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Abstract 

 

An internal fire whirl (IFW) was generated by a pool fire in a vertical shaft with appropriate 

ventilation provision at the wall. The flame height of the IFW was found to increase with the 

burning rate of the pool fire. Semi-empirical formula for flame height in the IFW was studied 

analytically in this paper using reported experimental data from full-scale burning tests. 

Burgers vortex theory was applied for dynamic and thermodynamic corrections. From the 

experimental data, a rotating flame height coefficient was introduced to modify the empirical 

formula for the flame height in the IFW. Effects of thermal radiation and fuel vaporization 

were included to modify the calculation of the fuel burning rate.  

 

Keywords: Fire whirl, Flame height, Rotating flame height coefficient, Fuel burning rate, 

Burgers vortex theory, Full-scale burning test 
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1. Introduction 

 

Experimental studies reported that a fire burning in an enclosure such as a vertical shaft [1-4] 

or a small room [5-7] will give an internal fire whirl (IFW) under appropriate ventilation 

provision. The flame height and the burning rate of the pool fire inside a vertical shaft 

increased by several times of the same pool fire in open space. The burning time of the pool 

fire in an IFW was then reduced to only half of that of a free burning fire. Having a tall flame 

height would be much more hazardous as it might ignite adjacent combustibles and damage 

building walls, particularly those with fibre reinforced polymers in building retrofits. 

 

Studying the flame height of an IFW is very important in fire hazard assessment of vertical 

shaft in tall buildings. Flame height will be studied analytically in this paper. IFW generated 

by burning a gasoline pool in a vertical shaft was reported before [8]. Part of the reported 

experimental data [8] will be used to develop an empirical formula relating the flame height 

of an IFW with the fuel burning rate in the pool. Results are then justified by comparing with 

simulation results using the computational fluid dynamics (CFD) software FLUENT [9]. 

 

In addition to numerical study, semi-empirical formula on flame height of the fire whirl was 

established. Experimental data is used to revise coefficients of the fire whirl height 

semi-empirical formula. More theoretical study will be discussed in future publications. 
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2. Flame Height of Fire Whirl 

 

Variation of mass burning rate m  of fuel pool in free space with the pool diameter D was 

summarized by Chatris et al. [10]. m  changes with D when D is less than 2 m, varying from 

0.055 kg/m2s to 0.08 kg/m2s. Earlier studies reported that m  does not change with D when 

D is larger than 2.0 m, but later modified the conclusion, stating that m  is constant only 

when D is larger than 3.0 m ([10]).  

 

When the diameter of the fuel pool is larger than 1 m, the radiative heat of the liquid surface 

is 5/6 of the total surface radiation as reported by Shinotake et al. [11]. For D less than 1 m, 

especially when 0.3m 0.6mD  , the radiative heat of the liquid surface is 2/3 of the total 

surface radiation. Therefore, the effect of radiative heat transfer on mass burning rate of fuel 

m  at surface for 0.3 m < D < 0.6 m should be watched carefully. 

 

From the findings of McCaffrey [12], Heskestad [13], Hasemi and Tokunaga [14] and 

Steward [15], the non-dimensional flame height DL f
 is directly proportional to 

5/2*
Q , 

where 
fL  and *

Q  the flame height and a non-dimensional heat release parameter, 

respectively, for pool fire in free space. 

 

The relationship between the flame height 
fL of fire whirl (in m) and *

Q  for an IFW is 

proposed to be modified in this paper by introducing a flame height factor X:  

 

                                DQXL f

5/2*
=         (1) 

 
*

Q is given in terms of the heat release rate Q  (in kW), density of ambient air
 0  (in 

kg/m3), ambient temperature
 0T  (in K), specific heat of air

 pC  (in kJ/kg-K), and 

acceleration due to gravity g (in m/s2) by [12]:  

 

*

2

0 0 p

Q
Q

T C gDD
=                     (2) 

 

In the fuel burning process, the relationship between heat release rate 
cQ , fuel burning rate 

m and heat combustion of fuel cH  is 

 

                                
cHmQ =               (3) 

 

The fuel burning rate m  of a pool fire under free burning condition is given in terms of the 
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maximum mass burning rate of fuel per unit surface area
 max

m , (in kg/m2s), surface area of 

pool fire A , (in m2), where
4

2
D

A


= , and an empirical constant k : 

 

max
(1 )

k D
m m e A

−= −                     （4） 

 

Actually, k and   are constants, giving a constant value of k . In this place, k  is taken 

as one constant. 

