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th Brazilian Congress of Thermal Sienes and Engineering � ENCIT 2006Braz. So. of Mehanial Sienes and Engineering � ABCM, Curitiba, Brazil, De. 5-8, 2006 Paper CIT06-0324THREE DIMENSIONAL SIMULATION OF HEAT TRANSFER WITHINFURNACES AND REACTOR TUBES FOR THE THERMAL CRACKINGOF EDCRoberto Janny Teixeira JuniorCentro de Tenologias Ambientais e Energétias - Instituto de Pesquisas Tenológias de São Paulo - IPT. AvenidaProf. Almeida Prado, 532. Cid. Universitária, CEP 05508-901 São Paulo/SP - Brazil.rjanny�ipt.brFraniso Domingues Alves de SousaCentro de Tenologias Ambientais e Energétias - Instituto de Pesquisas Tenológias de São Paulo - IPT.fdasousa�ipt.brSandro da Silva AguiarBraskem S.A. - Unidade Vinílios - Pólo Cloroquímio de Alagoas, Marehal Deodoro/AL - Brazil.Abstrat. This work is an appliation of the numerial ode ERHESICS for thermal behavior simulation of apyrolysis furnae based on Vinyl Unit of Braskem S/A. This furnae engenders thermal raking of EDC (ethylenedihloride) into its monomer VCM (vinyl hlorine monomer). ERHESICS aims to predit the e�et of operationalparameters of wall burners on load's (tubular reator skin) overall heat �ux. To predit thermal performane of afurnae (where thermal radiation's the more signi�ant way of heat transfer), aurate alulus of radiant transferbetween ombustion produts, furnae enlosure and load must be ahieved. For Simulation of Brakem's ther-mal raking furnae, thermal radiation was approahed using Hottel's integral zone method, assuming partiipantmedium as a weighted sum of gray gases. For a known �ue gas �ow pattern, a oupled simulation of thermal radia-tion, onvetion and ondution was arried out. Basi bloks (diret exhange areas) for formulae of zone methodwere developed speially for retangular furnaes, using speial transformation of variables to redue omputatione�ort. Exhange areas were omputed using a Monte Carlo-like tehnique. Simulation results were ompared toa real ase where experimental data's available to verify model preditions. Good aordane was obtained, withmaximum relative deviane of 10% from experimental overall heat transfer to tubular reators skin.keywords: heat transfer, pyrolysis furnae, thermal radiation, zone method, erhesis1. IntrodutionThis work is a result of the development of a omputational ode (Janny and Sousa, 2005) to predit thee�et of operational parameters of natural gas-�red wall burners installed in Braskem's raking unit F-1401-A.Main parameters hanging during furnae's operation would be air exess (i.e. air oe�ient) and natural gas�owrate on eah burner level � see Fig. (1).Both e�ets of total power soure provided through all burners and distribution of this soure over theseburners should be simulated: for a given total power soure, whih distribution of this soure over all burner levelswould lead to a inrease on load's (tubular reator skin) overall heat �ux, hene greater e�ieny. Numerialresults would be then used as input to a proess modeling software like Aspen Plus R©.The mathematial modeling argued here deals only with furnae region alled �radiation hamber� or �ra-diation setion� and, additionally, the following assumptions were made to those of Hottel's work (Hottel andSaro�m, 1967):i) Steady state ondition;ii) Unidiretional �ow with allowane for axial mixing, without seondary �ow regions (i.e. reirulation);iii) Flue gas veloity pro�le as a sole funtion of mass �ow, temperature and free stream's ross-setional area;iv) Flue gas omposition along furnae was alulated from imposed air oe�ients (air oe�ient λair=[e�etively used air℄/[stoihiometry air℄);v) Complete fuel onversion (extent of reation X = 1);vi) Combustion was admitted as puntual phenomena, as if eah burner would be replaed by a puntualsoure of power related to its �injeted� fuel �ow rate (power = ·

mng · HHV∀, where ·

mng and HHV∀ are�ow rate and higher heating value of natural gas, respetively, within ontrol volume ∀).1



Proeedings of the ENCIT 2006, ABCM, Curitiba � PR, Brazil � Paper CIT06-03242. Desription of the raking unitRadiation setion has a entral plane (symmetry plane) ontaining 22 reator tubes, plus 6 reator tubes ona ross-over plane loated on the end of this setion. Furnae an be approximated as a prism with retangularbase, whose dimensions (in meters) are: 6.5 height, 1.6 width and 16.7 length.

