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ABSTRACT

The formation of nitrogen oxide NO during the corstan of enriched blast furnace gas in a
blast stove at the voestalpine Stahl GmbH Linnvestigated.

The pollution formation is modelled with Computai@ Fluid Dynamics (CFD). The non-
adiabatic numerical calculations investigate thebulence-chemistry interaction in the
combustion chamber using the Eddy Dissipation Cgince combination with a multi-step
chemical reaction mechanism. Sub models are impiaddo investigate turbulence of flow,
radiative heat transport, flame characteristics r@adtion kinetics of participating species in
order to calculate the emission load in dependemcéhe operating conditions. The results
confirmed the generally known trend that the NO s=mmoins strongly depend on the
temperature level of the stove dome. For the basgating point a NO emission load of
about 25.1 mg/fre (dry gas, 5 % reference oxygen) was calculatedvisttpp promising
agreement with real plant data and literature send
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INTRODUCTION

Hot blast stoves (also called cowpers) are auyiliastallations in metallurgical plants being
used to preheat the air for the blast furnace @®ceéhey consist of an upward flow burning
and a downward flow regenerator shaft. A dome fattmeshorizontal connection between the
shafts. Fig. 1 shows the geometry of a blast stfvéhe Blast Furnace A (BF A) at the
voestalpine Stahl GmbH Linz with an overall heightpproximately 45 m. The diameters of
the burning shaft and the regenerator shaft arenda®d 8.5 m respectively. The dome has a
length of approximately 12 m.
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Four stoves operating on cyclical basis provide@mtinuous air supply of the BF A in Linz.
The blast process consists of two main periodsgoaiterrupted by changeover periods
(pressure swings). In the heating period (duraipproximately 50 minutes) the stoves are
heated up by burning gases (enriched blast furgaseBFG) until the dome is at the correct
temperature (approximately 1300 °C to 1350 °C) [fje combustion starts in a ceramic
burner at the bottom of the burning shaft. The fijas streams upwards through the burning
shaft and the dome into the regenerator shaft abdegjuently in the direction towards the
flue gas outlet at the bottom of the shaft. Theftshrerior is composed of a refractory
brickwork including vertical gas channels. The aefories come into contact with the flue
gas and store the gas heat which is used for #igepting of cold air in the second period
(blast period, duration ~ 40 min). Therefore contimmsgas is cut off and by reversing the
flow direction the stove is filled with compressaetheated air (5 to 6 bars absolute pressure
and ~ 220 °C respectively) which enters the stavéhe bottom of the regenerator shaft
pressurizing the stove up to 5 bar (gauge presshine)air passes the hot bricks by heating up
to approximately 1350 °C [1]. Afterwards the sol@dlhot blast leaves the stove via the hot
blast outlet above the burner and is subsequeaitgported to the blast furnace.

NOx triggered corrosive impact in blast stoves

Higher combustion temperatures in the stove leaddeased blast temperatures resulting in
a reduced coke requirement for the iron produdtignOn the other hand higher temperature
levels in the dome and the entire blast stove @y enforce the formation of nitrogen
oxides NQ [2,3]. Control of emission is of great importarthee to stringent legislation and
furthermore in order to reduce corrosive impactthefblast stove steel shell.

The formation of NO shows a strong dependence erblist stove operating periods which
was confirmed in several prior studies. Suckerlef3& announced that during the heating
period NO formation preferentially takes placehe upper part of the burning shaft and the
dome representing the high temperature combusboe of the blast stove. Harp et al. [4]
investigated the NO formation by means of matherahthodel calculations. In the course of
this study the influence of changing blast stoverapng conditions was analyzed whereas
Sucker’s theory concerning the position of the NM@rfation maxima in the stove could be
confirmed. Based on the numerical results Harp caénerate operational measures to



reduce NO emissions e.g. a low offgas oxygen corard furthermore shorter changeover
and blast air filling periods respectively lead doninished reaction times for the NO
formation whereas most of these measures are ingpiia in nowadays blast stove plants.