 

Putting Eqs. (2) to (4) into Eq. (1), 

 

D
DgDCT

Q
XL

p

f 













=

5/2

2

00


 

 

or 

 

D
DgDCT

HAem
XL

p

c

Dk

f 












 −
=

−
5/2

2

00

max )1(




            (5) 

 

Note that Eq. (5) is an empirical formula for the flame height under free burning condition. 

Thus it needs modification for adaptation to the case of internal fire whirl.  

 

Two points in these equations are worth noticing in the modification: 

  

Firstly, the flame height factor X in Eq. (1) was suggested by Steward [15] to be 3.3, based on 

experimental studies on pool fire in free space. In studying Lf for a fire whirl, the tangential 

velocity u  should be considered with the effect of the axial vorticity 
z

  included in 

calculating the flame height. As observed from the photographs taken in generating fire whirl, 

the flame surface of fire whirl rotated vigorously along the axis. The folding of flame surface 

was obvious. The rotation speed caused an increase of the flame height of the fire whirl and 

reduction of the radius of the pool fire surface. The flame height factor X in Eq. (1) was 

originally introduced for pool fire in free space where only buoyancy was considered. Thus 

the flame height factor X has to be modified in calculating flame height of fire whirl where 

the hydrodynamic condition is much more complicated. 

 

From previous experiments by Chow [8], the flame height factor X is greater than 3.3, and 

could be up to 3.59. Although the experimental results in [8] indicated that rotational flow 
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would increase X, a constant flame height factor cannot show the effect of rotational flow on 

fire whirl with different air entrainments and fuel vaporization. Therefore, dynamic correction 

to the flame height factor X should be made. In this study on IFW, the flame height factor X is 

re-named as the rotating flame height coefficient 
fw

X in order to differentiate it from the 

“flame height factor X “ commonly used for fire in free space and to emphasize its 

applicability in IFW. 

 

Secondly, Eq. (5) can be conveniently expressed in terms of a thermal parameter hp (which 

depends on the pool fire characteristics), and a physical parameter pp (which depends on the 

physical properties of ambient air), and 
fw

X : 

 

ppfwf phXL =                 (6) 

    

with  

 

 hp =   5/2

max )1( c

Dk
HAem − −              (6a) 

 

   pp = 5/15/2

00 )(
−−

 gCT p               (6b) 

For a fire whirl, the physical parameter pp in Eq. (6) is a constant as it is not related to the fire 

pool. Therefore, correction is not required for pp. As hp is related to the fuel burning rate of a 

free burning pool fire, correction is needed for fire whirl with different fuel burning rate. 

 

In establishing the semi-empirical formula for the flame height of the fire whirl, the vortices 

were introduced. Theories of Burgers and Sullivan vortices were based on the thermal 

buoyancy. FLUENT CFD simulations with FLUENT were also based on the thermal 

buoyancy without thermal radiative feedback from the gas phase to support evaporation. The 

semi-empirical formula was derived from experimental results in reference 8 as summarized 

in Table 1. In the experiment, the amount of fuel, burning area and burning time were 

measured. The burning rate of the pool fire under steady state depends on heat radiation and 

the burning surface of the revolving turbulent flow characteristics. As the semi-empirical 

constant was deduced from experiment, thermal radiative feedback effects were included. In 

numerical calculations, the flow state of Arrhenius law and turbulent eddy dissipation 

concept model were used to study the fuel surface temperature on the chemical reaction rate. 

Thermal radiation was then absorbed in the fuel oil liquid surface, the temperature increased 

and vaporization took place. 



7 
 

3. Elaboration of the Rotating Flame Height Coefficient
fw

X  for IFW 

Experiments on IFW were reported [8] in a vertical shaft rig of 9 m tall as shown in Fig. 1. 