Figure 1: Representation of raking furnae: load surfaes (reator tubes) and refratory surfaes (burners)Heat required for endothermi raking reation is provided by means of radiant wall burners loated inparallel to the symmetry plane. There're 4 rows (levels) of burners on eah side of furnae, eah row having 10burners. These burners provide uniform heat distribution through indiret heating of reator tubes skin: bulkof radiative heat transfer is due to refratory surfaes (these ones �rst being heated mainly by burner's �ame)emitting and re�eting to reator tubes. More details about this type of petrohemial furnae may be gatheredfrom John Zink's Handbook (Baukal, 2001).3. Zoning and disretizationUsually, zone size is ditated by harateristi length sale of ondution and onvetion (Hottel and Saro�m,1967). For this problem, onvetive and ondutive heat transfer answer for less than 15% of the overall heat�ux to load, therefore a rough furnae zoning, as detailed in Fig. (2), already gives a good desription of theproblem, and is oherent with experimental data about reator tube skin temperatures. The present zoningsheme is for one half of furnae, as the problem will be admitted plane-symmetri:
• 5 gas volume zones (V0,V1,V2,V3,V4): main gas speies are O2, H2O, CO2 and N2; in the �rst four volumes(V0...V4) there are heat soures (burners); there aren't burners in �fth volume;
• 6 load surfae zones (S2,S6,S10,S14,S18,S20): disontinued load surfaes omposed by spaed tubes andvoids; there're strong exhanges by radiation (S2,S6,S10, S14,S18) and onvetion (S20);
• 16 refratory surfae zones (remaining surfaes): made of refratory omposites; on some of these surfaesare installed wall burners (S0,S4,S8,S12).

Figure 2: Isometri detail of furnae zoning and identi�ation of all domain zones (surfaes and volumes)2



Proeedings of the ENCIT 2006, ABCM, Curitiba � PR, Brazil � Paper CIT06-0324Figure 3 gives a detailed view of unidiretional mass �uxes along volume zones.
Figure 3: Simpli�ed model for mass �ux in eah volume zone4. Zonal analysisTo alulate radiative heat transfer, an integral approah was used employing zonal analysis (Hottel andSaro�m, 1967). Mathematially, the zone method is, perhaps, the simplest numerial quadrature of thedi�erential-integral equation (Radiative Transfer Equation or RTE) governing radiative transfer. Hottel'smethod make no approximation or assumption to simplify the RTE. By using the onept of radiosity andthe priniple of energy onservation, this method transforms RTE into a new set of nonlinear algebrai equa-tions.Together with onventional �nite di�erene tehniques to represent onvetive transports, the zone methodprovides a way to disretize radiation ontribution on a general di�erential-integral equation.5. Total balanes for zones forming a avityTerms related to radiative transport are written as funtion of exhange fators known as direted �ux areas,denoted by ⇀

GG, ⇀

GS, ↽

GS and ⇀

SS for gas-gas, gas-surfae, surfae-gas and surfae-surfae exhanges, respetively.Using the theory developed by Hottel and Saro�m, direted �ux areas an be alulated from more funda-mental exhange fators, as shown in Tab. (1):Table 1: Exhange areas used in zone method for radiation analysis (Rhine and Tuker, 1991)Exhange Fator Denomination Funtion ofdiret exhange area gigj , gisj , sisj geometry, gray gas extintion oe�ient K.total exhange area GiGj , GiSj , SiSj geometry, K, surfae emissivity ǫidireted �ux area ⇀