Under certain conditions pollutants such as nitnogeides are the starting point for severe
stress corrosion cracking mechanism. During thefiimg process of the stove after the
heating period flue gas species e.g. NO diffuseuitpn the slits of the refractory lining to the
cold outer steel casing. Huijbregts et al. [5] fduhat this mass transfer occurs because of
pressure swings being associated with load chaofyéise blast operation when switching
from the heating period to the blast period. Durihg following blast period the flue gas
cools down at the steel shell and NO is convened NO, under presence of residuaj.O
Nitric acid formed by N@ hydrolysis and sulfur oxides as a result of thel fygas sulfur
content increase the acid dew point of the entmalwustion gas leading to the formation of
aqueous condensates during the blast period asamedtby Leferink et al. [6]. In further
acid and sour gas reactions at the steel casing N®artially reduced forming ammonia
[4,5].

Fe> Fé" +26 (1)
NOs + 9H +8€-> 3 H,0O + NH; (2)

Eq. (1) represents the steel corrosion reaction EBond(2) the NH formation respectively.
Ammonia reacts with nitric acid and converts intanaonium nitrate (NENO3) showing
strong stress corrosion cracking potential. Thisrasson mechanism preferentially takes
place in the lower section of the regenerator sliadt in the vicinity of flue gas outlet)
especially in the welded areas of the steel slatidpexposed to considerable tensile stresses
[4,5].

In the present study Computational Fluid Dynam{@BDD) is used to investigate the pollution
formation during the heating period (BFG combustiona blast stove of the voestalpine
Stahl GmbH in Linz. The paper summarizes the catedl results concerning the NO and CO
emission loads due to changing operating conditsuth as gas and dome temperatures and
air excess respectively. During the heating peboth parameters influence the NO and CO
concentration levels of the offgas considerably thedefore represent important blast process
control values. The calculated emission loads @uoded by the plant operators in Linz for a
blast stove process control with respect to thall®yx and CO limits. In the subsequent
sections the used models and assumptions fornindagion are described.

SETUP OF NUMERICAL METHODS

Since the blast stove possesses separate fuehgasrasupply channels the combustion gases
do not mix until reaching the ceramic burner. Undleese conditions a non-premixed
combustion approach represents the basis for theiesp transport during the blast stove
heating process.

Speciestransport

During BFG combustion chemical reactions with st slow kinetics and different reaction
time scales are encountered. For a representagterndnation of pollution levels a
simplified fast chemistry approach is not suitallberefore the Eddy Dissipation Concept
(EDC) as based on the work of Magnussen and Hir{d@d was applied for modelling of the
turbulence-chemistry interaction. This model agsdwanced development of Spalding’s eddy



breakup theory [8] can be used to incorporate letaion equilibrium chemical reaction
kinetics. The conversion of species K is determitgdsolving the following transport
equation

0 0 0
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x
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consisting of a temporal change term (first partloan left hand side of Eqg. 3), a convective
term (second part on the left hand side) and aglifé part (first term on the right hand side)
respectively withy, and R, denoting the mass fraction and the reaction respecies K.

Since an explicit reaction transport equation pmruaring species is implemented the EDC
represents a good method to calculate the contentraf intermediate species being
involved in pollution formation.

For description of the combustion kinetics a reactmechanism of the system CHair
provided by S. M. Correa [9] was used for the CRz@lations. This mechanism consists of
41 elementary reactions and the 16 following sgeciehich are involved in the BFG
combustion: N, O,, CH,, Hy, CO, CQ, H,O, OH, H, O, CH, HCO, HQ, H,0O,, CH,O and
CH3O. The seven species at the beginning of the list macro components. These
components are addressed in the form of boundarglitons at the beginning of the CFD
calculations specifying the feed composition. Aflet other species are considered as
combustion intermediates and radicals. Prior CRidist investigated the BFG combustion in
the heating system of a coke oven using the Cameehanism showed a good agreement
between calculated and real plant NO and CO emmdsiads [10]. Therefore in this CFD
study the above mentioned chemical reaction meshais considered to be adequate.