When a gap of width 0.33 m was provided, an IFW was induced under a gasoline pool fire of 

diameter 0.43 m. Some photographs for 2 tests SW-20 and SW-21 taken in the experiment 

are shown in Fig. 2. Five tests SW-A, SW-18, SW-20, SW-21 and SW-22 are taken out for 

this study. Except pool fire diameters, the testing conditions were all the same for the SW-A, 

SW-18, SW-20, SW-21 and SW-22 on the vertical shaft geometry and the liquid fuel. The 

dimensions of the shaft are shown in Fig. 1. Thermocouple trees as in Fig. 1c were put at 

positions M (centre) and C (corner) as in Fig. 1.  Different fire pool diameters would give 

different fuel consumption rates. Test information on fitting empirical equation (or tests 

SW-A, SW-18, SW20, SW-21 and SW-22) is shown in Table 1. 

 

1.5 m

9.0m

1.5 m

0.16 m

2.1m2.1m

0.35m

0.35m

C

M

F1

F2

0.9m

0.9m

F1

F2 M10(C10)

M9(C9)

M8(C8)

M7(C7)

M6(C6)

M5(C5)

M4(C4)

M3(C3)

M2(C2)

M1(C1)

0.9m

0.9m

0.9m

0.9m

0.9m

0.9m

0.9m

0.9m

0.9m

0.9m

 

(a) Main dimensions     (b) Position of heat flux meters     (c) Position of thermocouples 

 

9 m 

2.1 m 2.1 m 

F1 

 

F2 
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1.5 m

1.5 m

0.16 m
0.33 m

D=0.43 m

 

(d) Details above the pool fire 

 

Fig. 1: Experiment rig  

 

 

            

         (a) SW-20            (b) SW-21 at bottom       (c) SW-21 at middle 

 

Fig. 2: Observed swirling of the internal fire whirls  

 

          Table 1: Experimental results reported by Chow et al. [2011] 

 

 

 

 

 

 

 

Test m  （ skg/m
2 ） cQ （kW） Experimental flame height L  (m) 

SW-A 0.0327 285 1.3 

SW-18 

SW-20 

0.073 

0.153 

323 

677 

1.4 

2.8 

SW-21 0.139 617 2.6 

SW-22 0.152 679 2.8 

w 
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As reported by Hayashi et al. [16] on flame base under four conditions for a pool fire in free 

space, there is no rotational flow induced. As observed, the flame surface of a free burning 

pool fire is smooth, very different from the rough flame surface of IFW. The flame surface of 

an IFW has some folds caused by the upward cylindrical burning movement. This upward 

spiral movement causes the flame surface of the fire whirl to extend and increases the fuel 

burning rate. Therefore, it is not appropriate to calculate the flame height of fire whirl by 

using the flame height equation derived for free burning fire, where a constant flame height 

factor X is included. Constant flame height factor cannot take into account the flow and 

burning characteristics of fire whirl. Therefore, it is crucial to replace X by a newly defined 

rotating flame height coefficient 
fw

X  in dealing with IFW. 

 

Vortex theory was included in combustion dynamics to study rotating flow and burning 

phenomenon of fire whirl. For example, Hayashi et al. [16] conducted experiment to study 

the effect of vortex structure on the characteristics of fire whirl. The flame swirling angle a  

was determined near the liquid fuel to calculate the flame height, and the flame height of fire 

whirl can be fitted by a parabolic relationship: 

 

2/1

2/1

)2/(

)2/(

HraL

HraL

Rf

Lf

−=

+=
                           (7) 

 

In Eq. (7), aL, aR 
are the flame angles near the liquid fuel, H is the height of the experiment 

rig of the fire whirl; r is the radius of the fire whirl. As pointed out [8], the distribution of 

radial velocity near the liquid fuel has a great influence on the flame height. 

 

Klimenko and Williams [17] carried out analytical study on the effect of strong vortex 

structure on fire whirl flame height. On top of the original flow basis, vortex speed 

compensation was introduced to predict the effect of strong rotational flow. Klimenko and 

Williams [17] showed that the flame height equation is given by: 

 

 

0

Pe

4
f

eff st

L r
Z

=                              (8) 

 

In Eq. (8), 0
r is the radius of fire whirl, Pe is Peclet number, for Burgers vortex, 

2.0
eff

 = , st
Z is the corresponding boundary condition of the average flame height of fire 

whirl. 

