in 
one duct), in let ve loc ity 50 m/s and tem per a ture 5000 K. Di men sions of the duct cross
sec tion for dif fer ent duct shapes are given in tab. 1. Due to a plane-sym me try, only a half
of rect an gu lar ducts mea sur ing 1.23 m in “y” di rec tion is con sid ered in the model. In the
case of cir cu lar shape, the whole duct has been con sid ered, be cause the plasma jet in let is
only at one side of the duct. Nu mer i cal sim u la tion for all of the ducts have been done for
the duct max i mal lenght of 11.0 m.

Grind ing fine ness of pul ver ized coal is de fined by five frac tions of coal par ti -
cles: 7.5% 0-50 mm, 18.6% 50-90 mm, 31.4%  90-200 mm, 25.1% 200-500 mm, and
17.3% >500 mm. Pul ver ized coal prox i mate anal y sis: mois ture con tent 10.0%, com bus ti -
ble 54.0%, ash con tent 36.0%, to tal sul fur 0.7%, and lower heat ing value 12,903 kJ/kg.
Pul ver ized coal ul ti mate anal y sis: car bon 33.06%, hy dro gen 3.06%, sul fur (com bus ti ble) 
0.443%, ni tro gen 0.89%, and ox y gen 16.54%. Pul ver ized coal com po si tion and heat ing
value are cal cu lated ac cord ing to as sump tion that mois ture con tent of pul ver ized coal in
the duct is 10%.

Table 1. Shape and dimensions of the air-coal dust mixture ducts considered

Air-coal dust mix ture 
duct shape

Rect an gu lar duct with
con stant cross sec tion

area
Cir cu lar duct

Rect an gu lar duct 
with 1.7 m  long dif fuser

Dimensions of the
duct cross section

1.23 ´ 0.26 m
di am e ter
0.480 m

1.23 ´ 0.26 m
ex pand ing by the dif fuser to

          1.23 ´ 0.535 m

Results and discussion

Nu mer i cal sim u la tion, based on math e mat i cal mod els of pro cesses in air-coal
dust mix ture ducts, gives dif fer ent in for ma tion on the pro cesses that can not be ob tained
in any other way. As an il lus tra tion of the pro cesses in a duct, nu mer i cal re sults for gas
tem per a ture field in char ac ter is tic sec tions of rect an gu lar duct with con stant cross sec tion 
area are shown in figs. 1 and 2. Due to a sym me try with re spect to y = 0 plane, fields are
pre sented for the half of the duct only. Fig ure 1 pres ents gas tem per a ture field in hor i zon -
tal plane through the in let of plasma-jet, while fig. 2 gives tem per a ture field in per pen dic -
u lar sec tions.

High-tem per a ture air-plasma ini ti ates the re ac tions of com plete and par tial ox i -
da tion of pul ver ized coal com bus ti ble com po nents in the air-coal dust mix ture ducts.
There are lo cal high tem per a tures (in very nar row zone up to 3500 K), orig i nat ing from
plasma-jet and in ten sive com bus tion in the re gion. Con sid er able mass flow rate of
air-coal dust mix ture blows the zone of plasma in flu ence off in down stream di rec tion and
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may cause the ex tinc tion of flame. Air coal dust mix ture mass flow rate is al most two
hun dred times higher than the plasma flow rate, so the ef fect of the plasma ex treme tem -
per a tures to the ther mal con di tions in the duct de crease rap idly with lat eral dis tance from
the plasma-jet in let, fig. 1. Di men sions of the duct cross sec tion are for the or der of mag -
ni tude greater than plasma-jet di men sions. Flame front ve loc ity in lat eral di rec tion is
con sid er ably less than ax ial ve loc ity of air-coal dust mix ture flow, so the plasma in flu -
ence is re stricted to the nar row part of the duct. For the same rea son, down stream spread -
ing of re ac tion zone is rel a tively in sig nif i cant, figs. 1 and 2. Large amount of colder
air-coal dust mix ture stream makes lat eral dif fu sion in ten sive, which ad di tion ally re -
duces the re ac tion zone width. Thus, there are zones of in ten sive re ac tions (high tem per a -
ture re gions) due to the plasma effect and wide, relatively inert field in the duct, fig. 2.