GjGi, ↼

GjGi, ⇀

GjSi, ↼

GjSi, ⇀

SjSi, ↼

SjSi geometry, K, ǫi, Ts,i and Tg,i temperatures.Direted �ux areas are omputed from total exhange areas, whih in turn are omputed from diret exhangeareas. Using these exhange fators, the transfer of thermal radiation for a partiular zone may be inorporatedin a total energy balane. In this balane all others heat transfer modes are aounted.Equations are written for all gas and surfae zones, giving rise to a simultaneous system of nonlinearequations. This system an be solved to �nd temperature and overall heat transferred to eah zone.5.1. Total energy balane for a surfae Si with area Ai
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is the blakbody emissive power at zone's (zj)temperature, and it's given by Stefan-Boltzmann law (Ezj

= σT 4
zj
).For surfaes S2, S6, S10, S14 and S20, ·

Qall(i)
stands for the overall heat transferred to eah i = 2, 6, 10, 12, 14, 20load surfae (tubular reator skin). This is the meaningful quantity to evaluate furnae's e�ieny. For refra-tory surfaes, ·

Qall(i)
stands for losses by ondution through wall.5.2. Total energy balane for a gas Gi with volume Vi
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HHV∀ (4)In volume Vi, outlet and inlet �owrates (kg/s) for O2, N2, CO2, H2O are expressed by ·

moutlet and ·

minlet,respetively. The terms eoutlet and einlet � spei� enthalpies (kJ/kg) � are alulated at temperatures ofvolumes Vi and Vi−1, respetively. Combustion air is referened at temperature Tref = 298K. Terms ag,η and
Kη are weight and absorption oe�ients, respetively, of the 1, 2, ....η gray gas.5.3. Equations system and onvergene loopGeneri form of nonlinear equations, to be solved for unknown temperature and heat �ux, may be writtenas bellow.For total energy balane of m surfaes:
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∀, iSystems Eq. (5) and Eq. (6), a priori, have 2m + n unknowns and only m + n equations. Whih meansone needs to presribe m boundary onditions to determinate solutions for those systems. About boundaryonditions, see 7. Boundary onditions.Brie�y, Equation (5) and Eq. (6) were solved by means of a modi�ed Newton-Raphson routine with tunedPowell's funtions (Powell, 1970), using trust regions and normalized residues within zero urves of possiblesolutions. This proedure allowed the nonlinear system to be, relatively, "well behaved" for a given arbitraryinitial guess for temperature �eld.Convergene loop for omputing solution of Eq. (5) and Eq. (6) is shown in Fig. (4).

Figure 4: Solution loop of zone method alulus for radiative heat transfer5



Proeedings of the ENCIT 2006, ABCM, Curitiba � PR, Brazil � Paper CIT06-0324Inner loop (B) represents the onvergene level of an energy balane equation for eah zone (for example,equation Eq. (1) for a zone i). Outer loop (A) involves a global onvergene, not just inluding a partiularbalane, but energy balanes for all zones (surfaes and volumes), e�ets of partiipant medium absorptivities,diret exhange areas, total exhange areas and direted �ux areas.In Fig. (4), onvergene riteria are expressed by ΘB and ΘA (here alled onvergene error) for inner andouter loops, respetively. Some harateristis of onvergene stability annot be inferred only based on theassumption that both soure term and radiative intensity are linear with respet to the blakbody intensity ofthe medium and walls. When the spetral banded nature of absorption and emission phenomena are taken intoaount (no grey gas assumption), suh linearity is not true beause of emissivity's dependene of medium andbakground temperatures.In this work we propose a expression to monitor onvergene based on eigenvalues stability analysis. Forexample, to measure onvergene advane for gas volumes on an outer loop level at k +1-th iteration, Equation(7) gives:
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Figure 5: Volume's temperature onvergene is mesured by Eq. (7)A more onventional onvergene riteria is applied for ΘB.
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+wall losses), where ·

Qe, exit is the enthalpy of �ue gases atfurnae's exit. This way, one ould verify if the problem has, in fat, onverged.5.4. Numerial relaxationRelaxation fators were used in both outer and inner loops, but outer loop was more a�eted by stabilityissues. Figure 5 (outer loop's onvergene-path measured in terms of ΘA) shows a progressive damping of
ΘA amplitude, resulting from an adaptive fator relaxation (AFR). Solver allows software's user to hangerelaxation fator, if needed, after a ertain number of iterations or to let itself apply AFR. With the �rst hoie,6