 

Chuah and Kushida [18] also introduced vortex theory to the prediction of flame height and 
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flame shape of small fire whirl with results similar to using Sullivan Vortex theory. Note that 

an ideal flow model will be introduced when using the Burgers vortex theory [19]. The 

equation for the flame height obtained by Chuah and Kushida [18] is given by: 

 

 
1

0

0
4 ln(1 1 )

n

f

f

TQ
L

D S T

−

 
=  

 +  

                       (9) 

 

In Eq. (9), 
0

T is the ambient temperature, 
f

T is the flame temperature, S is the 

stoichiometric volume air-fuel ratio, 
0

D is the ambient diffusivity coefficient, n  is the 

diffusivity exponential coefficient, and Q  is the mass burning rate. 

 

It is observed from Fig. 2 that in the swirling flow streamlines of the fire whirl flame surface, 

the flow velocity can be divided into circumferential velocity u  and axial velocity
z

u . The 

centripetal force and axial vortex 
z

  caused by u  would increase the surrounding air 

entrainment at the flame surface. 
z

u
 
causes the flame to develop axially. Both of them 

together would create an effect to increase the flame height. Introducing Burgers vortex 

theory [19], the velocity distribution at the vortex core for 0  r < c is given by: 

 

2

2

2

02

2

1 0

4

f

r

r

f

f

z z

u r
f

u e r c
r

u z u
f







−


= − 


  

 = −  
  


= +



                      (10) 

 

In Eq. (10),   is the velocity circulation of u ; f is the flame radius, r is the radial 

coordinate,
 f

 is the kinematic viscosity of the flame, z  is the axial coordinate, 
0z

u  is the 

axial velocity when 0z = , and c  is the radius of the vortex core. The axial vortex 
z

 is 

governed by the following equation:  

 

( )1 1
r

z

ru u

r r r





 
 = −

 
                      (11) 

 

Axial velocity z
u  and axial vortex enhance the development of the flame of fire whirl. 

However, gravitational acceleration hinders the development of fire whirl. Therefore, the 

rotating flame height coefficient of fire whirl 
fw

X  of Lf in Eq. (6) is proposed to be 
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expressible as: 

 

z z

fw

u
X

g


=                          (12) 

 

Using the dimensions given in parentheses, ( )z
u m s , ( )1

z
s

−
 , ( )2

g m s , dimensional 

analysis of the rotating flame height coefficient shows that it is dimensionless :  

 

( ) ( )1

2
1z z

fw

m s su
X

g m s

−


= = =                 (13) 

 

Thus the rotating flame height coefficient 
fw

X  is a dimensionless coefficient that 

incorporates the effect of the flow burning characteristics of fire whirl. 

 

Chigier and Bedr [20] proposed a Swirl Number SCB defined as: 

 

 

2

0

2

0

R

ztg

CB R

ax
z

u u r drG
S

RG R u rdr



= =



                   (14) 

 

In Eq. (14), 
tg

G  is the tangential axis momentum flux, ax
G  is the axial momentum flux, R  

is the rotating outer radius. At the same time, it can also be defined as: 

 

0

0

R

ztg

m R

ax
z z

u u rdrJ
S

J u u rdr



= =



                    (15) 

 

In Eq. (15), 
tg

J  is the circumferential velocity momentum, and 
ax

J  is the axial velocity 

momentum. Both 
CB

S  and 
m

S  only take into account the effect of circumferential velocity 

on rotating flow. It can be observed that the definition of Swirl Number does not take the 

obstruction effect of gravitational acceleration g  on the flow into consideration. In 

comparison, the newly defined rotating flame height coefficient 
fw

X  is more meaningful in 

dealing with the flame height of fire whirl.    