The coal gasi fi ca tion re ac tions are en do ther mic, con sum ing a por tion of plasma
ther mal en ergy as well as en ergy orig i nat ing from exo ther mic re ac tions of com bus tion. If
gasi fi ca tion re ac tions would con tinue to the end, as well as with out con sid er able con sum -
ing of pro duced gases, gasi fi ca tion re ac tions would be of the high est rel a tive im por tance
in the duct. Be cause of rel a tively short pul ver ized coal par ti cles res i dence time in the
duct, coal burn ing rate and cor re spond ing con sump tion of ox y gen from the gas are small
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Figure 1. Gas temperature field in the rectangular duct with constant cross
section area, in the plane through the plasma-jet inlet



and there are no sub-stoichiometric con di tions nec es sary for com plete coal gasi fi ca tion.
Gasi fi ca tion prod ucts flow from the re gion near plasma jet, in which they are pro duced,
to a down stream zone, rich of un con sumed ox y gen where there is a rapid com bus tion of
car bon mon ox ide and hy dro gen, giv ing a very small con cen tra tion of com bus ti ble gases
at the duct out let [22]. De scribed pro cesses con tinue and the steady state is rap idly
reached, with the level of gas ther mal en ergy at the in let into the fur nace nec es sary for
successful pulverized coal ignition and continual combustion.

It is im por tant to find out to what ex tent the plasma torches in crease a level of
ther mal en ergy in the duct for the pur pose of sub sti tu tion of heavy oil burn ers. Plasma
ther mal en ergy is used for heat ing the gases and pul ver ized coal mix ture, while gasi fi ca -
tion also re quires en ergy. Com bus tion of coal and gasi fi ca tion prod ucts pro duces ther mal 
en ergy that should com pen sate these en ergy losses and in crease ther mal en ergy of the
mix ture. Ther mal en ergy of air-coal dust mix ture en ter ing the duct (@1 MW) is a sum of
ther mal en er gies of the mix ture trans port fluid and pul ver ized coal par ti cles. Plasma-jets
ther mal en ergy cor re sponds to the power of a pair of plasma torches (in this case @0.2
MW). En ergy out put of the duct per time unit is a sum of gas and par ti cles ther mal en ergy
and chem i cal en ergy of un burned gas eous prod ucts of gasi fi ca tion. Ther mal ef fect of
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Figure 2. Gas temperature field in characteristic cross sections of the
rectangular duct with constant cross section area



plasma torches might be de fined as a dif fer ence be tween en ergy out put and en ergy of
air-coal dust mix ture en ter ing the duct. In the case of rect an gu lar duct with con stant cross
sec tion area, the model pre dicts the en ergy per time unit 1.725 MW, pro vid ing the ther -
mal ef fect of plasma torches pair equal to 0.755 MW per one duct, i. e. 6.0 MW for one
pul ver ized coal burner with eight air-coal dust mix ture ducts.

These con sid er ations can also help in eval u a tion of plasma torches power re -
quired to re place heavy oil burn ers. The plasma-sys tem ther mal ef fect can be dis cussed
also re gard ing cor re spond ing sav ings of liq uid fuel, but it is al ways nec es sary to con sider
ex ist ing op er at ing con di tions in the ducts and liq uid fuel burn ers op er a tion re gime. For
ex am ple, TENT-A1 210 MWe util ity boiler with six pul ver ized coal burn ers, ap plies
heavy oil burn ers for boiler start up and pul ver ized coal com bus tion sta bi li za tion. Each
unit is equipped with sys tem of six heavy oil burn ers, with max i mal ca pac ity 2.5 t/h of
each and heat ing value of heavy oil 39,550 kJ/kg [1]. The num ber of heavy oil burn ers to
switch-on de pends on the unit op er a tion re gime. Com bus tion sta bi li za tion is done by us -
ing two heavy oil burn ers in most cases (ap prox i mately 50%) and by us ing four burn ers
only in 10% of cases. Only one burner is used in 25% of cases. Heavy oil burn ers par tic i -
pate with 9-14% in to tal ther mal power of the unit (power of heavy oil burn ers and pul -
ver ized coal burn ers). In de sign of plasma-sys tem for re li able pul ver ized coal ig ni tion
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Figure 3. Gas axial velocity in characteristic sections of the rectangular duct
with diffuser



and com bus tion sta bi li za tion,
it is rec om mended to pro vide
cer tain re serve of power. Po -
ten tial sav ings of liq uid fuel
might be eval u ated with re -
spect to the fact that av er age
an nual liq uid fuel con sump -
tion for these pur poses in Elec -
tric Power In dus try of Ser bia is 
80,000 tons [1].