In the EDC the interaction of flow turbulence witbmbustion chemistry is managed by the
assumption that chemical reaction occurs in snullly mixed regions, called turbulent
structures or fine scales respectively (eddiesgs€hregions are considered as ideal stirred
vessels, where dissipation of turbulent kineticrgnaakes place. Kinetic conversions as the
rate controlling step are limited to this molecutaixed region. The lengtlr of the turbulent

fine scales is determined according to [11] as

Y= 3CD2 1/4(U* £J1/4 (4)
4C%p; k?

with Cp1 = 0.134 and & = 0.50 as model constants* stands for the kinematic fluid
viscosity in the turbulent structure given irf/sa Furthermore k ane denote the turbulent
kinetic energy in s’ and the dissipation rate of the turbulent kinetitergy in Vs’
respectively. These quantities will be explainedi@tail in the next section. The first part of
Eq. (4) can be summarized as volume fraction cansteing predefined in FLUENT as, €
2.1377 [12]. The volume fraction of the flow ocoegbiby the turbulent structures is modelled
asy’. The estimated time scatefor the mass transfer between the fine structares the
surroundings [11] is defined with following Eg. (5)

_ CD2 1/2 i 1/2
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The term(%j of Eq. (5) represents the time constant with agfiedd value in FLUENT

of 0.4082 [12]. The reaction rat, in Eq. (3) is determined as

R = r (fyj;j (YK ) YKO) ©)

whereasY, denotes the mass fraction of species K in the dtnecture zone after a reaction

time r and YK0 stands for the species mass fraction in the sndiog fluid. The extent of
R, is limited to the mixing process and subsequetfiy amount of mass transfer between
the fine structures and the surrounding fluid. Acteve fraction y of the fine structures can
be defined, where combustion takes place and energleased, in the form [13]

Cpr

((1+ r.fu) wﬂ )

Cpr
L+r,,)

Y= (7)

with cer and c as mean local concentrations of reaction prodant$ fuel respectively.
FurthermoreY, denotes the mass fraction occupied by the turbudémictures andr,,
represents the stoichiometric oxygen demand. Thaitien of x is used to model the fuel

conversion and therewith the reaction rat of the species transport equation
(cf. Eq. 3) can be written in the following form

Rfu =m G]-L |j:min (8)

A

The reaction rateR,, corresponds withR, from Eg. (6) whereagmin denotes the smallest

value of the local mean concentrations of fagl and oxygenco. respectively.

Turbulence

The changing operating conditions during the béasve process (periodic change of hot and
cold air, pressure swings and changes of flow tioef produce considerable unsteady
conditions in the stove. A simplified quasi-stealgte for the flow was used in FLUENT
whereas the Reynolds-Averaged Navier-Stokes eqeafiRANS) for the conservation of
mass, momentum, energy and species were implemented

In the present study the kimodel was considered to be accurate enough fowulemce
description. This model solves two transport equmstifor the turbulent kinetic energy k and
the dissipation rate of the turbulent kinetic energy in the followingyin [12, 14]
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The dissipation means a conversion of kinetic gnertp thermal energy (heat) leading to a
decay of larger eddies into smaller. In Eq. (9) &&d) u, represents the gas velocity,

M denotes the dynamic fluid viscosity, and o, represent the turbulent Schmidt numbers
and G, represents the generation of turbulent kinetiagndue to mean velocity gradients.
The model coefficientsC,, and C,, denote standard FLUENT coefficients [12] apd
means the turbulent (eddy) viscosity being defimetthe following form

k2
H:=pC, " (11)

with C, as a model constant. The locally available vafieesk ande¢ are used for the

determination of the turbulent viscosity. Thes-kaodel model is widely used for fully
turbulent flows (high Reynolds numbers) with nobiwg effects. During standard operating
conditions in the blast stove the gas flow showsReynolds numberRe=17x10°
representing a fully developed turbulent flow withaecirculating regions and therefore
justifying the choice of this turbulence model.

Radiation

Radiative heat transfer in the blast stove is oinmiaportance since the majority of heat
released during the combustion is transportedegondlls via radiation. The optical thickness
is a central criterion for the choice of the sugatadiation model. The combustion of BFG

produces a transparent flame representing an dptitan medium. Therefore the heat

exchange with adjacent walls of the combustion di&nhas to be considered. Under this
assumption the Discrete Transfer Radiation ModdIRM) was chosen. The transferred heat
Is calculated during the simulation runs with tie¢phof the following transport equation

4
%+a|:”; (12)

This approach is valid for optically thin media lwiho scattering effects [12] whereas |
represents the radiant intensity directed along#tbways of a ray beam. The coefficieat
means the absorption coefficient of the fluid amatalculated by the weighted-sum-of-gray-
gas-model approach (WSGGM) which is a standard MlUBmethod.c denotes the Stefan-
Boltzmann constant.