 

Suppose the radius of vortex core and that of the flame are the same, f c= . At the flame 

surface, f c r= = . Substituting it into Eq. (10):  
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( )10

02

2

1

4

f

r

f

z z

u
r

u e f c r
r

u z u
r







−


= − 


 

= − = =



= + 


                 (16) 

 

Suppose   is a constant, and take the velocity circulation at z = 0 m to be 
0

 . Then 

( ) 10

2

1 1
er

z

ru u

r r r r





−
 

 = − =
 

, and the rotating flame height coefficient is given by: 

 

( )1 2

0 0

4

4
f zz z

fw

e z r uu
X

g r g

−
 +

= =                 (17) 

 

Xfw is a global factor for the fire whirl, depending on z. At different heights of the fire whirl, 

the combustion and entrainment conditions are different, giving different Xfw at different 

heights, i.e. Xfw depends on z. Therefore, 
fw

X  is plotted as a function of z  ( r  fixed) and 

r ( z  fixed) in Fig. 3, with 0
  = 1.57 m2/s, 

f = 0.0003 m2/s, uz0 = 0.27 m/s. From Fig. 3(a), 

fw
X  increases as z increases, the initial value is determined by the velocity circulation 

0
  

just above the oil pool. It can be observed that although 
fw

X  increases linearly as z , the 

magnitude of increment is limited, which is from 0.38 to 0.51 within the whole flame height 

range. Hence, the average value for 
fw

X  can be taken to be 0.45. 

 

In Fig. 3(b), by taking different cross-section at different flame height, the variation of 
fw

X  

with respect to flame radius r  at a specified height is plotted. It can be observed that, as the 

flame radius r  increases, 
fw

X decays exponentially. In the range of 0.1 m > r > 0 m, 
fw

X  

decreases rapidly. For r > 0.3 m, 
fw

X  approaches 0. However, for certain value of r , the 

magnitude change of 
fw

X  with respect to flame height z  is the greatest for z = 2.70 m, 

then z = 0.16 m, z = 0.32 m and z = 0.64 m, the lowest value is at z = 1.28 m. 
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0.0 0.5 1.0 1.5 2.0 2.5
0.00
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(a) 
fw

X as a function of z  
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(b) 
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X as a function of r  

 

Fig. 3: Variation of 
fw

X  with z and r ( 2

0
1.57 m s = , 

2
0.0003m s

f
 = , 0

0.27 m s
z

u = ) 

 

/r

Radial direction r / m 
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4.  Correction to the Thermal Parameter hp 

 

An important element of the thermal parameter hp is the knowledge of the mass consumption 

rate of fuel per unit area m   of IFW during steady burning. For hydrocarbon liquid fuel, it 

was pointed out that the determination of m   is crucial. Blinov and Khudiakov [21] and 

Hottel [22] have suggested an empirical formula for m  in a free burning fire: 

 

)1(max

Dk
emm

−
−=                         (18) 

 

Regarding fire whirl, different empirical constants were suggested from experimental data. 

Lei et al. [23] determined k  from their heptane fuel fire whirl experiment. Also focusing 

on heptanes fuel fire whirl, Tarifa [24], Kung and Stavrianidis [25], and Klassen and Gore [26] 

suggested the empirical formula to be: 

 
2.49D

0.072(1 )m e
− = −       (18a) 

 

The conclusion drawn from the above experiments is different from that summarized by 

Chatris et al. [10] on the effect of oil pool radius on m  . In addition, there is difference in the 

reported average value of m  . The average value of m   was found to be ranging from 

0.055 kg/m2s to 0.08 kg/m2s for a freely burning pool fire by Chatris et al. [10], while Lei et 

al. [23] reported that the average value of m   ranged from 0.075 kg/m2s to 0.088 kg/m2s. 

This shows that the value of m   in fire whirl is larger than that in a free burning fire even 

for an oil pool of small diameter D . Thus, fire whirl poses a significant enhancement effect 

on the fuel burning rate of the oil pool. 

 

In order to further investigate the relationship between the flame height of fire whirl and the 

fuel burning rate, earlier experimental data [8] obtained from gasoline fuel fire whirl tests as 

in Fig. 1 were used, with results summarized in Table 1. Photographs of the fire whirl under 

stable burning condition in the 4 tests are shown in Fig. 4. In the test, the height of the oil 

pool H  was 0.15 m. There was no fire whirl generated in test SW-A and SW-18 for free 

burning fire while for tests SW-21 and SW-22, there were stable fire whirl generated. The 

photographs show clear folds on the flame surface which is moving upwards cylindrically. 

