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Abstract. The present paper describes a methodology of stadymodeling the thermal energy transport in cecafrits
melting kilns with oxy-firing combustion processotigh the development of a numerical simulatiofrémtran language
coupled with a simulation in a CFD software. Thenddn of analysis consists of a rectangular refragtkiln, working in
a mean inside temperature of 1400 °C. The aimisfwlork is to generate technical subsidies in orttereduce energy
consumption in this particular kind of kiln, withtoa production reduction. The thermal problem isnpmsed by three
distinct forms of heat transfer: diffusion, adveatiand radiation. The numerical procedure is basedhe method of finite
volumes. The entire numerical domain is modeledgusi Fortran language algorithm. In the radiatiomalysis, the
Gebhart method of radiosity was applied to the a#idh heat transfer inside the kiln. The cited aition is used in
association with commercial CFD software, necessargolve the field of fluid flow inside the kiln.such a case the &-
model of turbulence was selected. Numerical premistfrom the model can be used in order to finch@e adequate
configuration to the kiln, specially the kiln caraevhere the raw material is processed

Keywords: Numerical Simulation, Thermal analysis, Ceranilo,kCeramic Frits.

1. INTRODUCTION

In ceramic industry most of kilns work in a highrigerature level, required to burn the raw ceramatenial. Inside the
field of ceramic, frits kilns are responsible fbietmelting process of the refractory material @6 fthat serves as a main
component for coating diverse types of ceramices€hkilns operate with internal temperature arobjdo0 °C and a
predominantly turbulent flow. For the past decadles,Brazilian ceramic industry has been replacih@or natural gas as
fuel for combustion kilns, with no further adjustme with respect to the furnace, reducing its esrgefficiency. There
are several recent works in the literature deditéte energetic analysis of different combustiomil Kawagutiet al
(2004) conducted a numerical analysis of an inteeemt furnace in CFD, achieving satisfactory restitr flow velocity
field. An experimental and numerical analysis ofuanel kiln was presented in Nicolat al (2002), by mean of a
FORTRAN code, developed with basis in finite volemmethod, with good agreement between numerical and
experimental results. In Nieckekt al. (2005), a numerical modeling of a industrial albam melting furnace was
performed with the commercial software FLUENT, gr&ing results with regard of oil and gas combunstio

Many studies with commercial CFD software assisgtahowever, are limited to the analysis of kilremmial processes,
idealizing its structure as insulated and excludingrom further analysis. A more complete numerioaodeling is
presented in this work, including an internal nuicermodeling plus a numerical modeling of the stuwe in order to
provide data to predict the impact of the procaghé whole kiln. This is accomplished through t@deling of a real frits
kiln, with a 100% oxy-firing natural gas combustiaeparated into two parts and solved in two différenvironments: a
FORTRAN code based on the finite volume method #vel commercial CFD software Ansys CFX. The numeérica
modeling of the two simulation’s components anddbepling are presented and discussed.

The internal flow in the kiln cavity is solved byn8ys CFX, giving as results the velocity field bEtcombustion
products, thermodynamic properties of the same #ad wall heat transfer coefficients. These resarksthen inserted in a
FORTRAN code, which uses these results to solvénglat transfer in the kiln's structure, the extéeat transfer and the
phase change of the frits mass.

2.NOMENCLATURE TABLE
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Table 01 — Nomenclature table for equations (1)2).(

Symbol Description Symbo Description
\Y velocity vector H turbulent viscosity
P density k turbulence kinetics energy
g_)r: specific forces)clistigr:]ogxnpégzztsjre acting in the c turbulent dissipation
c, specific heat at constant pressure Cﬂ k — & turbulence model constant
B coefficient of thermal expansion Da Damkohler number
kc thermal conductibility | turbulence characteristic length
T temperature L flame’s laminar velocity of propagation
q" rate of internal heat generation 5L front flame thickness
M absolute viscosity kbimoIec bimolecular reaction rate coefficient
(o) viscous dissipation function Ap pre-exponential factor
C specie concentration b exponential factor from Arrhenius
i diffusion flux E activation energy
m", volumetric rate of constituengeneration R universal gas constant
g, turbulence model constant for thé equation . spectral radiative heat flux
g, k — & turbulence model constant Kav absorption coefficient
R shear production of turbulence v scattering coefficient
C,. K — & turbulence model constant A linear anisotropy coefficient
C,, k — & turbulence model constant G, spectral incident radiation
Hest effective viscosity