Proeedings of the ENCIT 2006, ABCM, Curitiba � PR, Brazil � Paper CIT06-0324user ould hek, for example, ΘA and δTg,i values and hoose suitable relaxation fators to eah unknown,dumping iteration instabilities.One deteted soure of suh instabilities originates from sale di�erenes between terms on Eq. (1) andEq. (2). In other words, there are terms whih are small when ompared with some other term with highermagnitude order. For a volume zone total energy balane, spei�ally, when a great air exess (λar > 1.3)is simulated, the enthalpy term ( ·

Qe, i) beomes, relatively, very big (mainly beause of water vapor spei�enthalpy). This generates onvergene problems in both loops (B and A): for inner loop beause of saledi�erenes; and for outer loop beause ·

Qe, i is an impliit funtion of temperature.When AFR is used, di�erent relaxation shemes are applied in loops A and B. For loop B (Newton-Raphsonmethod), solution is iteratively updated aounting to Eq. (9) and Eq. (10). For a zone zi (either surfae orvolume)
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∥. For loop A, Equation (11)was empirially hosen as the relaxation sheme to give best results (great dumping rate and minimum numberof iterations needed). Similar method was also proposed by Bastos (Bastos et al., 1995).
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 (11)Equation (11) allows one to hoose between two methods: if φ2 (whih is an adaptive relaxation fator) isset to 0, this equation simpli�es to a traditional under-relaxation method (0 < φ1 ≤ 1); if now φ1 = 1, onlythe term under brakets will be evaluated. Of ourse, if 0 < φ1 ≤ 1 and φ2 6= 0 a hybrid method will be used(although this ase wasn't extensively tested).The following rules are used to alulate φ2:i) For eah unknown, set a initial φ
(0)
2 and de�ne an inrement dφ;ii) For eah unknown, alulate ∆(k−1) = T
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z,i and φ2 = φosc;v) If the produt is positive, there wasn't osillation. In this ase set φ2 = φ2 + dφ.where φosc is the value a�eted if the unknown had osillated, and normally is smaller than φ
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2 . Unknownsuse di�erent relaxation levels determined by their di�erent behavior. Values for φ

(0)
2 , dφ and φosc are hosendepending on problem's individuality. Typial values are (Bastos et al., 1995): φ
(0)
2 = −0.6, dφ = 0.05 and

φosc = −0.7. To solve Eq. (2), an additional under-relaxation sheme (with φ2 = 0) was utilized to update justthe temperature used to alulate ·

Qe, i, hene minimizing the importane of this term over eah iteration.6. Diret exhange areas for retangular enlosureDiret exhange area (DEA) represents the geometri and opti relation between eah pair of zones (Hotteland Saro�m, 1967). DEA an also be seen as the energy fration emitted by an element zi and absorbed by anelement zj , after a diret transmission � does not inlude re�etion on others surfaes.Many authors have been applying di�erent methods to alulate DEA for various geometries: Erkku (Erkku,1959) provided solutions to ylinders and slabs; Veramen (Veramen and Froment, 1980) obtained DEAs byalulating photon trajetories using Monte Carlo method.Works by Erkku (Erkku, 1959), Tuker (Rhine and Tuker, 1991) and Arima (Arima, 1998) related toformulation and alulus of DEA admitted the simpli�ation of an uniform zoning and a �xed range of optial7



Proeedings of the ENCIT 2006, ABCM, Curitiba � PR, Brazil � Paper CIT06-0324path lengths (given by pg Lm produt, where pg is the sum of partial pressures of absorbing/emitting gasspeies and Lm is the mean beam length). In the works by Tuker and Arima, enlosure was approximated bya olletion of ubi gas zones bounded by square zone surfaes.When emissivity and absorptivity of ombustion produts are represented through use of multiple gray gases,this uniform zoning limits the usage of DEA tables and zone desription (size) when high extintion oe�ients(K > 10 m−1) are present. In the simulation of raking furnae F-1401-A, DEAs were formulated for nonuniform zones, using speial alulus tehniques.Numerial integration of DEA equations were arried out by Monte Carlo statisti method, with an adap-tive algorithm (Janny and Sousa, 2005) whih evaluates the integrand on a hyperubi region along randomdiretions. The integrand may be seen as radiation beams emitted by a zone whih diretly arrive on anotherzone, aounting their interation with intervenient medium (gases).6.1. DEA equationsThere are three types of DEA: surfae-surfae (sisj), gas-surfae (gisj) and gas-gas (gigj), whih an beexpressed by the following equations:
sisj =