 

From the test results shown in Table 1, it can be observed that the flame height of fire whirl is 

2 times the flame height of a free burning fire. Also, the fuel consumption rate per unit 

surface area m  reached 0.139 kg/m2s to 0.152 kg/m2s. This value is much higher than the 

corresponding value in a free burning fire and is also higher than the fuel consumption rate of 

the heptanes fire whirl conducted by Lei et al. [23]. Therefore, it is not appropriate to deduce 
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the flame consumption rate of fire whirl based on the equation of fuel consumption for free 

burning fire. The fuel consumption rate of fire whirl will be obtained based on the reaction 

mechanism and this rate will then be used for modifying the empirical equation on flame 

height in IFW. 

 

        

                    (a) SW-A                     (b) SW-18 

 

    

(c) SW-21                  (d) SW-22 

 

Fig. 4: Burning characteristics in the four different experiments 

 

It was observed from the tests [8] that in the fire whirl, vaporization occurred both at the 

liquid fuel surface and the contact surface between the oil and the pool wall. Thus, there was 

vaporization occurring inside the oil pool. Ignoring the contact area between the liquid and 

the oil pool side wall, the area of vaporization A has been increased from liquid surface of 

free burning condition to 2A when there is an IFW. The effective vaporization area was 

doubled. This is consistent with the earlier result [8] that the fuel burning rate was also 

increased from 2
0.073kg/m s  in test SW-18 (free burning) to 2

0.146kg/m s , which is the 
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average value of test SW-21 and SW-22 (IFW),with doubling of the fuel burning rate. Hence, 

this explains why m   obtained in fire whirl tests SW-21 and SW-22 is much higher than that 

of the value obtained in the heptanes fire whirl experiments by Lei el al. [23].     

 

Taking into account of the observation that the oil pool wall significantly contributes to m  , 

the equation of fuel burning rate is reformulated as below: 

 

 




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


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


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In Eq. (19), 
v

L  is the specific latent heat of gasification, 
p

c  is the specific heat capacity at 

constant pressure, 
c

p

h

cm 
= , 

c
h  is the convective heat transfer coefficient, cH  is the 

efficiency of heat release of burning, 
2oY  is the mass fraction of oxygen,   is the 

stoichiometric mass ratio, r  is the radiative heat transfer ratio, 
v

T  is the vaporization 

temperature, 
a

T  is the ambient temperature, 
w

T  is the oil pool wall surface temperature to 

be determined by experiment, 
w

k  is the thermal conductivity of the oil pool wall,   is the 

oil pool wall thickness, 
.f rad

Q  is the heat transmitted to oil surface through radiation, sr  is 

the radiation reflectance, Dk
e

 −
−= 1 , and   is the Stefan-Boltzmann constant.  

 

On the right side of the equation, the first item represents the convection effect of the burning 

surface coming from combustion theory. The second item is surface heat absorption rate at 

temperature T. The third item is the incoming heat of the steel oil plate after heating. The 

fourth item is the net radiative heat transfer from the flame to the pool surface. The fifth item 

is the surface radiative heat loss.    

 

In Eq. (19), 
p

c

m c

h



=  consists of the unknown quantity m  . Since the unknown 

m  appears on both sides of Eq. (19) and also as an exponent, numerical iteration is needed 

for solving the equation. Note that Eq. (19) is an implicit equation with solutions determined 

from numerical iteration method. Tw was determined form experimental data. 

