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Numerical  S imulat ion of  a Pool  Fire 

Dong-Eun Lee* and Seung-Wook Back** 
(Received November 14, 1997) 

Thermo- f lu id  mechanical  characteristics as well as flame structure of  a pool fire were 

numerical ly simulated in this study. The small scale pool fire was treated as a gaseous jet  flame 

with low initial velocity as an approximat ion.  The  combust ion  model postulated infinitely fast 

chemical  reaction and the soot formation model  included soot nucleation, surface growth.  

coagulat ion,  thermophoresis ,  and oxidation.  Valuable data were obtained in the temperature 

distribution, velocity profiles, soot volume fraction and major  species concentrat ions.  Especially, 

the periodic formation of  the large scale structures were successfully simulated, its frequency 

agreed well with experimental  results. 
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Nomenc la ture  

a : Absorpt ion coefficient 

c~, ; Specific heat at constant volume 

E : Energy density 

f~, : Soot vo lume fraction 

g : Gravi ta t ional  acceleration 

hk : Enthalpy of  species k 

[b : Blackbody intensity 

k : Boltzmann constant 

n : Total  species number  density 

ne : Soot number  density 

nk : Number  density of  species k 

Po2 : Partial pressure of  oxygen 

qc : Thermal  conduct ive heat flux 

q~ : Radiat ive  heat flux 

T : Tempera ture  

: Fluid velocity 

-~  �9 Diffusion velocity 

Xh : Mole fraction of  species k 

v : Kinematic  viscosity 

r : Viscous stress tensor 

22 : Direct ion of  radiat ion 

COs~ : Product ion or loss of  soot volume fraction 

co~<, " Product ion or loss of  soot number density 
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I. Introduction 

Fires over  horizontal  fuel surfaces are called 

pool  fires and are used as models of  freely burn- 

ing fires in their early stages of  development.  

Because combust ion  and heat transfer in the pool 

fires pr imari ly occur in the vapor  phase, the 

flames above flat gas burners may be exploited for 

theoretical model ing as well as experimental  

investigations in freely burning actual fire or pool  

fire research. The gas flames which qualify for 

such a study must be buoyant  diffusion flames. 

Consider ing  a flame above a burning horizontal  

surface, the Froude  number  is defined as : 

F o -  Vz<,/~,D (1) 

where V~,~ is the initial vertical velocity of  the gas 

and D is the characteristic length of  the gas flux. 

At standard condi t ions  of  pressure' and tempera- 

ture, these buoyant  diffusion flames possess low 

Froude numbers and typical values are in the 

range : 

10 6~/~o ~- I0- 4 (2) 

Of most importance,  pool  fires exhibit  a peri- 

odic oscil latory motion,  also known as the flame 

flicker. Figure 1 summarizes flame oscil lat ion or 

the outer-vor tex  occurrence and passing fre- 
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Fig. 1 Measured oscillation frequencies as a func- 
tion of burner diameter. 

quency as a function of source diameter of fire 

from many investigations. The oscillation fre- 

quency shows a definite trend with flame base 

diameter and f " ~ 2 . 3 / D  describes the frequency 

over more than three order of magnitude of the 

flame base diameter from 0.02 to 20m. The flame 

oscillation frequency appears to be uninfluenced 

by the fuel type as indicated by tile data of Fig. I. 

In this study, we numerically simulate gaseous 

fuel, small-scale pool fires. In particular, the 

present study will simulate buoyant flames using 

ethylene as fuel and investigate the large scale 

strt,ctures that are experimentally observed, as 

well as the detailed calculation of flame prop- 

erties. 

2. Numerical  Model 

A schernatic of the geometry is shown in Fig. 2. 

The fuel ,(ethylene) exits upward from a vertically 

oriented tube of dialneter I) with a uniformly 

distributed velocity and the coflowing air stream 

is unconfined. The resulting buoyant flame is 

substantially axisymmetric, thus requiring only 

the radial ( r )  and axial (z) coordinates in order 

to uniquely define a point. The species considered 

in the model (C'ztL, O._,, N> COe, and lie()) are 

assumed to be ideal gases. 

