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Large-eddy simulation of an industrial furnace
with a cross- ow-jet conmbustion system

By L. WanganD H. Pitsch

1. Motiv ation and objectives

Industrial furnacesare usedin many applications, such asthe extraction of metal from
ore, or in oil re neries and other chemical plants. In power plants, furnacesplay a crucial
role in transferring chemical energy stored in fossil fuelsinto heat. It hasbeenestimated
that about 65% of the total electricity generatedin the United States during 2005was
from power plants using fossil fuels (Department of Energy Website). This percenage
is expected to increasein the future as coal becomesa more dominant energy source.
The U.S. Department of Energy is developing technologiesfor ultraclean, 21st-cerury
energyplants with e ciency and emissiongoalswell beyond the current state-of-the-art
fossil fuel power plants. Control of pollutant emissionssuc as nitrogen oxides (NOy),
carbon monaxide (CO), and even carbon dioxide is critical for these advanced power
plant designs.

Thermal NOy is an important issuefor fuelsthat have ame temperaturesin excessof
1800K. Stagedcombustion approacessuc asrich-burn/quic k-quend/lean-burn (RQL)
combustion have beenusedprimarily to minimize NOy emissions.Theseapproacdesusu-
ally involve cross- ow air injection into the incomplete combustion products. Figure 1
illustrates the con guration of a low-NOy RQL furnace that is usedin this modeling
study. The diusion burners are operated at fuel-rich condition. This is to keep ame
temperature low, and hencesuppressNO formation. However, the CO concerration is
high, since complete oxidation doesnot occur in the rst stageof rich combustion. Sec-
ondary air is injected into the over- re part of the furnace to complete combustion. The
cross- ow air jets introduce rapid mixing, and therefore freezeNO formation reactions.
Overall, the combustion processis fuel lean and thermal NO production is reduced.

The mixing due to the cross- ow jets is critical for minimizing NO production. Ideally,
mixing betweenrich combustion products and secondaryair should proceedin suc a way
that the excessCO is fully burned and NO formation is suppressedlf the mixing time
scalesare too slow, or the cross- ow jets cannot penetrate the main ow to distribute
the oxidant uniformly acrossthe ertire ow area, localized high temperature zonesare
formed and signi cant amounts of NO will be produced.

In order to capture the mixing e ects of the cross- ow air jets, Large-Eddy Simulation
(LES) is preferred over Reynolds-AveragedNavier-Stokes(RANS) simulation, becauseof
LES's capability in describingunsteady large scalemotions and turbulent mixing. LES of
furnaces,such asthe presen cross- ow-jet combustion is rare, as most combustion LES
are for laboratory canonical ames or modeled gas turbine combustors (Pitsch 2006).
One objective of the present paper is to investigate the mixing processof a cross- ow-jet
combustion systemin an industrial furnace using LES.

Another objective of the paper is the assessmeanof laminar amelet models (Peters
1984) in LES of cross- ow-jet combustion systems.Due to the separation of chemistry
from the ow eld solution, laminar amelet models are computationally very e cien t
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Figure 1. Schematic illustration of a low-NOy rich-burn/quic k-quench/lean-burn furnace.

in combustion LES, while still enabling the use of detailed chemistry. This is desirable
in industrial applications, where computational turn-around times are usually critical.
Flamelet models are also accuratein the sensethat chemistry and the molecular mixing
processat the small scalesare treated simultaneously. Seweral di erent amelet model
formulations canbe easily applied to LES. The performanceof thesemodelsin predicting
conbustion and pollutant formation is assessedh this study.

2. Physical and numerical models

The LES code usedin the simulation solvesthe ltered low Mach number formulation of
the Navier-Stokesequationson structured grids. The solver employs an energy-conserving
nite di erence scheme, and the numerical discretization in spacecan be of arbitrary
order of accuracy (Morinishi et al. 2004). Variable staggeringin both spaceand time is
used (Pierce 2001). The time advancemer is implemented using an Adams-Bashforth
predictor-corrector algorithm with second-orderaccuracy (Pierce 2001). The Lagrangian
dynamic sub lter model is implemented for turbulence closure (Meneveau et al. 1996).