3. PROBLEM SET UP

The kiln’s solid structure consists of refractorpterial. Its geometry was idealized in this work,ractangular shaped
and main dimensions of 2.7 m wide, 1.95 m high4a& m long. All walls have a constant thicknes®.db m. Raw mass
of frits is pushed, in steady regime, into the ‘kilmternal cavity by an endless screw throughlibek of the kiln. That
frit's mass accumulates in the back plane of thétgand flows to the bottom plane as it meltdldtvs through the bottom
plane till the front plane, where exits the kiln &y opening situated below the burner. This protesentinuous, with a
frit's mass flow out of the internal cavity. Figutdllustrates the kiln geometry, while Fig. 2 idiéies the cited planes.

Wall thickness = 0.45 m

Chimney Outlet

Frits Outlet

1950

Figure 1. Kiln geometry.




Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

The internal geometry of the kiln is approximateddctangular shape with a frontal burner and erddtchimney exit.
Its main dimensions are 1.8 m wide, 1.05 high ab& & long. Raw frit's mass melts inside the cauity flows out of the
kiln in a steady regime. The combustion is 100%-fisigg natural gas. The idealized geometry of taeity is shown in
Fig. 2.
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Figure 2. Cavity geometry.

The burner was simplified as two round openingsijtiumed at the center line of the front planehs tavity. They are
distanced by 145 mm of height. In the top openfog| is admitted with a part of the pure oxygenthe bottom entry is
injected the remaining pure oxygen. The openingameéters are 30 and 60 mm for the top and bottomniog
respectively. The bottom opening center is locatef10 mm from the bottom plane, while the top dpgiis at 755 mm
from the same. The combustion products outlet esaregular with dimensions of 100 x 150 mm, andoisated in the
cavity’s left plane.

The bottom and the back plane of the cavity areeteatias the frit's bath. An energy sink is presadlilin both of them
to simulate the sensible and latent heat of thie. bat

The modeled domain in the commercial software ArSiX is the kiln’s internal cavity, i. e., the ptetm’s fluid
domain. Within this domain is solved the combustoddmatural gas, the combustion products flow wittbulence and
internal media radiation.

The independent FORTRAN code models the solid dosngiven by the kiln’s structure and the interndlsf mass.
The coupling between the two models treats thelghlid interface inside de kiln.

4. CFX MODEL DESCRIPTION
4.1. Conservation equations

The physical phenomenon is governed by the consenvaquations of mass, linear momentum, energyciaical
species.

The following hypotheses were admitted: all fluidere assumed Newtonian, mixture properties wereidered to
depend on the properties of each species weights loyass fraction, dynamic viscosity, thermal cartility and molecular
diffusion coefficient were considered only temperatdependent and density of the mixture follovwdshl gas law.

The general formulation of the conservation equetis presented in Eq. (1) to (4).

., Giviov) =
5 +div(pV) =0 1)

%Hﬂ{p.vDV-#(DV+DVT)J:S—:+S,VI @)
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The global model is separated in two parts: comiae@FD model and FORTRAN code model. Both are flyrie
described as it follows.

4.2. Cavity model

The software Ansys CFX is based on the finite vaumethod. This model’s objective is to solve thebastion gases
flow inside the kiln.

4.2.1. Advection and turbulence model

The High Resolution scheme (Ansys, 2006) was usaolie the transport of properties inside thetgalt computes a

locally weight factor between first and second orajgproximation. For turbulence, the modet- £ was adopted, for it's
has been largely tested and its results publishéke scientific literature for turbulent flows, pgesenting a good relation
between computational effort and numerical accurdsymathematical inclusion in the problem is eggnted by two more

variables in the linear system. This model is basedte eddy viscosity concept, that associatectffe viscosity /. with
turbulent viscosity//, (Ansys, 2006) by:
Hey = U+ U, ®)
Turbulent viscosity is defined as:

k2
/'It = C;/p? (6)

The variables kinetics energlg and turbulent dissipatiorf are computed from the transport equations for tkise
energy, Eqg. (7), and turbulent dissipation, Eg. (8)

0 ( ok ]
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4.2.2. Combustion model

The Eddy Dissipation Model, EDM, was used to sahecombustion inside the kiln. This model was eggpWwhen the
chemical reaction rate is fast relative to thegpmmt processes in the flow.