The computer code solves the lime dependent 

equations for conservation of mass density, 

momentum, energy, individual species number 

densities, soot number density, and soot volume 

fraction. Tile governing conservation equations 

Fig. 2 Schematic of geometry. 

are shown below. 

c)p , 
~ - i  - ~ v  �9 (r, ir) - o  (3) 

3pv" .... - g ~ 7 + U "  (pir t r)=:  U P + o ~ - U "  r (4) 

3E -~.7-+Y. (EC) - U ,  P i 7 - 7 ,  (qc+q,.) 

- 7 .  Nrz , ,~h,~-O (5) 

O~P~ k 
' J r - i v  �9 (~zk~, r)  = - / 7  - (~z,,~,v~) -I- wk (6) 

~ I- D (  - - "  ( r i dE)  ...... / 7 .  (ffm<~) +a,.,,<, (7) 

cA-+ v (A,v~) = - - V  �9 ( GS,,) + cos~ (8) 

The solution to the fluid convective terms in 

Eqs. (3)-- (8)  is obtained using Barely Implicit 

Correction to Flux Corrected Transport (BIC 

FCI ' ) .  The diffusive transport processes includ- 

ed in this model are molecular diffusion, thermal 

conduction and viscosity, all processes that are 

important physical phenomena for describing 

flame structure. 

The energy source term, Q, in Eq. (5) is 

principally due to the heat produced by chemical 

reaction, and the production and loss ,of species 

are represented by the source term, co~, in Eq. (6). 

A simple chemical model is used for ethylene 

oxidation in which fuel, oxidizer, products and 

inert gas (N2) are assumed to undergo a single, 

global reaction step given as : 

C.etL + 3(),e--* 2CO~+ 2tI.eO (9) 

At the fuel-oxygen interface, chemical reaction is 

assumed to be infinitely fast. 

The conservation equations for soot number 

density and volume fraction, Eqs. (7 ) - - (8) ,  
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include source terms, wn~ and ws,.. These source 

terms are represented by two coupled ordinary 

differential equations based on the experimental 

measurements by Moss et al. (1988) : 

w~<< 1.0234• 1032p ~Tl/~X+-.ele - ' ial~176 

1.6611 • 10 <'~Tl/2~dz (10) 
ws,--2.333 X lO-11Tld~)Tli2XfuelC 12600/;r 

+ 1.36• I01Sp2Tli~Xs~exe 46100/'/ (11) 

where the soot particle density of spherical shape 

is assumed to be 1.8 g/cm 3. This model sought to 

include the influences of soot nucleation, surface 

growth and coagulation on the soot formation 

rate. The soot oxidation rate, Rox, is calculated by 

the expression of Nagle et al. (1962) and these 

rate are then subtracted from the right-hand side 

of Eq. (10) and Eq. (11), so that these source 

terms include the additional effect of soot oxida- 

tion. 

kAPo~ )X+kBPo~(l-x)] (12) Rox 12[(l+]ezpo~ 

where 

x = [ l + l e U ( k ~ P o ~ ) ]  ' 

kA = 20 exp ( -- 30000/RT) 
kB 4.46• 15200/RT) 
k-r--1.51 • 105 exp(--97000/RT) 
kz 21.3 exp(41OO/RT) 

Soot particles are convected along gas flow, but 

also drift in the radial direction due to thermo- 

phoretic forces arising from the temperature gra- 

dients. Equations (7) and (8) also include ther- 

mo phoresis term to the soot particles, and con- 

sider only the radial component of this effect, 

where the thermophoretic velocity, ~rt, is defined 

by Moss et al. (1988) : 

~rt 0-54 ~'~!~rT- (13) 

The effect of radiation transport appears in 

energy conservation equation as the divergence of 

the radiative heat flux : 

U. q~=a(r ) [S  I ( r ,  s clf2-43rl~l (14) 

To find the direct ional  intensity,  I ( r ,  .Q), 
radiative transfer equation for gray gases is solved 

using the Discrete Ordinate Method (DOM) and 

the effect of scattering is neglected. The absorp- 

tion coefficient for soot which are used in this 

calculation is that from Kent and Honnery 

(1990) : 

a ..... = 2.66 co~'zst, f~ T (15) 

where const.=7, and absorption coefficient for 

the mixture of H~eO and C02 that from Magnus- 

sen and Hjertager (1977) : 

aCO2+H2O -0.001 (Xco2 + XH2o) (16) 

They are summed to obtain an overall absorption 

coefficient for each cell. 