∫
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−
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)1 is the transmittane; R =
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(xi − xj)
2 + (yi − yj)

2 + (zi − zj)
2 is theabsorption path (see Fig. (6)); and ξ (Ai, rij) is the harateristi funtion whih aounts for the presene ofshadow zones (Janny and Sousa, 2005). Funtion ξ (Ai, rij) = 1 when a beam leaving a point (xi, yi, zi) atsurfae zone Ai (or volume Vi), loally traveling along a per unit solid angle diretion ~rij , is seen when lookingfrom a point (xj , yj , zj) at the other surfae zone Aj (or volume Vj). Otherwise (not seen), ξ (Ai, ~rij) = 0.

Figure 6: Radiative exhange between two di�erential surfae elements1Instead of fundamental models for transmittane, the exponential law given by Hottel (Hottel and Saro�m, 1967) is used.8



Proeedings of the ENCIT 2006, ABCM, Curitiba � PR, Brazil � Paper CIT06-0324Transmittane τ (R) quanti�es the energy fration not transmitted by a radiation beam to the volume zonesby whih this beam goes through, during a trek from its origin point until its �nal absorption point. As anapproximation, it may be written as
τ(R) ≈

Rmax∫
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−
∑
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K
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∆rm

)

f(R) dR (15)where ∆rm is the fration of total beam length (R) whih lies inside a given volume zone with absorptionoe�ient K
rm

. It's alulated based on the intersetion of the radiation beam with bounding planes of thevolume zone. The fator f(R) is a di�erential distribution of beam lengths, i.e. the probability that an arbitrarilyhosen value of beam length lies between R and R + dR (Veramen and Froment, 1980). A statisti �t is usedbeause there exist an in�nite number of possible absorption paths between a pair of zones.By example, diret exhange area between a refratory surfae and a load surfae, without any shadowzones, may be written as (see Fig. (7)):
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Figure 7: refratory wall zone (Ai) and reator tube zone (Aj)6.2. Redution of the dimension of a multiple integralA speial tehnique to transform double integral into a sum of simple integrals were developed by Erkku(Erkku, 1959). This tehnique an be extended to non uniform grids using an additional argument, as proposedby Tian (Tian and Chiu, 2003).This proedure leads, altogether with the redution of integral dimension, to a minimization of singularitiesof funtion sisj within its integration domain. This is a result of great importane, sine Eq. (12), Eq. (13)and Eq. (14) have integrands with abrupt variation (singularity) within integration domain for some pair ofzones (self radiating or adjaent zones).7. Boundary onditionsAs already mentioned, to solve systems Eq. (1) and Eq. (2) it's neessary to speify m boundary onditions.In the ase of the atual zoning of furnae F-1401-A, it'll be presribed 22 onditions. From these, 6 will beDirihlet boundary onditions � of �rst kind, whih spei�es a value T = b(x, y, z) � presribed to load surfaes(S2, S6, S10, S14, S18, S20). Experimental data from Braskem's DCS (Distributed Control System) provided9



Proeedings of the ENCIT 2006, ABCM, Curitiba � PR, Brazil � Paper CIT06-0324information about the temperature of �uid proess (inside reator tube), measured by means of thermoouplesalloated immediately upstream (Tin) and downstream (Tout) from equivalent loations of load surfae zonesadopted in this work. Starting from arithmeti mean of these values ((Tin + Tout) /2), in Tab. (2) tubularreator skin temperature were alulated aounting for gradients within boundary layer, hene summing a ∆Tvalue to this arithmeti mean.Table 2: Known (experimental) temperatures of load surfaesZone Temperature [K℄ Zone Temperature [K℄
S2 TS2 = 802 S14 TS14 = 655
S6 TS6 = 767 S18 TS18 = 579
S10 TS10 = 732 S20 TS20 = 542The 16 remaining information will be Neumann boundary onditions � of seond kind, whih spei�es avalue for ∂T/∂~n = n̂ · ∇T � presribed to refratory surfaes (S0, S1, S3, S4, S5, S7, S8, S9, S11, S12, S13, S15,