According to Stephen (2000), an important dimersi&s parameter in combustion is the Damkohler nujrib@. The
fundamental meaning of the Damkohler number is ithegpresents the ratio of a characteristic flawmixing time to a
characteristic chemical time, thus

—

U,

Da= flow — (9)
5 Lkl/2

t

chem
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Where K is the turbulence kinetics enerdy,the turbulence characteristic IengtHL the flame’s laminar velocity of

propagation and5,_ front flame thickness.

For high Da numbers, i.eDa>1, it can be considered that the chemical react&e is fast if compared to flow
species transport. In the presented work, Da numvaerestimated of order 1000.
Natural gas was modeled as a 100% methane mixhdeita combustion as a single step reaction, EQ). (Ihe

bimolecular coefficient ratd; ... was based in the Arrhenius model, Eq. (11).

CH,+20, -~ CQ,+2H,0 (10)

-E
kbimolec = Apr exp[ﬁj (11)

In Eq. (11)T is temperature.
The EDM model considers stoichiometric reaction dnds not account for sub-reactions dissociatioribe reaction.
As an endothermic process, this limitation promatesrestimated temperatures in the combustion’dymts.

4.2.3. Radiation model

To solve the radiation within the kiln, the diffatel approximation model, P1, was adopted. Thefebéntial
Approximation is a simplification of the Radiatiofransport Equation, which assumes that the radiatibensity is
isotropic or direction independent at a given larain space. The P1 model is valid for an optibatkness greater than 1.
The spectral radiative heat flux for an emittingserbing and linearly scattering medium is compuatgd

Oy =— ! OG

12
3(K, —K_) - AK D (12)

Although differential approximation model P3 is raaccurate than P1 for most applications, it raieesnumerical
complexity. In the problem solved, the P1 model alassen over P3 as numerical complexity is alréagly, for having to
solve combustion in a 3D fluid flow.

4.2.4. M esh and convergence

Hexahedral mesh properties

Number of nodes 304,832
Number of elements 291,238
Number of faces 2676

Figure 3. Cavity mesh

A non-uniform hexahedral mesh was generated foc#wiy, as illustrated in Fig. 3. A mesh refinemems made in
the inlet and outlet regions, counting 291,283 mntolumes with a minimum orthogonality angle &.8 °. Mesh details
are available in Fig. 3.
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The convergence was obtained with basis in twandisparameters: residual error below than 1.1 all transport
equations, and variables balance with less thawetés.

4.2.5. Boundary conditions

There are two mass inlets and one outlet. The filmssates are 0.02 kg/s for natural gas and 0@8 for oxygen. In
the gas burner inlet is injected all the gas mass@02 kg/s of oxygen mass, 25% of the total ofgex. In the oxygen
burner inlet is injected all the oxygen that's |€ff06 kg/s. The inlet temperatures of gas and exygere set as 300 K and
a medium turbulence was considered, 5%. The octledition was set as prescribed mass flow of 0/& &f combustion
products. With these conditions the kiln has a manthermal power of 1 MW.

All refractory walls were considered as insulafBide posterior and inferior surfaces representedrisemass and bath,
respectively, where an energy sink of 60 kWimas prescribed in order to represent both theggneecessary to elevate
the raw frits mass temperature till the fusion eagd to melt it. The total energy sink is 507.6 8% of the total).

5. FORTRAN MODEL DESCRIPTION

Six arrays variables are imported from CFX resakbsknown variables for the FORTRAN code: (a-b-cloeigy
component in the i-direction, (d) combustion pradugensity, (e) combustion products specific héatoastant pressure,
(f) wall heat transfer coefficient.