3. Model  Val idation 

In order to validate the present model, we 

simulated a low-speed buoyant diffusion flame 

and compared the predicted results with experi- 

mental data of Santoro et al. (1987). The experi- 

mental burner of Santoro el al. consisted of an I. 

l lcm i. d. fuel passage surrounded by a 10.16cm 

concentric outer air passage. We obtained the 

velocity and temperature data over a period of 0. 

7 second and averaged for comparison with their 

experimental results. 

In Fig. 3, we compared the computed centerline 

axial velocities with the measured data and a 

reasonably good agreement is observed between 

them. From Fig. 3, we can see that the effects of 

buoyancy are not dominant at the flame base, but 

the gases along the centerline are accelerated by 

the prevailing buoyant forces with height. 

Comparison of radial temperature profiles are 

shown in Fig. 4. In the lower part of the flame 

Fig. 3 Comparison between simulation and expert- 
menial result in the centerline axial velocity. 
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(Fig.  4-(a) ,  (b)),  the  s i m u l a t i o n s  u n d e r p r e d i c t  

the  t e m p e r a t u r e  ch)se  to the  cen te r l ine .  Th i s  may  

be due  to not  i n c l u d i n g  the  nozz le  i t se l f  in the  

c o m p u t a t i o n a l  d o m a i n .  H o w e v e r ,  wi th  i nc reas ing  

rad ia l  d i s t a n c e  f rom the  f l ame  axis  and  i nc r ea s ing  

he igh t ,  the  a g r e e m e n t  is qu i t e  good .  

4. Results and Discussion 

Firs t ,  c o m p u t a t i o n s  have  been  ca r r i ed  out  wi th  

t he  c o n d i t i o n s  o f  F l a m e  I. S i m u l a t i o n  c o n d i t i o n s  

Fig. 4 

(a) z: 1 cm <b) z: 2 cm 

(c) z ,~ Clll (d) z :=7 cm 

Compar i son  of  radial temperature distr ibu- 

tion at various heights. ( z - - I .  2, 5, 7cm) 

Table  1 Summary of  s imulat ion condi t ions .  

Properlies line I '  ille I1 Flame II1 

Burner diameter , / 
(m) L- 0.02 l_  0.05 0.10 

Burner exit velocity 
0.02 0.02 0.02 

of fuel (m/s) ] ] 

7- 
4 

7.16e 6 4.48e 5 {  179e 4 
(kg/sl i | 

Burner exil Froude = 

2.04e (~ 8 . 1 6 e  4 4.08e 4 
II L ln lbe l  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  BUrlier exit ~c, ~-j "9 t . . . . . . . . . .  "98 
tempe!'alure (K) _~)8 , _ 8 , 

. . . . . . . . . . . .  " . . . . . . . . . . . . . . . .  I . . . . . .  

Fig. 5 Time sequence of  selected temperature contours  from time step 20000 fbr case o f  Flame I. The time 

interval between frames is 30ms. 
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are shown in Table  I. 

Figure 5 shows a time sequence of  the selected 

temperature contours  of  the computed flame. As 

can be seen, this method correctly describes large 

--scale, t ime dependent  processes involving buoy- 

ancy and large density variations, in the first 

frame, a bulge is developing and it slowly moves 

downstream in subsequent frames. In the final 

frame, it is moving out of  the domain  shown as 

the next instability forms below it. The  frequency 

range of  10 I1Hz associated with the motion of  

these large vortices compares well with the experi- 

mental value (10.SHz) from Fig. I. 

The instantaneous radial temperature distribu- 

tions at various axial heights are shown in Fig. 6. 

The width of  profile is narrow nearest the burner 

exit ( z = 4 c m ) .  At the next higher axial location,  

the profile becomes broader  as the flame starts to 

bulge outward.  In the contract ion region at the 

next height, they narrow again. At the highest 

location indicated ( ,e--13cm),  double  peaks 

appear  just below the large scale structure and 

this is believed to be due to the entrainment  of  hot 

gases into the large vortex. The outer structures 

become weaker and move out of  the domain.  The 

maximum temperature,  about  2020K, is located at 

r 1.2cm, g--7.Scm. 

Figure 7 shows the instantaneous contours of  

unburned fuel mole fraction, O,_, mole fraction, 

combust ion products ( t lzO, COe) mole fraction, 

and soot volume fraction at time step 20000.The 

maxirna in the water vapor  and carbon dioxide 

Fig. 6 Instantaneous radial temperature distribution 
at time step 20000 for case of Flame 1. 