S16, S17, S19,S21). In Eq. (2) and Eq. (3), this ondition will be assoiated with term ·

Qall.If furnae walls are not admitted adiabati ( ·

Qall= 0), there will be losses through these walls and ·

Qall wontbe null. In this ase, ·

Qall will be iteratively omputed in the following way (Janny and Sousa, 2005):
·
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= 0 (18)where Ti,e is furnae external wall's temperature (adjaent to surfae Si); ∆l
i
is refratory blok thikness(adjaent to surfae Si); κi is refratory thermal ondutivity (adjaent to surfae Si); ǫi,e is furnae externalwall's emissivity (adjaent to surfae Si); hi,e is furnae external wall's onvetion oe�ient (adjaent to surfae

Si); and T∞,e is the environment temperature. The quarti Eq. (18) has a known analyti solution.7.1. Model to represent an array of tubesA model was developed (Janny and Sousa, 2005) to replae a set of tubes and voids, by a gray plane (in thesame averaged temperature of the array of tubes within the disredited zone), whose emissivity is alulated asfollows (see Fig. (8)):

Figure 8: Replaing a set of tubes and voids by a gray plane
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ǫ

ρ

π D
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] [
D

2
Y 2 + (C − D)

(

Y −
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)]−1 (19)10
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(

D
C

)
+
[(

C
D

)2
− 1
]1/2

− C
D . Assuming symmetri onditions on both sides of furnae, equalamount of radiation whih omes from the right side and irradiates over a void with C − D width, also leavesthe left side towards right side. Therefore, it's like if the void C − D would re�et all inident radiation. Inother words, the void C − D behaves like a re�etor (ǫ = 0, ρ = 1). Similar proedure is detailed by Hottel(Hottel and Saro�m, 1967).8. ResultsSimulation results are ompared with measured experimental data presented in Tab. (3). Operating ondi-tions of furnae are given in Tab. (4).Table 3: Experimental data from furnae F-1401-A operationExperimental data ValueOverall heat transferred to reator tube skin (both sides of furnae) 9206 [kW℄Overall heat transferred to reator tube skin (one side) 4603 [kW℄Volume V0 temperature 1144 [K℄Volume V2 temperature 1184 [K℄Volume V3 temperature 1189 [K℄Flue gas temperature at radiation setion's exit (V4) 1062 [K℄Table 4: Furnae F-1401-A operating onditionsCondition Value (half furnae) Condition ValueFuel �owrate in zone S0 0.0481 [kg/s℄ Fuel's arbon ontent 0.7245Fuel �owrate in zone S4 0.0349 [kg/s℄ Fuel's hydrogen ontent 0.2323Fuel �owrate in zone S8 0.04134 [kg/s℄ Fuel's sulfur ontent 0.000Fuel �owrate in zone S12 0.04134 [kg/s℄ Fuel's nitrogen ontent 0.0297Fuel �owrate in zone S16 0.0 [kg/s℄ Fuel's oxygen ontent 0.0135Air exess 1.05 [air/stoih air℄ Fuel's higher heating value 49113 [kJ/kg℄Heat input (total) 8137 [kW ℄ Fuel's density 0.7729 [kg/Nm3℄Figure (9) gives the simulation results for predited temperatures and Fig. (10) gives the predited overallheat transferred to eah load (tubular reator skin) zone, summing a total of 4375 kW. Hene, a deviation of

−4.9% from the value in Tab. (3).

Figure 9: Temperature results from simulation11
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Figure 10: Overall heat transferred to eah load surfae (simulation result)The deviation from the experimental overall heat transfer � see Table (5) � is aeptable in terms ofmathematial modeling, given the atual simpli�ations about zoning and �ow desriptions.Table 5: Relative deviations between simulated and experimental temperaturesVolume zone Experimental value [K℄ Simulated value [K℄ Deviation [%℄
V0 1144 1345 −17.6
V2 1184 1375 −16.1
V3 1189 1374 −15.6
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