The DTRM is a ray tracing model. In a preprocessitgp a certain number of model beams
is defined coming from each computational grid egiereas the accuracy of the heat transfer
calculation depends on the number of generated Imbeams. Several grid cells are
summarized to face and volume clusters for CPUreHaving reasons. The length of the
model beam pathways is calculated and the intezdegilume clusters are determined. These



information are stored in a separately file beisgdito calculate the transferred heat from the
fluid to the combustion chamber walls by summing ¢thange of intensity along the paths of
each ray.

Pollution for mation

The NO emission loads in this study consists ohe@rhal and a prompt fraction being
calculated with standard FLUENT models. Prior sitiohs of the BFG combustion in the
coke oven heating system proved that the standad®is showed acceptable accuracy for the
pollution modelling [10]. Therefore no additionailbsmodels e.g. user defined functions were
necessary. The thermal NO (Zeldovich mechanism)earalculated as [14]

dNOtherm —
Oven =2k o] [N, (13)

where k denotes the rate constant for the formagaction and the square brackets of O and
N, represent the species concentrations in mdl /Mime simplification of Eq. (13) originates
from the short lifetime of N radicals being rapidignsumed in series reactions of the thermal
NO mechanism. Therefore they can be neglectedhmoverall law in Eg. (13) due to the
guasi-steady state assumption. The prompt NO (Faeimechanism) is determined as [12]

St =i o, [, [Fue]e? 14

whereasa represents the Lreaction order depending on the flame conditial®].[ The
square brackets of DN, and FUEL respectively denote the species condenig in
mol / n¥, Ea the activation energy in J / g mol, R the univegas constantin J/ K moland T
the temperature in K. CO and ¢Hre considered as the FUEL components in ratg1&J.

All species in Eg. (7) and (8) have to be deterghias macro and intermediate species
concentrations and originate from the above meatafi-step combustion mechanism.

The following Eq. (15) to (17) show the thermal dwlich mechanism [14], which is the
main NO formation path during BFG combustion.

N+ O-> NO +N (15)
N+O,> NO+O (16)
N+OH-> NO +H a7)

The O and H radicals generated in Eq. (16) andEA).interact in further reactions forming
OH radicals. The modelling of CO oxidation in thétudy considers the two following
elementary reactions in Eq. (18) and (19) desagiltire conversion of CO with O and OH
radicals, which are part of the implemented Cooc@abustion mechanism [9].

CO+OH> CO, +H (18)
CO + 0> CO; (19)
It can be seen from Eq. (15) to (19) that OH, O Hnhdicals play an important role in the

pollution formation. The EDC model calculates themical reaction rates and therewith the
local concentrations of the combustion intermedidig using the thermodynamic parameters



(e.g. activation energy) of the above mentionedrddction Correa mechanism [9]. The
impact of fluctuations caused by turbulence is mw®red since the local values of the
turbulence parameters k amdare used to calculate the reactive zones in tmebastion
regime and the mixing time scale respectively Ecf. 4 and 5). In these zones O radicals are
generated being subsequently used for the calonlafithe NO reaction rate (cf. Eq. 13). The
formation and conversion of the combustion intenaied is an important issue of this study
and will be discussed in detail in the resultsisect