This structured LES code with staggering in spaceand time is accurate and com-
putationally e cien t, which makesit suitable for engineeringapplications. Howeer, it
is dicult to accommalate complex geometry with structured meshes.The Immersed
Boundary (IB) method allows ow simulations around complex objects without restrict-
ing grid lines to be aligned with the irregular boundary faces(Fadlun et al. 2000). The
no-slip boundary conditions are enforcedthrough body forcesadded to the right-hand
side of the momertum equations. The body force terms are applied exactly at the im-
mersedboundary by specifying the velocity valuesat the nodesclosestto the boundary.
To allow the structured LES code to handle complex con gurations, an IB algorithm
dewveloped at the Certer for Turbulence Researt was implemerted. This algorithm is
massconsenative, computationally e cien t, and su cien tly accuratefor large eddy sim-
ulations (Kang et al. 2005).

In most combustion applications of LES, the useof laminar amelet modelsis straight-
forward becauseof the easeof implementation and the capability of incorporating rather
complex chemistry at reasonablecomputational cost. The basic assumption of amelet
models is that the chemical time scalesare short enoughsud that reactions occur in a
thin layer around stoichiometric mixture on a scalesmaller than the small scalesof the
turbulence. Flamelet modelscan be divided into steady and unsteady models. The steady
models include the classical steady amelet model and the amelet/progress variable
model. Sincethe ame structure in steady modelsis assumedto be in steady state, these
models are inaccurate for slov chemical reactions such as NO formation. In order to use
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Figure 2. Computational mesh 256 x 64 x 64.

steady amelet modelsfor NO predictions, an appropriate formulation hasbeenproposed
for NO (Ihme & Pitsch 2007). One objective of the presen study is to test the accuracy
of the proposedformulation. Unsteady amelet models, such asthe Lagrangian amelet
model (Pitsch & Steiner 2000), on the other hand, take the slow chemical/physical pro-
cessinto consideration, and are expectedto predict NO formation with better accuracy
In this paper, the performancein predicting NO using the three di erent amelet model
formulations, the classicalsteady amelet model, the amelet/progress variable model,
and the Lagrangian amelet model will be assessed.

3. Numerical grid and procedures

In the simulation, the mixing due to cross- ow air jets is of interest. The experimental
data are available only at the over-re part of the furnace (Fig. 1). It hasbeenveri ed
by experimerts that the mixture condition at the location before the air jets is almost
uniform acrossthe duct and closeto propane equilibrium combustion at 1773K. There-
fore, the computational domain in the simulation considersthe over- re part plus a small
portion of the main furnace, as shavn in Fig. 2. A small portion of the main furnace is
included to provide a better ow condition beforethe cross- ow air jets. The boundary
condition for transition from the main furnace to the over-re part will be treated using
the immersedboundary method. The inlet velocity pro le is taken from the simulation of
aturbulent duct ow of the samedimensionasthe main furnace. The simulation wascar-
ried out for about four ow-through times after the ow reaced statistically stationary
state. The inlet velocity pro les for the cross- ow air jets are plug ow. The meshsizeis
256 64 64in x, y, and z directions, respectively. The simulation time is approximately
24 hours for one o w-through time on 64 processors.

4. Results and discussion

Our preliminary tests (Wang & Pitsch 2007) found that the classicalsteady amelet
model and the amelet/progress variable (FPV) model performed similarly well for this
over- re cross- ow combustion system. This can be explained by looking at the solution
of the steady amelet equations, which takes the rich hot combustion product from
the main furnace as the fuel stream. Figure 3 shows the maximum temperature of the
amelets as a function of stoichiometric scalar dissipation rate. This gure diers from
the S-shaped curvesthat are generally producedfrom the steady amelet equations. This
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Figure 3. Maximum ame temperatures of the steady amelet solutions usedto construct the
amelet library .

is becausethe fuel streamin the amelet solution is the rich hot combustion product, and
therefore, the unstable partially extinguished solution branch doesnot appear. This is an
interesting combustion regimethat is similar to the so-calledMILD (Moderate or Intense
Low-oxygen Dilution) combustion, alsocalled ameless oxidation. In this regime, the fuel
is so highly preheatedthat the non-linear interaction betweentransport and chemistry,
which typically leadsto auto-ignition and extinction phenomena,does not reveal these
features anymore. Becausethe fuel is so hot, extinction is no longer possible,no matter
how strong mixing is. This implies that using scalar dissipation rate to parameterize
the amelet library provides a unique mapping to the amelet solutions and makesno
di erence from using a progressvariable as a amelet parameter. Henceit is expected
that the classicalsteady amelet model will predict the similar results asthe FPV model.
In all the latest tests, the PFV model was used exclusively.

