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ABSTRACT 

The unst,eady behaviour of a buoyant methane diffusion flame is simulated numerically. The turbulent 
transport and the reactive mixture are evaluated using a R N G -  k - r - g turbulence modelling and a 
presumed shape (@-function) pdf approach. A fine description of radiation is achieved by using a two- 
equation submodels for the description of soot formation and a differential PI-approxinlation t,o calculate 
the irradiance field. The numerical results show that the buoyant flow above the flame is characterized 
by the development of large eddies on both sides of t,he co l~~n in  formed during the expansion of the hot) 
gases. The growt,h of these buoyancy drive11 instabilities is also marked by an oscillatory behaviour as it 
can be noticed on the time evolution of the flame height. 

INTRODUCTION 

The control of phenomena occurring during the expansion of a fire requires the understanding of the 
physical mechanisms which govern the flame behaviour (combustion rat,e, flame temperature ...) and 
their interaction with the buoyant turbulent flow which develops in the viciuity of t,he flaming zone. Pool 
and natural fires are characterized by a very low initial momentun1 and are strongly affected by buoyancy 
effects [I]. To study the behaviour of this kind of fire, it is more convenient t,o perform experiments by 
injecting gaseous hydrocarbon through a porous burner, t,o obtain flow patt,erns in the combust,ion zone 
similar to those encountered for a fire and reproducible experin~ental conditions [2]. It is well known 
that the fire plume consists of three distinct regions: the persistent flame, the intermittent flame and the 
buoyant plume [3, 41. Experimental studies have shown that oscillatory behaviour have been observed 
above buoyant diffusion flames [5. 61. The formation of coherent structures above a fire plume result,s 
from the development of buoyancy driven inst,abilities, which, in turn, leads to vortex shedding and flame 
flickering. Most of numerical simulations based on statistical approach do not reproduced this unsteady 
behaviour [7] excepted more recent works developed from large eddy simulations (LES) [8] or R.NG 
turbulence modelling [9]. Experirnental investigations have shown relatively low centerline temperature 
levels, with a rnaxinium value ranges froni llOOIi to 13001i representing approxiniat,ely half of the 
flame temperature in adiabatic conditions. Two reasons can explain this divergence, the radiation heat 
transfer and the temperature fluctuat,ions. Neglecting the radiation heat transfer, t,he flame temperatures 
predicted from statistical formulations remains higher than experimental dat,a (1600 - 2000Ii). Including 
a radiation heat loss representing 50% of the energy released by the combustion reaction, the maximum 
temperature level can be reduced to 13001i [7, 11. Tlie tliodificationsof the radiative properties of the gas 
mixture result from the formation of combustion product,s (CO.  H 2 0 .  C02) and soot particles in the flame. 
This last one represents in fact the most important contribution. It explains why the radiatior~ heat loss 
for poor sooting gaseous fuels (such as methane) represents only 20 - 25% of the chemical energy released 
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d u r ~ n g  the combustion. I n  niost of proposed t~utiierical s tud~i>s ,  the rad ia t~on heat loss is introducrd 
reducing the flame temperature or the energy rcleascd hy the ( . o ~ i i b ~ l s t ~ o ~ ~  [lo]  The  specificity of the 
present study is that the radiation lieat transfer is [not fixed a priori but 1s ~ntegrated in the ralcrllat~on 
including the contributions duc to con~bustion products and soot particles Recent numerical results 
obtained from large eddy sin~ulations [8] or RNG stat~stical  turbulence modelling [9] have reproduced 
the pulsating heliaviour which characterizes buoyant fires. These studies have also demonstrated that  
averaging t h r  instantaneous temperatures allowed to find mean temperature distributions in agreement 
with exper~ment,al correlations obtained for a methanelair  flame expanding from a square porous burner 
i l l l .  
L ~ ~ ,  

T h e  configuration studied io the present paper is represented in Figure I .  A gaseous fuel (methane) 
is injected through a porous burner (0.31n large): the dimensions of the 2D computational doniatn are 
3 m  x 3 m .  