The FORTRAN model is limited to the treatment o tiln solid domain. It is based in the method iofté volumes
and in the concept that the inside flow of the kénknown as is the properties derived of the flé\8. the numerical
algorithm it uses the Gauss-Seidel method to stileealgebraic equations system derived from theretization of the
conservation equations, Eq. (1) to (3).

In this model are solved heat diffusion in the walhternal and external convective heat exchanmgk radiative
exchanges in both interfaces, internal and extefiired bath frits are also modeled in this section.

5.1. Mesh

The mesh generated for the structure in FORTRABbimposed only for hexahedral and orthogonal elesnéntthe
solid-fluid interfaces an infinitesimal surfaceused to treat the radiation term. This is essetdiablve the radiation term
in the equations as for elevated temperaturegehis grows important. A transversal section cuthef mesh is shown in
Fig. 4. The blue elements represent the solid donkdin walls, while the green elements are thédfldomain inside the
kiln. The orange elements are the infinitesimafames.
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Figure 4. Solid domain mesh.
5.2. Heat diffusion and advection model
First order approximations are used to representiémivatives in the energy equation for the héhision. It's applied
in the kiln walls and raw frits mass. As advectsmmeme, the upwind scheme is used. This is applithte flow inside the
kiln and in the frits mass flow through the kiln.

5.3. Combustion model

A combustion model was developed to calculate tmbustion energy inside the kiln. This energy &ributed in the
combustion products flow through heated mass vatuatethe adiabatic flame temperature. The numbérchoice of
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volumes is based on the flame size from CFD andntbminal total energy of combustion. This combustinodel
considers the reaction dissociations, obtainingpenatures more realistic than the EDM model use@eX.

5.4. Radiation model

The wall radiation exchange is based in the Gebhwthod (Siegel and Howell, 1992). It was applied n@n-
participating media. This method takes into accdbet multiples reflexions that occurs inside thia.kiForm factors are
calculated by the algebraic technique of form fexctdhe analytics equations for form factors camooed in Incropera and
Dewitt (2003).

5.5. Frits mass model

The frits mass flow inside the kiln is modeled as@ving solid. The mass flow through each finitéuwoe of the mesh
is prescribed in the model and only the heat endiffysion and advection is solved. A heat eneligk svas prescribed in
this model in order to represent the energy consiompy the material.

6. RESULTS
6.1. CFX results

All results presented below are for steady statetison. The CFX velocity field is inserted in th©RTRAN code in
order to create the flow of gases inside the Kilhis flow is used to transport the thermal enerfythe FORTRAN
combustion routine. The temperature field obtainéth the CFX combustion is only used to estimate flow field and
properties. Figures 5 to 8 present the results frioenflow field inside the kiln that were numerigabbtained with the
Ansys CFX and imported to the FORTRAN code. Althotige final temperature field inside the kiln idveal through the
FORTRAN code, the properties estimated with the Q#y an important part in the final results. Thergose of
presenting these results is to show that they saftgeat numerical variation through the kiln intd cavity.

Density and specific heat at constant pressur¢har@nternal flow's thermodynamic properties moigngicant to this
work. They have a high temperature dependencyignSFare presented the CFX results for densithénlongitudinal mid-
plane of the cavity and specific heat in three iartfinal plans.

Figure 6 illustrates an isosurface of 2650K andvlecity field through a x-z plane passing by thener, at y = 0.61
m. The wall heat transfer coefficient and wall cectiwe heat flux in the left, top and right intermalls are shown in Fig.
7. These variables are solved by the CFX througthabte walls functions, using empirical correlatidior the wall heat
transfer and then calculating the wall heat transfefficient from the former. Figure 8 compareperimental data from
the external left wall temperature distributioniwibe one numerically obtained to the inside ledtlw

Density Specific Heat Capacity at Constant Pressure
(planorho6 10)

4.170e-001 2.200e+003
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1.883e-001
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1.100e+003
[ kgh-1 KA-1]

1.120e-001
Tkg mA-3]
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Figure 5. Inside flow density (a) and specific hetatonstant pressure (b).
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The effects of the flame on the flow field and pedes can be appreciated in Fig. 5 and 7. Demsity specific heat
undergo a wide variation in the flame region, whilemerical values for heat transfer coefficient &edt flux increase
significantly in the same zone.