It wasalsoobsenedthat the ame appearedat the walls of the over- re duct and the
temperaturesin the near wall regionswere high. This is unphysical since heat lossesto
the walls will reduce the temperature such that combustion cannot occur in the near-
wall regions. A wall heat transfer model needto be deweloped and incorporated into the
amelet models.

4.1. A wall heat transfer model

In IC enginesimulations usingthe amelet approac for combustion modeling, unsteady
amelet formulations are usually employed together with the solution of an enthalpy
equation to accourt for heat lossesat the walls. However, usually only one unsteady
amelet is generally considered becauseof the computational cost and complexity of
implemertation. In order to keepthe computational e ciency of the FPV model, we de-
veloped an e cien t approac to accourt for wall heat lossesin the framework of steady
amelet formulations. This approac involvesthe construction of up to third-order deriva-
tivesof scalarswith respect to enthalpy in the amelet library.

The basicidea s that we can obtain a seriesof amelets that have the samestoichio-
metric scalardissipation rate but with di erent enthalpy values.Sincethe referencescalar
dissipation rate and the referencemixture fraction will be the samefor these amelets,
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Figure 4. Instantaneous contours of the di erence between enthalpies with and without wall
heat losses.

the corvoluted scalar dissipation rates, i.e., averagedusing the beta sub Iter probabil-
ity density function (FPDF), of dierent amelets will be the samefor the same ltered
mixture fraction and mixture fraction variance. Then, from these amelets we can obtain
the variation of ltered scalarvalueswith respect to the ltered erthalpy. Using Taylor
seriesexpansion,the changeof the scalarswith respect to erthalpy is expressedas

T(Ho+ 9H) = ~(Ho) + a1 9H + ax(9H)? + ag(IH)> + :::; (4.1)

where ~represens Itered chemical composition variables sudh as speciesmassfraction,
temperature, density, and molecular transport properties, Hy is the Itered enthalpy of
the amelet without heat losses,and 9H is the di erence between ltered enthalpies
with and without heat lossesand is called erthalpy defect. The coe cien ts a; are related
to the derivatives of the scalars. Three additional amelets with dierent enthalpy con-
tents may be usedto determine the coe cien ts if third-order derivativeis to be retained
in the Taylor seriesexpansion,and we have found that third order is required for rep-
resening the variations of NO lItered sourceterms. In our implementation, more than
three amelets are usedto construct the coe cien ts for up to third-order derivativesand
a least square minimization algorithm is usedto optimize the coe cien ts. These coe -
cients are then stored in the amelet library asa function of Itered mixture fraction, its
variance,and lItered progressvariable.

During the simulation, a ltered erthalpy transport equation with heat lossess solved.
The solution is comparedwith the enthalpy valuesfrom the amelet library (no heatloss)
and the enthalpy defect is computed. Then, accordingto the Itered mixture fraction,
its variance, and the Itered progressvariable value, the seriesexpansioncoe cien ts are
extracted from the library, and the Itered scalar valuesincluding ltered density are
obtained using Eq. 4.1.

The amelets with the same stoichiometric scalar dissipation rate but with dierent
enthalpy values can be obtained by solving the unsteady amelet equations using the
steady no-heat-losssolution as the initial condition, or by solving the steady amelet
equationswith di erent enthalpy contents at the fuel and oxidizer boundaries. For sim-
plicity, the secondapproac was taken in our implementation.

Figures4 and 5 shaw the instantaneousplots of the ernthalpy defectand the comparison
of temperature contours with and without heat lossesfrom the furnace walls. Sincethere
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Figure 5. Instantaneous contours of temperature with (bottom) and without (top) wall heat
losses.