MATHEMATICAL FORMULATION 

T h e  variables transported (mass,  monient,um, energy ...) by the turbulent flow are decomposed as @ = 
;+ @'I where d is defined as the average value of @ evaluated over a finite range of time At: 

Applying this a-veraging procedure to  the instantaneous consrr\.ation equations of mass, momentum, 
energy ... and introducing a density-we~ght,ing formulation we obtain [12, 13. 5 ,  141: 

a -  a aci,, a p u ; ' ~ : '  
- (puz)  + - (pc c )  - - - --- 
at a,, 3 " a ~ ,  as, + PYt 

where is the average stress tensor expressed as 

au; 28;;;; 
a,, = - p + p  - + - - --6 - ( a,, ,a,, *J) 

where u , ,  h ,  g , ,  q P .  p, p are the velocity components, the enthalpy, the gravity acceleration, the r a d ~ a t i v e  
heat flux, t,he density. and thc viscosity, respeclively. T h e  superscripts C), 0, and ( " )  denote t ime 
average, density-weighted Favre average and density-weighted Favre fluctuation In fact this procedure is 
comparable to  Large Eddy Siniulations (LES) ,  in the present case the eqnat~ons  are transformed using a 
t ime filtering. This  method allows t o  follow the formation and the dynamics of coherent structures which 
are present in tlie plume and which contribute significantly t o  the interaction between the flame and the 
near field region. T h e  contribution due to  the small scale structures is represented using the Boussinesq's 
eddy viscosity concept: 

T o  calculate the corresponding turbulent contributions in the scalar transport equations, a gradicnt 
diffusion model is used: 



6,J is the Kronecker de1t.a arid o, t h r  turbulent F'rat~dtl/Srltn~idt I I ~ I I I ~ I P ~  for O. 
where k and t are,  resp~ct i \~e ly ,  the turbulence kitlrttc rrlergy and 11s dtssipatiolr rate. 
To  avoid the unphysical hehaviour ohtauled with standard k - r t n r h ~ ~ l c n c e  m o d e l h ~ ~ g  for t h r  cal(.ula- 
tion of weak turbulent flows [15], a sct of modified trattsport c*rltlatio~~s for r(. and c drrivcd fro111 t h r  
Henormalization (:ro~lp ( R K G )  theury [16. 171 is used: 

a a a 
- ( P ~ ) + ~ ( P I ~ ~ ~ ) = - [ ( ~ + ~ ) ~ ] + P ~ + I V ~ - ~ ~  at or1 as., (9 )  

a - a a c 
at ( P o  + -(PCJ<) 3.7, [ ( F +  E) E ] + ( C ~ ~  - R ) ' ~ ' ~ + ( ' ~ ~ ~ I V ~ - C ~ ~ ~ -  k k ( l o )  

where Pk and M.b are respecttvely the shear and buoyancy turbulent production terms: 

,, ,, au; P I  aP 8~ = 71 ( 1  -alrlo) Pk = -pv,l,- I l k  = 
1 a+, p2 a s ,  al, 1 + 3 +  

(11) 

'Thr turbulent reacting gas mixture is evaluated using presumed pdf-3-function met,hod: 

- - 
where a and h can be determined from the values of mean mixture fraction ( f )  and its variance (5 = f"'). 
solutions of the following transport equations [13, 101 

(with Cg, = 2 . 8 , C g Z  = 2 . 0 a n d  o g = o f  = 0 . 7 )  

T h e  Favre-averaged mass fraction of species i is then determined from 

For the present study, a one-step irreversible reaction (methanelair)  is used, assuming tha t  I ; ( f )  are 
linear functions except at the sloichiometric value f,, [lo]. The  entlialpy-temperature dependence is 
treated using CHEIVIIiIN thermody~la t i i~c  d a t a  base [I$]. 
Various experimental measurements have shown that  radiat,ive heat transfcr cannot. be neglected for a 
good evaluation of the energy balance in a laminar or a t,urbulent diffusion flame. T h e  radiative heat 
loss can represent 20 - 50% of the chetnical energy released during the combustion reaction [14, 11. T w o  
mechantsms contribute to  radiative heat loss, namely the radiation of t,he combustion  product,^ (COz and 
HzO) and the  radiation of soot particles in the flame [19, 20. 141. If soots are represented by spherical 
pure carbon particles, two variables are necessary to  represent the soot field, respectively t,he number 
density n, and the volume fraction f,: 



where the source terms representing the different contributions to th(. soot prod~rction phenomcna (nu- 
cleation, coagulation, oxidation, surfacc gro~vth) are r\alnatrd as 