MODEL SETUP

The commercial software package FLUENT from ANSY8. lwas used for the simulation
runs, which are defined to be non-adiabatic siheeenergy equation has to be solved due to
radiative heat exchange. The computational gridessmting the control volume for the CFD
runs was created with the software GAMBIT and cstiesi of 850000 tetrahedral cells.
Because of the large construction height of th@estwon-uniform cell spacing was applied
whereas in the near burner region a finer grid &itlgpical cell size of ~ 15 cm was used and
in the upper part of the burning shaft and the megator shaft respectively the cell size was
~ 30 cm. Complex geometries occur in the ceramiodyu(several alternating gas channels
for fuel gas and combustion air) and in the regatioershaft (plurality of small-scale gas
channels in the refractory bricks). A true to saaenputational grid would lead to a large cell
number and leading to non-economic simulation rume$ and a huge CPU effort
respectively. Therefore simplified assumptions he hear burner region (only one supply
channel per fuel gas and air flow) and in the regator shaft (refractory with fewer but
larger scaled gas channels) were used. Howevee#hsurface ratios between fluid and solid
domain of the large-scale plant were kept, whicdudseto realistic conditions with respect to
shear forces, near-wall heat transfer and velodisgributions respectively justifying the
above mentioned assumptions for the CFD calculation

Boundary conditions

Apart from the dome the blast stove walls were m&slito be adiabatic. For the dome a
constant temperature was predefined. In the cafraecase study the dome temperature was
varied. The emission factor for all walls was €018 (adequate for refractory materials). The
gas inlet faces were defined as velocity inletsrelg the velocities were determined from the
volume flow rates and the cross sectional areastheturbulence parameters a turbulence
intensity of 10 % describing the ratio of the vaipdluctuations and the mean flow velocity
was defined. Furthermore a hydraulic diameter 61 0n and 0.83 m for the fuel gas and the
air inlet respectively were specified. For fullyveéped turbulent flames the turbulent
intensity and the hydraulic diameter respectively adequate turbulence parameters for the
gas inlets [12]. In order to simulate the heataséefrom the flue gas to the refractory bricks
an energy source term was defined for the fluid @onn the regenerator shaft transferring
125000 W/ni to the solid domain.

In the finite volume simulation runs the first ordgowind scheme was used for discretization
of the conservation equations of energy, momentymand the species. Standard FLUENT
convergence criteria have been used.

CASE STUDY

To investigate the influence of the operating cbads on the pollution formation during the
heating period, a set of operating points specifigdhe voestalpine Stahl GmbH Linz was
simulated. In the course of this study the combustjas temperatures were varied leading to
different temperature levels of the dome reachimngif1300 °C to 1380 °C. Furthermore the



effect of an air excess was investigated. To iatstthe numerical results one operating point
represents the base case with a predefined donpetature of 1300 °C. Table 1 and Table 2
show the fuel gas composition and the flow ratethefblast stove combustion gases. Fuel
gas in this case means BFG which was enriched maitaral gas in order to obtain a certain
heating value needed for the hot blast generalibe. combustion air consists of 78.4Q.26
N2, 20.84 %, O, and 0.76 %, H.O. The dome temperature in Table 2 represents the
maximum reached value at the end of the heatinggand the fuel gas and air temperatures
respectively denote the values at the inlets.

Table 1. Composition of the blast stove fuel gasGRenriched with natural gas)

CH, CO H, H>O CO; N> Lower heat value
Yool Yool Yovol Yool Yovol Yool (MJ/ mSSTF)
0.06 22.90 6.32 2.05 22.07 46.60 3.4

Table 2. Fuel gas (FG) and air boundary conditfonshe base operating point

Flow rates (Msre/h) | Gas velocities (m/s Temperatures (°C)
FG AIR VEG VAR Tre | Tar | Toome
146952 117363 55.71 67.19 19,5 190.3 1300

SIMULATION RESULTS

Figure 2 shows the simulated flow profile in thenburner region of the blast stove in terms
of velocity vectors (Figure 2 a) and pathlines (ffeg2 b). It is obvious that the geometry of
the gas supply channels showing an inclination anichpezoidal channel widening in flow

direction influences the flow profile. A ceramicagg with a height of 0.5 m is placed above
the burner for reasons of flow homogenization whiah be seen in Figure 2 b. However the
main part of the combustion gases moves upwardgydlte walls after entering the burner
leading to a non-symmetric flow profile in the lowtt region of the burning shaft (cf. Figure 2

a). Further upstream at a height level of ~ 30 rhi¢tv is not seen in Figure 2) the flow is

more or less homogenized and distributed all dverctoss sectional area.
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Figure 2. Calculated flow profile in the near burregion during BFG combustion for the
base operating point expressed as velocity vedrand velocity pathlines (b)