An estimation of the flame size brings accuracyh® FORTRAN combustion model. This estimation carobtained
by an isothermal surface at a determined temperatstimated with basis in the theoretically reldasaergy of
combustion. An isothermal surface at 2750 K is ghawfig. 6.

The flame shape is slightly inclined to the lefampt of the cavity because of the outlet locatethat plane. The
temperature level inside the kiln is approxima@épOoK.

Temperature
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24 362

2.8250+003

1.983e+003 16242
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8.121

3.000e+002

¥
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9
— )
0.250 0.750
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Figure 6. (a) Isosurface of T = 2750 K; (b) Velgdield at mid-plane.

To solve the internal convective heat exchangdéénRORTRAN code, the wall heat transfer coefficiebtained with
the CFX is inserted as a known property in the fitdd volumes next to the interface solid-fluithe kiln internal wall.
Three walls are represented in the Fig. 7. Theiirthe left side of the internal kiln wall, whettee outlet is situated. The
middle one is the roof and the third one is thétrigide of the internal kiln wall. The z axis statsthe front of the kiln
cavity, where the burners are situated and incraths265 m, where the back of the kiln cavitylecated. The zero from
the y axis is located at the internal bottom ofkhie, and increase till the internal roof at 1105 The x axis goes from the
left internal wall, where the outlet is, till thight internal wall.

Heat Transfer Coefficient [W/ma2 K] Corwective Heat Flux  [Wim2]

4 66 021814417 1062228274 0 -600 -490 -380-270 160 50 60 170 280 380 500

35 35 5
3 3 3
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2 3 2 . = )
15 ) 15 ™ N s
1 1 1
05 05

05

05 1 05 1 _
yiml y[m] % i
@ ()

1
x[m]

Figure 7. (a) Wall heat transfer coefficient; (bneective heat flux.
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As expected from the non-symmetry forced by theitganutlet being in the bottom left side of therkiwhile the
burners are located in the front center, the weditlransfer and the wall heat transfer coefficaatnot symmetric.

The dependency between the heat coefficient andhehé flux in (a) and (b) is most remarkable atititernal roof.
Negative values of convective heat flux represeai lyoing from the flow to the wall. Positive vaduepresent heat going
from the wall to the flow. This happens at the @wsnin the back of the cavity, where the regioncadler flow are
concentrated and the while the walls are heateddigtion.

The wall heat transfer coefficient relation wittetthow field velocity is presented in Fig. 6 (b)here the velocity in the
longitudinal mid-plane is shown. The region of heglvelocity value coincides with the region of teglwall heat transfer
coefficient.

The temperature distribution in the external lefllvof the real kiln obtained with a infrared camés presented in Fig.
8 (b). It present a large fillet through all theaordinate at y=0.3 m as result of a external me¢alm used for the kiln
structure, contrasting with the refractory wallbeftemperature distribution for this fillet is negled as the infrared camera
was set to refractory material emissivity. Figur@hBis compared with the temperature distributionthe same wall but in
the internal face solved with CFX. The temperatoales are local for each case. The z axis statte dack of the cavity
and ends in the front plane, so the burner is émtat z = 3.55 m. The y axis starts at the botttang

Temperature near wall [K] Extemal wall temperature [K]

2915 2520 2925 2530 2535 25940 2545 2660 2655 2560 2565 2970 2575 2580 2585 2590 2595 2600 2605

360 380 400 420 440 460 480 500 520 540 560 580 600 G20 640 66D B30 700

IR IR SRR
05 1 15 2 25 3 . . 1.5 2
z [m] z [m]

(a) (b)

Figure 8. Left wall temperature distribution (a))CFesults (b) experimental data.

6.2. FORTRAN results

A fictitious flow was inserted in the FORTRAN codeorder to test it. It is a uniform flow starting the front plane,
going through the kiln cavity until it reaches thack plane, descending to the last layer of finilumes, next to the
bottom plane, returning then to the front plane famally exiting the kiln cavity by the outlet imé left plane.