<iatdnttot~ 

uJh is the meail thernrophoretic \relocity cornponrnt in the j-direction: 

- 
" r h  - r? ln 'i: - -0 54v--- 

21, 

P S O O ~  is the soot particle density ( I . R g / o ~ i " ) .  C,. Cj.. Cg. C7. Tn, 7: the coefficients and activation 
temperatures 

C, = 6.54 x 104cm3/g2 . I< ' / ' .  s, 

Cj = 1.3 x 1 0 ' ~ c r n ~ / 1 i ' ~ ~ .  8 ,  

Ca = 1.44 x 105r3, 

C, = 1.0 x 1 0 ~ c r n ~ g ~ ~ ~ .  1i1/" 8, 

T, = 4.61 x 1041i. 

T, = 1.26 x 1041i. 

= 6.02214 x 1 0 ~ ~ r n o l - ~  A\logadro's number). 

The term Wo, relative to soot oxidation on the right-hand side of cqs (21) and ( 2 2 )  correspo~~ds to soot 
oxidation. it is evaluated from the rate for oxidat io~~ of pyrolytic grapl1it.e PI], 

where Po, is the part,ial pressure of oxygen 

For the radiatioii heat t,ransfer, the gas-soot mixt,ure can be considered as a gray medium characterized by 
an absorption coefficient including the contributions of combustion products and soot particles. Then t,he 
irradiance field and the radiative heat flux can be calculated by solving t,he Radiative Transfer Equation 
(RTE) developed using the P1-approximation [22. 231: 



For n~ethane/air flame the absorptiou coefficient can he approxiniatrd as [IS]: 

To obtain an accurst,? reprrsentation of such turbulent, reactivr flow, including unsteady beliaviour and 
high gradient regions (shear layer. con~bustion front), the set of partial differential equations previously 
described is solved using a Finite Volt~tnr method including a secoud order backward Euler scheme for 
the time integration and an Ultra-Sharp method for the evaluation of convection-diffusion fluxes between 
two adjacent control volun~es [24].  This method combines the usr of a high order upwind convective 
scheme iutroducing no numerical diffusion, with a flux limiter st,rategy which damp the oscillations 
sometimes introduced by this kind of scheme. The pressure-velocity coupling is treated using a non 
iterative algorithm based on a projection method [13].  At the open boundaries zero shear stress IS 

assumed and the normal velocitj- component i_s evalr~at,ed from continuity equation using a pressure 
correction procedure. For the other variables (T ,  k . c . 1 ;  ...) a zero flux condition is assumed for outlet - - 
flow and far field conditions (? = 300I i .  k  = c = lo - ' ,  1: = 1;' ...) for inlet flow. 