Figure 6. Mean proles compared with experimental data at the three measuremen stations.
Symbols are experiments, solid lines are results with wall heat transfer, and dashedlines without.
Left: mixture fraction; right: temperature.

are no experimental data on wall heat transfer, in the simulation a constart heat ux
from the walls was assumedfor the sourceterm in the enthalpy equation.

4.2. E e ct of wall heat transfer

Figures 6 to 8 compare the mean pro les at the three measuremeh stations before
and after the wall heat transfer model was implemerted. Figure 6 shavs the mixture
fraction and temperature distributions acrossthe duct. The mixture fractions are in
good agreemen with experiments indicating that the turbulent mixing processdueto the
cross- ow jets is captured well by the applied structured LES method. The comparison
betweentemperature pro les shows that the wall heat transfer model is important for
predicting the right trend in temperature distribution closeto the walls: the bending
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Figure 7. Mean proles compared with experimental data at the three measuremen stations.
Symbols are experiments, solid lines are results with wall heat transfer, dashed lines without.
Left: O, mole fraction; right: CO, mole fraction.

Figure 8. Mean proles compared with experimental data at the three measuremen stations.
Symbols are experiments, solid lines are results with wall heat transfer, dashed lines without.
Left: CO mole fraction; right: NO mole fraction at 6% O,.

of the temperature prole toward walls due to wall heat lossesare captured by the
wall heat transfer model and the absolute values of temperature are in good agreemen
with experimerts. The agreemen worsensat the downstream location. This is probably
causedby the arti cially speci ed wall heat ux in the model. More experimental data
are required for an improvemert in the results.

Figure 7 shaws the proles of the major species,O, and CO,. The major species
are in good agreemenm with experiments. Figure 8 shows the mean pro les of pollutant
species,CO and NO. Comparedwith experimerts, the CO pro les calculated by the wall
heat transfer model show qualitativ e improvemert over the pro les without the wall heat
transfer model. At the secondand the third measuremen stations, the simulation without
wall heat lossesshows a bend of the CO pro le closeto the walls. This is becausewithout
the wall heat transfer model, the simulation predicts high temperatures and reactions
occurring near the walls, which causethe CO conceriration to decrease.Including the
wall heat transfer model eliminates this incorrect behavior at the downstream locations.
Figure 8 shows that the CO conceriration is over-predicted near the walls by the wall
heat transfer model. However, in the middle of the duct, the CO pro les with wall heat
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loss have much better agreemenm with experimerts than those without heat losses.The
over-prediction near the walls is probably due to the fact that a top-hat inlet pro le was
used, while in the experiment, the CO concerration near the walls may be lower than
that in the middle of the duct.

The NO pro les shaw that both simulations with and without wall heat transfer over-
predict the NO formation, even though including the wall heat transfer model substan-
tially improvesthe results. The over-prediction may comefrom two sourcesof error. The
rst is the model for NO prediction. This model was developed to addressthe inherert
problem of the steady amelet model in predicting slow chemical processesuc as NO
formation. A transport equation is solved for the Itered NO massfraction and the I-
tered chemical sourceterms are obtained from the amelet library that has a separate
treatment for the production and consumption sourceterms with special considerations
for the de ciencies of the steady state assumption. However, this model was validated in
simulations of turbulent jet di usion ames, shaving that especially thermal NOy, which
is the most important formation medanism for the presen case,is quite well predicted.

The secondsourceof error is that thermal radiation was not consideredin the formu-
lation. The e ect of heat lossesvia radiation is consideredin the following.

4.3. E e ct of thermal radiation

In order to evaluate the importance of radiation to the prediction accuracy an optically
thin model was implemerted. Becauseonly emissionis consideredin the optically thin
model, the radiation sourceterm for the enthalpy equation can be calculated directly
from the solution of the amelet equations and stored in the amelet library. Sincethe
optically thin model is known to over-predict radiation heat lossesto minimize the error
causedby the simple optically thin model, a factor of 0:2 is multiplied to the radiation
sourceterm in the enthalpy equation.

Adding radiation lossesto the erthalpy equation increasesthe erthalpy defectusedin
the heat transfer model, which causedthe temperature to decreasefurther, as shown in
Fig. 9. Heat transfer to the walls is consideredin both simulations. There is not much
di erence in the mixture fraction distribution from the two simulations. The radiation
model brings the temperature pro les closerto the experiments. Since absorption was
not consideredin the optically thin model, the temperaturesin the middle are lower than
in the experiments.