Fig. 7 Instantaneous contours o[" flame properties a! time slep 20000 for case of Flame 1. 
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mole fl 'action profiles are located in the region of  

high flame t empera tu re  where fuel and  oxygen 

meet. Also,  soot  w) lume f ract ion has its m a x i m u m  

value, 3 . 2 x i 0 7 ,  wi th in  the high t empera tu re  

region. 

Radia t ive  quant i t ies  are shown in Figure  8.The 

abso rp t ion  is emana t ing  pr imar i ly  f lom the soot- 

ing region, and  the region in the t lame where f" �9 

q,. a t ta ins  u m a x i m u m  posit ive value lies in the 

same region as the soot ing  zone. The  region of  

m a x i m u m / 7  �9 q, cor re sponds  to the region where  

the energy losses due to rad ia t ion  are greatest. 

F igure  8 also shows the rad ia t ive  heat flux vectors 

d i rec t ing ou tward  from the soot ing  region. F rom 

these results, we can expect tha t  soot is the domi-  

nan t  a b s o r b i n g  emi t t ing  med ium in the flame. 

Two  add i t iona l  s imula t ions  were conduc ted  

with 0.05m and 0.1m pool d iameters  to s tudy the 

scale effects on the na ture  of  these f lame oscilla- 

tions. In bo th  cases, t ime steps and o ther  condi -  

t ions are the same as those [i)r the case of  F lame 

1. 

The  resul t ing t ime--sequence of  t empera tu re  

con tours  for F lame II are shown  in t igure 9.The 

t ime interval  between frames is 50ms from 20000 

t ime step. In the first frame, the loca t ion  of  [ lame 

bulge  is approx ima te ly  at z 12cm The  f lame 

grows and  outer  vortices move upward  in the next 

lYame. 111 the third frame, a bulge again  occur  at 

Fig. 8 Instantaneous contours of rad;iation quan- 
tities at time step 20000 for case of Flame I. 

Fig. 9 Time sequence of selected temperature contours fiom time step 20000 for case of Flame 11. The time 
interval between fiames is 50ms. 
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Fig. 10 Time sequence of" selected temperature contours from time step 24000 for case of Flame Ill. The time 
interval between flames is 80ms. 

the base of the flame, and at the next stage, it 

locates at a similar position as in the first frame. 

These steps repeat to give the present flame the 

oscillation frequency with a range of 6-7Hz, 

which agrees well with lhe experimental result of 

6.SHz of same size (see Fig. 1). 

Figure 10 shows the time-sequence of the tem- 

perature contours for Flame 111. The time interval 

between frames is 80ms. As diameters are larger, 

the flame becomes more irregular and the forma- 

tion and movement of the instabilities are more 

random processes. Therefore, determination of its 

frequency is not easy compared to the cases of 

Flame | and Flame II. In the view of the location 

of flame btrlge, however, we can estimate its 

repeating frequency to he in the range of 4-5Hz, 

and from Fig. 1, the dominant oscillation fre- 

quency of pool diameter D:=10cm is 4.8Hz. 

5. Conclusion 

We have tried to describe the physics involved 

in freely burning pool f'ires in considerable detail. 

k-irsl, lhe numerical restllts are validaled by com- 

parison with experimental data for a low speed 

diffusion flame, and then the fires above 0.02m, 0. 

05m and 0.1m circular pools of ethylene have 

been studied numerically. The computations have 

been shown to predict the correct qualitative 

features of pool fTres. 

The velocity profiles show the action of the 

strong buoyancy forces which rapidly accelerate 

the gas flow along the flame axis. The magnitude 

of the centerline axial velocity near the combus- 

tion height is approximately two order greater 

than the initial velocity at the burner exit. The 

maximum flame temperature is located in the 

region where H.eO and COz mole fractions are 

maximum. The sooting region is located witbin 

the high temperature region and as expected, the 

soot is proved to be the dominant absorbing 

-emitting medium in the flame. 

In pool fires, the source diameter affects the 

flow dynamics. The model developed is capable 

of predicting the scale effects and revels trend 

similar to what has been observed by earlier 

investigators. Especially, the periodic formation 

of  large scale structures is clearly visible and ils 
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oscillalion frequency agrees well with the data 

which have been reported in previous intestiga- 

lion of Fires oF similar sizes. 
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