NUMERICAL RESULTS AND DISCUSSION 

The results reported in the present paper have been performed for a 140 x 70  cartesian grid. To obtain 
an accurate representation of the boundary layer flow along the bottom boundary and the region where 
t,he chemical reaction occurs, the mesh is locally refined near the lower boundary and on both sides 
of the burner axis. The calculations are performed on PC (Intel Pentium Pro 2 0 0 M z ) ,  60s of flanie 
simulation takes approximatively 4-6 hours of CPl l  time (using an average t,inie steps At = lo-'). The 
inlet fuel velocity has been adjusted to obtain a 1 5 0 k I V j m  pool fire. 'Thc instant,aneous temperat,ure 
field reported in Figure 2 ,  exhibits a dissynimetrical pattern. The maximutn temperat,ure is relatively 
high ( T  M 2 0 0 0 I i )  ( to  compare with the instant,aneous adiabat.ir flame temperature for methane is 
T = 2 2 5 0 I i ) .  The stoichiornetric flame contour is represented in Figure 4 .  As previously mentioned 
for the temperature field, the development of coherent structures on both sides of the fire induces a 
flickering of the flame surface. This instabilit ,~ is also observed on the time evolution of the flame 
height reported in Figure 5 .  The frequency associated to t.he unsteady hehaviour is about 0 . 7 H z  (see 
Figure 5 )  which indicates that probably only a part of the unsteady niotion is represented in the present 
calculation (for the same Froude number FT w experiment,al rorrelations indicate a vortex shedding 
frequency f zz 2 . 7 H i  [6.  251). The present simulation can he interpret,ed as a temporal filtering [26] and 
therefore all the flow structures (and their corresponding consequences upon t,he flame dynamics) cannot 
be represented. The present study is limit,ed to 2D calculations as t,he physical problem is 3 D  which can 
also explain this divergence. The volume fraction of soot is represented in Figure 3 ,  with a maximum 
value observed In the flatna 1 1  f,,ll, % 2.2 lo-' which is in agreement wit,h experi~nental values measured 
for met,hane/air diffusion flame [19].  Figure 6 shows the instantaneous and time averaged (over 10s) 
centerline temp~rat,ure compared to experimental correlation [ l l ]  extended to a liue fire configuration 
assuming that for a rectaugular burner beyond a lengt,h/widt,h shape rat,io equal to 3 the centerline 
temperature depends orrly on fire power densit,y (kwj in ) .  As already mentioned in the literature [8] the 
curve representing the instantaneous temperature is characterized by large amplitude oscillations due to 
the flickering of the flame surface. in this case t,he maximum in t,enlperature is about 1900Ii  which is in 
agreement with the experimental values measured for steady methanelair flame [19].  'The time averaged 
centerline temperature curve exhibits a more regular behaviour with a maximum in temperature reduced 
to 15001i which is in agreement with the numerical results obtained fro111 large eddy simulations 181. 
Above the flanie in the buoyant plume. the decreasing rate of the centerline temperature is similar to 
experimental correlations [ I l l .  In Figures 7 and 8 the centerline soot volume fraction and mean soot 
diameter are represented. These two curves indicate that soot oxidat,ion is complete as Ihe temperahre  
exceeds lG00I i .  The lnaxiniu~n soot particle radius is about 7 0 n m  which is in accordance with the value 
observed for a methanelair diffusion flame [19].  

References 
[ I ]  P. Joulain, "Convective and radiative transport, in pool aud wall fires: 20 years of research in 

poitiers". in Fire Safety Journal. 26:99-149, 1996. 



[2] B.J.  McCaffrey, "Purely buoyant diffusion flames: sonte expt~rtrnrntal r e s ~ ~ l t s " .  Trchn~cal r ~ p o r t  
Sational Bureau of Standards.  197!1 

[3] D. Drysdale. AII tntroduction lo fire dynanrics. John \ViIv and son?, 1985 

[4] G .  Cox, Combustion fundanientais of fire, hcade~ntc  Press, 1995 

[5] G .  Cox. "Basic considerations". in Combustion fundamrntals of fire, pages 1 30. Acadenttc Press, 
G .  Cox (Editor) .  1995. 

[6] M . 4 .  Delichatsios, "(:ravitational fluctuations in pool firri and pool buoyant flows", in 
Conrbust. Sci. and Technol.. 112.355-358. 1996. 

[7] M. Annaruniina. J .M.  Most. and P J o u l a ~ n .  " O n  the nunieriral modeling of buoyancy-dominated 
turbulent vertical diffusion flames". In Contbust. Flami.. 85:403- 415. 1991. 

[8] K.B. McGrattan.  H.R Baum,  and R.G. Rehm. "Large eddy simulations of smoke movement", in 
Fire Safety Journal. 30 1 6 2  178. 1998. 

[9] D. Morvan. B. Porterie. M. Larini, and J . C  Loraud, "Numerical srmulatton of methanelair  t,urbu!ent 
pool fire", in Prorepdings 1st Int .  Symposium on Advances In Computational Heat Transfer. pages 
184-191, 26-30 May 1997. Cegme. Turkey. 

[lo] J .  Hernandez, A. Crespo, and N.J. Duijm, "Numerical modelling of turbulent jet diffusion flames in 
the at,mospheric surface layer", in Combust.  Flame, 101: 113- 131. 1995 

[ I l l  N.R. Baum and B.J .  McCaffrey. "Fire induced flow field-theory and experinient~". in Ftre Safety 
Science Proceedings 2nd Int .  Symp. ,  pages 129-148, 1989. 