Figure 10 shows the e ect of adding thermal radiation on CO and NO predictions.
There is not much di erence in CO pro les. For the NO pro les, the changeat the rst
station is small, but the changesat the secondand third stations are substartial. This
is consistert with the improved temperature distributions. Becauseof the crudenessof
the model, the shape of the temperature proles was not accurately represerted: the
predicted temperature was higher closer to walls and lower in the middle. It can be
expectedthat the NO prediction will be improved with a more detailed radiation model.

5. Conclusionsand future work

We conclude from the previous discussionthat the amelet model performs well for
the prediction of the major speciesin this cross- ow-jet combustion system. Because
of the nature of this combustion system with highly heated fuel stream, there are no
major di erences betweenthe classicalsteady amelet model and the amelet/progress
variable model. In addition, heat lossesfrom the walls and from thermal radiation play
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Figure 9. Mean proles compared with experimental data at the three measuremen stations.
Symbols are experiments, dashedlines are results with radiation heat losses,solid lines without.
Left: mixture fraction; right: temperature.

Figure 10. Mean pro les compared with experimental data at the three measuremert stations.
Symbols are experiments, dashedlines are results with radiation heat losses,solid lines without.
Left: CO mole fraction; right: NO mole fraction at 6% O,.

an important role for pollutant speciespredictions. We have developed a simple wall heat
transfer model in the framework of steady amelet formulation.

The over-prediction of NO speciesby the current implemertation of the NO model
needsfurther investigation. In the implementation, the amelet library and the Taylor
seriescoe cien ts for the wall heat transfer model are constructed from steady amelet
solutions, which have beenshawn to producelarge errors in the prediction of slow chem-
ical processesuc as NO formation. Unsteady amelet solutions will be employed in the
future for the improvemnt of NO prediction.

6. Acknowledgmerts

This project is sponsoredby Power & Industrial SystemsR&D Laboratory of Hitachi
Ltd. The program monitor is Dr. Kenji Yamamoto.



240 L. Wang and H. Pitsch

REFERENCES

Depar tment of Ener gy Website: http://www.eia.do e.gov. accessedDctober 2007.

Fadlun, E. A., Verzicco, R., Orlandi, P. & Mohod-Yusof, J. 2000 Combined
immersed-loundary nite-di erence methods for three-dimensional complex ow
simulations. J. Comp. Phys. 161, 35{60.

Ihme, M. & Pitsch, H. 2007 Prediction of NO formation in turbulent ames. (In
preparation).

Kang, S., laccarino, G., Moin, P. & Ham, F. 2005Predicting pressure uctuations
in LES using the immersed boundary method. Ann. Res. Briefs 2001 Center for
Turbulence Researt), Stanford University, NASA Ames.

Menevea u, C., Lund, T. S. & Cabot, W. H. 1996A Lagrangian dynamic subgrid-
scalemodel of turbulence. J. Fluid. Mech. Vol. 319, 353{385.

Morinishi, Y., Vasilyev, O. V. & Ogi, T. 2004 Fully consenative nite dierence
scheme in cylindrical coordinates for incompressible ow simulations. J. Comp.
Phys. 197, 686{710.

Peters, N. 1984Laminar diusion amelet modelsin non-premixed turbulent combus-
tion. Prog. Energy Combust. Sci. 10, 319{39.

Pier ce, C. D. 2001 Progress-variableapproach for large eddy simulation of turbulent
combustion. Dissertation, Stanford University.

Pitsch, H. 2006Large-eddysimulation of turbulent combustion. Ann. Rev. Fluid Mech.
38, 453{82.

Pitsch, H. & Steiner, H. 2000 Scalar mixing and dissipation rate in large-eddy sim-
ulation of non-premixed turbulent combustion. Phys. Fluids. Vol. 12(10), 2541{54.

Wang, L. & Pitsch, H. 2007 Prediction of Pollutant Emissionsfrom Industrial Fur-
nacesUsing Large Eddy Simulation. 5th US Combustion Meeting. Paper # BO03.