Temperature left wall {F ortran)
Frontal wall temperature distribuition near burner (Fortran)

400 500 GO0 OO 8O0 900 1000 1100 1200 1300

e

500 600 700 00 GO0 1000 1100 1200 1300 1400 500 1600 1700 1800 1900

_ 15 -
F -
- B = :
Eb E
> . > -
=& =
S, 05
% 1 2 3 4
z [m]
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Figure 9. (a) Solid front wall temperature disttibu, (b) solid left wall temperature distribution.
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The combustion was assumed to occur in the fingtrlaf volumes, next to the front plane, in the X¥¥ne. The
combustion was solved for the methane-oxygen stmioktric reaction. Fig. 9 presents the temperatistribution
obtained for that case in the front wall at a distaof 0.075 m from the internal solid-fluid inta&ck (a). The temperature
distribution at the same distance on the left wgadllso presented (b). The y axis stars at themadtbottom wall of the kiln.
The zero in the x axis is located at the exterefiall and the z axis goes from the externaltfrwall to the external back
wall. The temperature is given in Kelvin

Table 02 — Experimental data and CFX results corsgar

FORTRAN numerical

Experimental data CFX numerical results
results
Energy Fraction Energy Fraction Energy Fraction
[kwW] [%0] [kw] [%0] [kwW] [%0]
INLETS
Oxygen 0 - 0 - 0 -
Fuel 0 - 0 - 0 -
Raw frits mass 0 - 0 - 0 -
Theoretical combustion energy 1125 - 1002.9 - 1012 -
OUTLETS

Flow outlet 446 39.6 441.0 43.97 429 42.39
Frits mass flow outlet 389 34.6 507.6 50.61 368 386.
External heat rate losses by walls 246 21.9 0 0 204  20.16
Total energy outlet 1081 96.1 948.6 94.58 1001 D8.9
Theoretical total energy outlet 1125 100 1002.9 100 1012 100
Theoretical-results difference 44 3.9 54.3 5.42 11 1.09

Table 2 brings a comparison between experimental filam the real kiln and the numerical resultsaoted with CFX
and FORTRAN. The numerical values for the FORTRASSults are not accurate, since a fictitious flows waescribed
instead of the CFX flow solved. The energy transf@rto the frits mass flow in the CFX numericalulesis prescribed in
the model, based on estimated properties of tte frhe value estimated for this case was 507.6BMW¢an fluctuate from
400 to 500 kW depending on the frits compositiohe experimental data brings a value of 389 kW. Thmbustion
products flow exiting the kiln’s cavity represeiinast 40% of the input energy for the experimedttia and 44% for the
CFX results. The flow's temperature however diffsn an order of 1000K, going from 1300K on theesmental data
to 2600K on the numerical results. The elevate tatpre in the CFX model is caused by the ideatinadf the kiln as
insulated and the overestimation of temperaturefiéencombustion model EDM. By examining the experital data in
Tab. 2 it can be seen that the insulated condisamot a good approximation since over 20% of tiut energy losses
occurs by the walls to the external environmenim@aring numerical results from CFX and FORTRANpd@ssible to see
that the FORTRAN code provides important resultspresented in CFX results such as that exterratl fate losses by
walls, essential for predicting the impact of thside kiln process in the kiln structure.

7. CONCLUSIONS

The numerical simulation of the process insiderarog frits kiln with CFD and a global FORTRAN copgeoved to be
a helpful tool in two main aspects. The first osed provide good values estimation for differeatiables, with the CFD,
for the global case in the FORTRAN code, allowihg tasy investigation of the influence of sevemiables in the
process as burner position, fuel and oxidizing tgpd kiln geometry. The second is to provide dataaf more complete
approach of the problem involving also the struetaf the kiln, not idealizing it. This can contribuo improve several
aspects of industrial interest as reduction of meteost on maintenance of the refractory walsréase of the efficiency
of the fusion process, improve productivity andimjztation of burner position and kiln geometry.

The comparison of the CFD results with experimedtah proved that the mathematical models usedemtmerical
simulation are consistent with the real phenoménather comparison with global results from the HBRN code is
expected to have even better accuracy with expetahealues.
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