[12] R .  Borghi, "Turbulent combustion modelling". F'rog. Energy Comhust.  Scl.. 14:245-292, 1988 

[I31 P.A. Libby and F.A. Williams, Turbuletit Reacting Flows. Academic Press. 1993. 

[14] J .B.  Moss, "Turbulent diffusion flames", in Combustion fundamentals of fire, pages 221-272. Aca- 
demic Press, G .  Cox (Edit,or). 1995. 

[15] C G .  Speziale, Modeling of turbulent transport equations. pages 1 8 5  242. Oxford IJniversily P r ~ s s .  
1996. 

[16] V Yakhot and S.A. Orszag, "Renormalization group atialysis of turbulence", in 
J .  Scientific Computing, 1(1):3-51. 1986. 

[17] V. Yakhot and M .  Smith,  "The renormalization group, the c-rxpension and derivat,ion of turbulence 
models". in . I .  Scientific C o m p u l ~ t ~ g .  7(1):35 61, 1992. 

[I81 R.J.  Kee, F .M.  Rupley, and J .A.  M~ller.  Th? cllemkin theririodynarnic da ta  base. Technical report ,  
Sandia National Laboratories. 1992. 

[19] C . R .  I iaplan,  C.R.  Shaddix, and I': C. Smyth, "(;omputat,rons of enhanced soot production in time- 
varying c h 4 / o i ~  diffusion flames", in Conlbust Flame. 100:392 405. 1996 

[20] K.J .  Syed. C.D. Stewart, and J.B. Moss. "Modelling soot formation and thermal radiation in buoyant 
turbulent diffusion flanies", in 23rd Symposium. (International) on Combustion. T h e  combustion 
Institute, page 1533, 1990. 

[21] J .  Nagle and R.F. Strickland-Constable. "Oxidation of carbon between 1000-2000°r", in Proceedings 
5 th  Conference on Carbon, volumr 1. pages 154-164, 1962. 

[22] 'T. Fusegi and B. Farouk, "Laminar aud turbulpnt natural contcction-radiation interactions in a 
square enclosure filled with a nongray gas". in Numerical Heat Transfer. Part A .  15:303-322. 1989. 



1231 G .  Lauriat. "Combined radiation-convection In gray fluids enclosed In vertical cavities". In 
J .  Heat Transfer. 104:609-615. 1982. 

[24] B.P. Leonard and S. Mokhtari, "Beyond first-order upwinding, the ultra -sharp a l te rna t~ve  for 
non-oscillatory steady-state s~mula t ion  of convection". In Int .  J .  Sutnerical Methods Eng~neering.  
30:729-766. 1990. 

[25] P. Joulain. "The  behavior of pool fires: state of the art and new insights", in 27th Symposium. 
(International) on Combustion. T h e  combustion Institute, 1998. 

[26] G .  Billet, "Simulation des kcoulements transitionnels turbulents non-rhart,ifs et riactifs B grand 
nombre de rpynolds par une rnethode 1.e.s. i filt.rage temporel". Tcchnical report. O N E R A .  1996. 

fi' Porous burner 
U 

Fuel 

Figure 1: Buoyant turbulent diffusion flame expanding from a porous burner. 



Figure 2: Closer view of the computed temperature field of a 150kW/m buoyant turbulent diffusion flame 
using a 140 x 70 grid. 



Figure 3: Closer view of the computed of soot volume fraction field of a 150kI~V/rn buoyant turbulent 
diffusion flame. 

Figure 4: Stoichiometric contour of a 15OkTV/m buoyant turbulent diffusion flame 
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Figure 5 :  Tilneevolut,ion and normalized power spectrum of the stoicl~iometric flame height of a 15OkWJm 
buoyant turbulent diffusion flame. 

Figure 6: A comparison of the centerline t,emperature (instantaneous and time averaged) of a 150kWJin 
buoyant turbulent diffusion flame with that deduced from the correlation of McCaffrey [ I l l .  



Figure 7: Centerline soot volume fraction of a 15GkCVlin buoyant turbulent diffusion flame. 

Figure 8: Centerline mean soot particle diameter of a 153kIVJm bi~oyant turbulent diff11sio:l flame 