In or der to dem on strate the
ap pli ca bil ity of nu mer i cal sim -
u la tion in op ti mi za tion of the
duct ge om e try, para met ric cal -
cu la tions have been done for
three dif fer ent shapes of the
duct: rect an gu lar duct with
con stant cross sec tion area, cir -
cu lar duct and rect an gu lar duct
with dif fuser (fig. 3), with the
rest of op er at ing con di tions be -
ing the same. As an in di ca tor of 
the duct ge om e try in flu ence to
the duct pro cesses, gas tem per -
a ture field in the duct out let
cross sec tion has been an a -
lyzed, fig. 4. Only the half of
the rect an gu lar ducts has been
given, for the sake of a geo met -
ri cal as well as flow field sym -
me try (with y = 0 plane of sym -
me try). The whole cir cu lar duct 
is given be cause the plasma jet
in takes only at one side of the
duct. Since the burn ing gases
con cen tra tion at the duct out let
is small, as al ready ex plained,
tem per a ture of the gases in the
out let cross sec tion is a mea -
sure for the ther mal en ergy out -
put, thus char ac ter iz ing also the 
ther mal ef fect of plasma
torches. Fig ure 4 sug gests that
there is max i mal en ergy ef fect
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Figure 4. Gas temperature field in the duct outlet section,
for different duct geometries
(a) rectangular duct with constant cross section area, (b)
circular duet, (c) rectangular duct with diffuser



of the pro cesses in the duct ini ti ated by the plasma jet, in the case of cir cu lar duct, while the
min i mal one is in the case of the duct with dif fuser. The lat ter could be ex plained by a sud -
den de crease of the gas tem per a ture due to an ex pan sion through the dif fuser, fig. 3, mak ing 
the con di tions for re ac tions be come con sid er ably worse, es pe cially in this case where there
is small ox y gen con cen tra tion in the field [22].

It is nec es sary to em pha size that all the con clu sions ex posed in the pa per re late
to the op er at ing con di tions con sid ered and that one should be al ways very care ful when
try ing to gen er al ize the con clu sions be cause this re quires anal y sis of quite a num ber of
dif fer ent op er a tion re gimes.

Conclusions

For the pur pose of achiev ing the sav ings of liq uid fuel, in stead of usual sys tem
for pul ver ized coal ig ni tion and com bus tion sta bi li za tion by heavy oil burn ers, plasma
torches are built in air-coal dust mix ture ducts of util ity boiler fur naces. Pa per pres ents
char ac ter is tics and se lected re sults of three-di men sional dif fer en tial math e mat i cal model
de vel oped for nu mer i cal sim u la tions of flow, heat trans fer and chem i cal re ac tion pro -
cesses in the duct with plasma-sys tem for pul ver ized coal ig ni tion and com bus tion sta bi -
li za tion. Sim u la tions have been per formed for one of the air-coal dust mix ture ducts with
two op po site plasma torches, for 210 MWe util ity boiler unit fir ing pul ver ized Ser bian
Kolubara lig nite. Re sults of the pre dic tions sug gest the im por tance of mass flow rate of
ex tremely hot air-plasma and, es pe cially, mass flow rate of much colder air-coal dust
mix ture, strongly in flu enc ing the pro cesses in the duct. Nu mer i cal re sults are an a lyzed
with re spect to the ther mal ef fect of plasma torches as well, that can be dis cussed also re -
gard ing cor re spond ing sav ings of liq uid fuel. How ever, for draw ing the con clu sions, it
would be nec es sary to con sider ex ist ing op er at ing con di tions in the ducts and liq uid fuel
burn ers op er a tion re gime in ev ery case of in ter est. In or der to dem on strate the ap pli ca bil -
ity of nu mer i cal sim u la tion in op ti mi za tion of the duct ge om e try, para met ric cal cu la tions
have been done for three dif fer ent shapes of the duct: rect an gu lar duct with con stant cross 
sec tion area, cir cu lar duct and rect an gu lar duct with dif fuser, with the rest of op er at ing
con di tions be ing the same. Tem per a ture field in the duct out let cross sec tion has been an -
a lyzed. Nu mer i cal re sults sug gests that, at the op er at ing con di tions con sid ered, there is
max i mal en ergy ef fect of the pro cesses in the duct ini ti ated by the plasma jet, in the case
of cir cu lar duct. 