The simulated gas temperature distribution in tlogescan be seen in Figure 3 correlating
with the flow profile (cf. Figure 2). The non-unifa gas flow in the burning shaft induces
increased shear rates in the near wall regiondgatti an enhanced mixing of fuel gas and
combustion air. As a consequence the combustiartiomaand the energy release start at the
walls which can be seen in Figure 3 due to theedatemperatures occurring in this region.
Further upstream the flow and as a consequencéethperature profile homogenize. The
stove’s peak temperature occurs in the dome andodélginning of the regenerator shaft
showing a constant absolute level in this area wikias set in the form of a wall boundary
condition before the start of CFD calculations.tiA¢ beginning of the regenerator shaft an
uneven distributed flow exists. The dome deflebtsdgas flow, which can be seen due to the
non-uniform temperature distribution in the regemw@r shaft (cf. Figure 3 b). Further
downstream the flue gas temperature decreasesdsws gas outlet due to heat absorption
by the refractory bricks leading to a final fluesgamperature of ~ 600 K.
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Figure 3. Calculated gas temperature profile inbllast stove during BFG combustion for the
base operating point

It is generally known that the temperature hasngportant influence on the formation of NO
during combustion processes which can be seenguard-i4 indicating the calculated NO
distribution in the blast stove. The simulationswestimated the share of thermal NO in total
NO emissions with ~ 90 % whereas the peak conderiraccurs at the beginning of the
regenerator shaft (cf. Figure 4 a). The remaini@gd are prompt NO. The NO formation
mainly takes place in the upper part of the burrshgft and the dome respectively until the
beginning of the regenerator shaft (cf. Figure 4dpresenting the hottest area in the stove.
This correlates with the simulated temperatureilg¢éf. Figure 3) and aligns with literature
trends as well [3]. In the downflow regenerator fslthe NO formation stops due to the
reduced gas temperatures leading to a NO exit corat®n of 22 ppm (= 25 mgfgrp, dry
gas, 5 % referenceXfor the base operating point.
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Figure 4. Calculated NO distribution in the blastwe during BFG combustion for the base
operating point expressed as mass fraction (a)\@éormation rate (b)
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Figure 5. Calculated molar fraction of CO (a) almel €O oxidation rate (b) in the blast stove
during BFG combustion for the base operating point

The simulated CO distribution can be seen in Figuréhe fuel gas, which enters the burning
shaft, contains 22.9 % CO (cf. Table 1). In the near burner region CO aswpwards along
the wall due to the inclined gas flow in this regif. Figure 5 a). In the upper part CO is
oxidized via Eq. (12) and Eq. (13) [9].

The CO oxidation rate of Eq. (12) is shown in Fegbrb. The CO burnout starts in the upper
burning shaft whereas the local maximum can bedairthe beginning of the dome. The CO
oxidation via Equ. (13), which is not seen in Fgbr, starts in the same region as well and is
continued until the end of the dome. The entire @@lation region corresponds with the
high temperature zone of the blast stove (cf. g8y resulting in a flue gas exit CO



concentration for the base operating point of g (= 28 mg/Msme dry gas, 5 % reference
0,).
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Figure 6. Calculated molar fraction of OH (a) an@oPfor the base case BFG combustion

Figure 6 points out the simulated molar distribmticof OH and O in the blast stove. It is
generally known that radical formation is enhanaedhigher temperatures. Figure 6 proves
this fact showing the maximum OH and O formatiothi@ upper burning shaft and the dome
representing the high temperature zone during thatilg period as already mentioned
whereas the OH and O profiles show strong simieit