 

The correction to the thermal parameter hp is completed after determining m . The total heat 

release rate of fuel Q  is given by: 

 

cHAmQ =                               (20) 

A semi-empirical relation between the fire whirl flame height and the fuel burning rate of an 
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IFW at the stage with a stable swirling motion was studied in this paper. Modifications of Pp 

and hp are proposed with Eq. (19) being the correction to the thermal parameter hp. Once m   

is fitted, the semi-empirical relation between the fire whirl flame height and the fuel burning 

rate can be developed. 
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5. Correction to Flame Height 

 

After introducing 
fw

X  and correcting hp, the flame height equation of an IFW will be 

derived in this section. Writing Eq. (6) for the flame height in IFW in full,  

 

          5/15/2

00

5/2
)(

-

pcfwf gCTHAmXL =
−      (21) 

        

 

 

In addition to the introduction of a new rotating flame height coefficient 
fw

X and correction 

to hp by considering oil vaporization at pool wall in the theoretical analysis of 
f

L , further 

modification is needed to take care of the boundary and initial conditions in the IFW test. 

This is achieved via introducing a coefficient  in Eq. (21), which now becomes: 

 

           5/15/2

00

5/2
)(

-

pcfwf gCTHAmXL =
−          (22) 

        

 

 

In Eq. (22), 
fw

X  is determined by Eq. (17), m  is determined by Eq. (19), and   is used 

to modify the relationship between Lf and m based on the boundary and initial conditions of 

the test. Lf above is now expressed in terms of a thermal parameter hp (which depends on the 

pool fire characteristics), and a physical parameter pp (which depends on the physical 

properties of ambient air).  

 

In the analysis of both 
fw

X  and m , the effects of the boundary and initial conditions have 

not been taken into account. The effects of boundary condition on the flame characteristics 

can be observed from the photographs of tests SW-21 and SW-22 with swirling; and another 

test SW-23 without generating a fire whirl in Fig. 5. The boundary conditions of these 3 tests 

SW-21, SW-22 and SW-23 were different. Tests SW-21 and SW-22 had gap widths 0.33 m 

and 0.44 m respectively. Test SW-22 had no guard plate at the bottom of the vertical shaft. 

Therefore the test results are different. Stable fire whirl was formed in test SW-21 and SW-22 

but their flame heights were different. The flame height for fire whirl in test SW-22 was 

higher than that in SW-21 (see Table 1). There was no fire whirl formed in test SW-23. 

According to various results reported in the literature, the characteristics of both natural fire 

whirl and enforced burning fire whirl are affected by boundary conditions [23,27,28]. 

 

It can be concluded from the observation above that different boundary and initial conditions 

of the test will give different results. Therefore Eq. (22) needs further modification to cater 

  hp            pp 

 hp             pp 
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for the effect caused by the boundary and initial conditions, via the introduction of a 

coefficient  . It is necessary in the future to conduct research on the explicit dependence of 

 on the boundary and initial conditions, to yield more accurate results for the fire whirl 

flame height. 

 

 

     

        (a) SW-21               (b) SW-22                (c) SW-23 

 

Fig. 5: Flame heights in different experiments  
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6. Numerical Studies  

 

Numerical simulation with CFD was carried out to justify the Burgers vortex theory used in 

deriving 
f

L  and the thermodynamic correction focused on m . Since structured mesh has 

good convergence and data recovery ability, hexahedral structured mesh was used for the 

computing domain and the number of mesh was 400,000. Fig. 6 shows the mesh of the 

computing domain which was based on the experimental setup shown in Fig. 1. All the 

dimensions were based on the experimental data [8,23,27,28] in order to simulate the 

scenario of the experiment. 

 

 

  (a)Mesh of whole space               (b) Mesh of the lower part 

 

Fig. 6: Computing domain 

 

Commercial software ANSYS FLUENT 13.0 [9] was used in the simulation. The boundary 

condition was set in the simulation as follows. Considering the requirement of free burning 

fire whirl by the software, the air intake pressure was set to be ambient pressure without 

including rotational flow. The fuel value used is the average test value 2
0.146m kg m s =  

of SW-20 and SW-21. As for the turbulence model, realizable k −  turbulence model with 

standard wall function was used. For chemical reaction, the eddy dissipation concept model 

was used.  

 

In the calculation, gasoline used in the experiment was taken as
 188HC  with heat of 

combustion Hc of 44800
 
kJ/kg. Only the following chemical reaction was considered: 
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OHCOOHC 222188 985.12 +→+                (23) 

 

Fig. 7 shows the flame surface and streamline at 1000 K. It can be clearly observed that, at 

1000 K the cylindrical streamline moving upward was surrounded by the outer part of the 

flame surface. The flame height was about 2 m to 3 m. The closer to the bottom of the flame 

surface, the more pronounced was the rotational characteristics of the streamline. Along the 

upward direction of flame movement, the angle of streamline rotation gradually increased. 