The aim of the pa per has not been to sug gest the so lu tions for some prac ti cal sit -
u a tions, but to pres ent the pre dic tive abil ity of the de vel oped model, which gives the data
that can be used as a ba sis to draw con clu sions for con sid ered sit u a tions. In gen eral, re -
sults of sim u la tions strongly de pend on op er at ing con di tions. One should be very care ful
try ing to gen er al ize the con clu sions, for this re quires anal y sis of quite a num ber of dif fer -
ent op er a tion re gimes. For fi nal con clu sions on the pro cess per for mances and for the pur -
pose of the pro cess op ti mi za tion, it is nec es sary to per form a se ries of nu mer i cal sim u la -
tions by us ing this nu mer i cal al go rithm. Sim u la tion of pro cesses, based on the submodels 
ver i fied with re spect to the lab o ra tory mea sure ments, can be suc cess fully ap plied in anal -
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y sis and op ti mi za tion of pul ver ized coal ig ni tion and com bus tion sta bi li za tion pro cesses,
as well as in de ter mi na tion of the plasma torches power re quired. It en ables ef fi cient and
cost-ef fec tive scal ing-up pro ce dure from lab o ra tory to in dus trial level and can re duce
expences and de vel op ment pe riod for the cor re spond ing pi lot in stal la tions.
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Nomenclature

A –  parameter in Arrhenius relation, [ms–1]
Afu –  coefficient for homogeneous reaction, [–]
Ah –  parameter in Arrhenius relation for homogeneous reaction, [kgm–3s–1]
Ap –  particle cross section area, [m2]
a, b, c –  coefficients of homogeneous reaction, [–]
D –  molecular diffusivity, [m2s–1]
dp –  particle diameter, [m]
E –  activation energy of coal, [Jkmol–1]
Eh –  homogeneous reaction activation energy, [Jkmol–1]
Fx, Fy, Fz –  total radiation flux components, [Wm–2]
f, b, s –  scattering direction coefficients, [–]
Ib –  black body radiation intensity, [Wm–2]
Kt –  total coefficient of radiation, [m–1]
Ka, Ks –  apsorption and scattering coefficient, [m–1]
k –  turbulence kinetic energy, [m2s–2]
kr –  kinetic reaction rate, [ms–1]
kd –  diffusion reaction rate, [ms–1]
M –  molar mass, [kgmol–1]
mp –  particle mass, [kg]
Np –  particle concentration (number density), [m–3]
R –  universal gas constant, [Jkmol–1K–1]
Rp –  heterogeneous reaction rate, [kgs–1]
Sh –  Sherwood number, [–]
SF –  source term of general variable F
S p
F –  additional source due to particles

s –  stoichiometric coefficient, [–]
T –  temperature, [K]
Uj –  time-averaged velocity component, [ms–1]r
U p –  particle total velocity vector, [ms–1]r r
U Upc pd, –  particle convective and diffusion velocity vector, [ms–1]
U pd i

–  particle diffusion velocity component, [ms–1]
xj –  coordinate in general index-notation, [m]
x, y, z –  Cartesian coordinates, [m]
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Greek letters

Gp –  particle turbulent diffusion coefficient, [m2s–1]
Grd –  radiation diffusion coefficient, [m]
GF –  transport coefficient for general variable F
e –  turbulence kinetic energy dissipation, [m2s–3]
np

t –  particles turbulent diffusivity, [m2s–1]
nt –  fluid turbulent diffusivity, [m2s–1]
r –  density, [kgm–3]
sp –  Prandtl-Schmidt number for particles, [–]
t –  time, [s]
tp –  particle response time, [s]
tt –  gas phase Lagrangian integral time scale, [s]
F –  general variable
cmol

ox –  oxidant molar concentration, [kmolm–3]
cfu, cox –  mass concentrations of combustible gas and oxidant, [kgkg–1]
W0 –  albedo of radiation scattering, [–]
&Wc –  homogeneous reaction rate, [kgm–3s–1]
& , &W Wch ct –  kinetic and turbulent mixing reaction rates of homogeneous reaction, [kgm–3s–1]

Subscripts

d –  diffusion
fu –  fuel (combustible gas)
h –  homogeneous reaction
mol –  molar
ox –  oxidant
p –  particle
r –  radiation
s –  scattering
t –  turbulent; total
x, y, z –  directions along Cartesian coordinates
F –  related to a general variable F

Superscripts

a, b, c –  coefficients of homogeneous reaction, [–]
ox –  oxidant
t –  turbulent
F –  related to a general variable F
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