The simulation runs showed a contrary effect camniogrthe temperature dependence of NO
and CO emission loads during the BFG combustions Behaviour was also a subject of
investigation in previous studies [10]. Enhanced fdfnation and CO burnout preferentially
proceed faster with increasing temperature levdiss can be clearly seen when comparing
the calculated temperature profile (cf. Figure &hwhe NO and CO distribution (cf. Figure 4
and 5 respectively). The peak temperatures in ipemuburning shaft and the dome lead to a
maximum NO formation and CO oxidation rate in tarea. On the other hand decreasing
temperature levels result in a diminished NO foraratind higher CO emissions. The radical
profiles of OH and O give a reasonable explandmornhis phenomenon. Following from Eq.
(9) to (13) it is obvious that NO formation and ©&idation are strongly connected with the
radical pool in the blast stove. Increased OH antbfientrations (cf. Figure 6 a and 6 b) in
the upper burning shaft and the dome respectivedyl Ito a stronger NO formation rate
(cf. Fig. 4 b) and a better CO burnout (cf. Fidn)5

Figure 7 shows the NO emissions (in ppm, wet gaspxygen reference) in dependence of
the dome temperature comparing calculated CFD wdltaliterature data [2] and real plant
emission loads. The dome temperature is the maximeanhed value at the end of the
heating period. The cloud of measured values repteshe standard operation of the blast
stove plant at the voestalpine Stahl GmbH Linz witthome temperature of ~ 1300 °C. It can
be clearly seen that the calculated and real platet show good agreement. Furthermore the
generally known trend from literature that NO enassincreases with rising dome
temperature was proved by the CFD model.



Historically blast stoves were operated at higleengerature levels with dome temperatures
up to 1500 °C leading to a raised process effigierec increased hot blast temperatures lead
to a reduced coke consumption for iron productiothie blast furnace. Nowadays beside the
stress corrosion cracking mechanism discussed alptevet operators have to face stringent
legislation. Therefore dome temperatures have toetdaced due to legal NQimits. CFD
calculations showed that a dome temperature of59 28 must be considered as too high for
staying below the legal NQlimit,which is set to 80 mg/fare (dry gas, 3 % reference,for

the blast stove plant Linz.

—+-CFD  -e-Literature Kalfa et al. (1984) A Measured data

100,0

80,0

1300 1320 1340 1360 1380 1400

Dome Temperature [°C]

Figure 7. NO emissions depending on the dome teatpte during BFG combustion; Solid
line: CFD data; Dashed-line: Literature data; Tgias: Measured data

CONCLUSION

In the current study Computational Fluid Dynami€FD) was used to investigate the
pollution formation in a blast stove at the vogqste Stahl GmbH Linz during the
combustion of Blast Furnace Gas (BFG). Therefone adiabatic simulation runs using the
commercial software package FLUENT from ANSYS Iwere targeted on the influence of
operating conditions on NO and CO emission loadsduhe heating period. In the course of
this study a set of 5 operating points was investid whereas the dome temperature and the
temperatures of fuel gas and combustion air resgdgtand furthermore the air excess were
varied. The Eddy Dissipation Concept (EDC) was us$ed the turbulence-chemistry
interaction in combination with a GHtombustion mechanism in order to consider reaction
kinetics of intermediate combustion species.

CFD results confirmed the generally known trendt tN® emissions increase with rising
dome temperature level representing an importaastdtove process value whereas good
agreement with real plant emission data of thetlseie plant in Linz could be achieved. In
addition an increased air excess when raising ébelual Q@ content in the flue gas from 1
%0 (representing the standard operation with an acess ratioA of 1.19) up to

2 %0 (A = 2.12) leads to an insignificantly NO reduction.

A contrary effect between NO and CO emissions wasfitned. Intermediate species
(radicals) such as O, H and OH play an importatg during formation and conversion of
NO and CO whereas during the heating period NO d&ion and CO oxidation preferentially
take place in the upper burning shaft and the dmpeesenting the high temperature zones.
The importance of intermediate species reactioetkia justifies the utilization of the CPU



intensive EDC in the current study for detailededetination of the species concentration
levels.

The numerical results confirmed generally knowmdse concerning emission loads in
dependence on the blast stove operating conditleunshermore scientific knowledge could
be gained concerning the connection between pofiuformation and the combustion
intermediate chemistry during BFG combustion. Plgpeérators can use the information of
the present manuscript to optimize blast processatipg conditions (e.g. temperature level,
gas feed) with respect to legal limits.

Considering a refined heat transfer modelling betwine gas flow and the refractory brick in
the regenerator shaft as well as a CFD study ofN®eformation during the blast period
remain as open challenge for future investigations.
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