This matches with the conclusion drawn from the photographs in Fig. 2. At 1 m above the 

flame surface, the streamline rotation stopped. This means that the rotation of the flame 

surface caused the surrounding air to rotate as well. Hence, it would entrain more non-reacted 

air and enhance the burning of the fuel. This explains why the burning time of fire whirl is 

half of that of a free burning fire. 

 

    

 (a) View-a           (b) View-b            (c) View-c 

 

Fig. 7: Three views of flame surface and streamlines 

 

Fig. 8 shows the simulated dependence of the temperature and fuel mass fraction on height, 

where the data refer to the values along the axis of the oil pool. Taking 1000 K as the 

temperature of the top of the flame, it can be seen that the flame height was about 2.5 m to 

2.6 m. This is consistent with the average flame height of 2.7 m in tests SW-20 and SW-21. In 

addition, the fuel mass fraction was equal to 0 at that point of flame height. This means that 

all the fuel at that point had completely reacted, which further justified the flame height 

calculated. 
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Fig. 8: Dependence of flame temperature and 
gas

Y on height 

 

For experiments in this paper, the widths of the vertical and bottom gaps of the shaft model 

and the fire pool diameter can be adjusted. A fire whirl was only generated when there was an 

appropriate vertical gap width. With a fire whirl, the pool fire is similar to free burning. 

Further, before generating the swirling motion, the pool fire is also similar to free burning 

[29]. Note that 1000 K is not for justifying the flame height, but used as the isometric surface 

to observe the vortices flow in the fire core. It also explains why the Burgers and Sullivan 

vortices theories are used. 

 

 

Y

X

Z

   

Y

X

Z

 

3 (a)                               13 (b) 

 

Fig. 9: Two views of flame temperature and velocity vectors in plane at 0.3z =  

 

Fig. 9 shows the velocity vectors at the cross-section above the oil pool. It can be observed 

that the whole flow field surrounding the flame surface had a very distinct rotational 

characteristic. The center of rotation and the flame surface coincided with each other. Near 
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the side opening, the speed of rotation was faster than at other locations. This shows that the 

air entrainment of fire whirl was stronger near the side opening. 

 

Based on the result and taking the average value m   of 0.146 kg/m2s as the calculated fuel 

mass flow for tests SW-20 and SW-21, the calculated flame height illustrated that the fuel 

consumption rate matched with the experimental results. The corrections suggested in above 

were thus justified. Further, the assumption that the increase in vaporization area caused by 

boiling in the oil pool of the fire whirl experiment is reasonable. 
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7. Conclusions 

 

The following conclusions can be drawn from the study: 

 

(1) Dynamic and thermodynamic corrections were made on the current flame height equation, 

and a semi-empirical formula (Eq. (22)) for flame height Lf of IFW was obtained, where 
fw

X  

is determined by Eq. (17), m  is determined by Eq. (19). A coefficient   was used to take 

care of the effect of the boundary and initial conditions of the experiment.  

 

(2) Boiling of liquid fuel with combustion was observed in the oil pool during the evolution 

of fire whirl. Boiling with combustion would increase the area of vaporization, which is the 

sum of the area of free surface and bottom of oil pool. Thus, this also leads to the increase of 

unit area fuel consumption rate m  would then be increased to over twice of that in free 

burning condition. This phenomenon is also verified from calculation. The calculated flame 

height matches with the experiment result. However, burning of liquid fuel should be studied 

more thoroughly as the heat transfer process is very complicated. 

 

(3) When carrying out dynamic correction on the flame height equation, the rotating flame 

height coefficient is expressed as z z

fw

u
X

g


= . This coefficient reflects the burning and flow 

characteristics of fire whirl. 

 

(4) Based on the earlier experimental results [8] and analysis in this paper with reference to 

literature, the boundary and initial conditions affect the motion of IFW and their effect is 

included in the factor  . Further investigation on   is required. 
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