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1. Introduction 

Our Japanese, especially the residents in east area of Japan, have experienced a large 

earthquake on March 11, 2011, i.e. East Japan great earthquake disaster (Takewaki et al., 

2011). There were a lot of fires in the northeast area of Japan, for example in Kesen-numa 

City. Despite of a number of town area fires, a fire whirlwind was never observed in this 

disaster. However, fire whirlwind is still one of the concerned accidents in the earthquake 

(Hough & Bilham; 2005). 

When a large-scale wide area fire such as a town area fire or a forest fire occurs, there can be 

a strong rotating flow to be called fire whirlwind. A fire whirlwind is a tornado that 

includes flames, hot winds and sparks. The fire whirlwind is regarded as the worst case 

which we should avoid at the time of a large-scale fire, because the whirlwind itself is 

critical and scatters sparks widely to promote spread of a fire. 

As a fire occurs, a flame makes an ascending current of air and uses up neighboring oxygen. 

Furthermore, to collect oxygen from a wide area, there is a current of air against the flame, 

resulting in big natural convection in the fire current of air. When the wind from a certain 

specified direction blows in this fire current of air, homogeneity of suction of air with an 

ascending current of air collapses. Then, a vortex is easy to come to occur, the fire current of 

air becomes a fire whirlwind that is an ascending current of air accompanied with rotating. 

Fire whirlwind may be pushed away by wind downstream, or may move in search of 

oxygen. 

Aiming at a property and elucidation of an outbreak factor of fire whirlwind as examples of 

the pasts for a lesson, investigation and a reproduction experiment of the outbreak situation 

(Graham, 1955; Emmons & Ying, 1967; Byram & Martin, 1970; Haines & Updike, 1971; 

Martin et al., 1976; Muraszew et al., 1979; Emori & Saito, 1982; Satoh & Yang, 1996; Hayashi 

et al., 2003; Liu, 2005; Kuwana et al., 2007; Liu et al., 2007; Kuwana et al., 2008; Chuah et al., 

2011), numerical analysis are performed till now (Satoh & Yang, 1997; Battaglia et al., 2000a; 

Battaglia et al., 2000b; Snegirev et al., 2004; Hassan et al., 2005; Chuah et al., 2007; Grishin, 

2007; Grishin et al., 2009). Though various factors are thought about outbreak of a fire 

whirlwind, such as climatic condition or existence of underground flammable gas, it is hard 
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to say that property and outbreak mechanism of a fire whirlwind are to be elucidated 

enough. 

Therefore, in this study, it is firstly aimed to get basic knowledge to elucidate outbreak 
mechanism of fire whirlwind and the property, by evaluating influence between a natural 
convection generated by the fire and the wind blowing to fire whirlwind on the ground 
utilizing numerical analysis. It is secondly examined whether a relationship exists between a 
real phenomenon and the phenomenon in reduction models, performing the numerical 
analysis of a fire whirlwind with respect to scale effect. 

Three dimensional analyses are performed to investigate the thermal and flow fields by 

using an analytical software FLUENT 6.3. Natural convection is caused from a plane source 

of constant heat flux or constant temperature in the flat ground large enough. It is observed 

and evaluated whether a fire whirlwind occurs or not in a constant wind of air. It is also 

observed and evaluated how the whirlwind behaves in case that the whirlwind occurs. 

Then, it is analyzed that those swirling flow in original scale, 1/10 scale, 1/50 scale, 1/100 

scale from the original brake out to vanish. As an analytical condition, parameter calculation 

is repeated to get the velocity of a parallel flow which is the easiest to occur the swirling 

flow for each reduction model, and then scale effect is discussed by comparing the velocity 

of the natural convection, the velocity of the parallel flow, the center pressure of the 

whirlwind and the continuance time of the swirling flow. For making of analysis models, a 

representative example of the fire whirlwind that occurred at Tokyo in the Great Kanto 

Earthquake (1923) is referred, and three types of heat source model (L-character model, 

random model and C-character model) are constructed. 

2. Nomenclature 

a   Absorption coefficient of air 

1 2 3C ,C ,C    Constants for standard k-   turbulent model 

p.jc   Specific heat of species of j  at constant pressure 

E   Energy 

F


  External force vector 

G   Irradiance 

bG   Turbulent kinetic energy production due to buoyancy force 

kG   Turbulent kinetic energy production due to gradient of time-averaged  

  velocity 

g


  Gravitational acceleration vector 

h   Sensible heat enthalpy 

jh   Sensible heat enthalpy of chemical species j  

I   Unit tensor 

jJ


  Diffusive flux vector of chemical species j  

k   Turbulent kinetic energy 

effk   Effective thermal conductivity 

p   Pressure 
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rq   Radiative heat flux 

hS   Heat source including volumetric heat generation 

kS ,S   Source terms for k and   

T   Temperature 

refT   Reference temperature 

t   Time 

v


  Velocity vector 

jY   Mass fraction of chemical species j  

MY   Expansion dissipation term for k 

Greek symbols 

   Turbulent energy dissipation rate 

   Viscosity of air 

t   Turbulent viscosity of air 

   Density of air 

   Stefan-Boltzmann constant 

k ,     Turbulent Prandtl numbers for k and   

   Shear stress tensor 

eff   Effective shear stress  

3. Governing equations 

In this analysis, chemical reaction and combustion phenomenon are not dealt with, and 

driving force for convective heat transfer is due to density change of air from the heat 

source. Therefore, governing equations of the phenomenon are as follows (Fluent Inc/Flient 

Asia Pacific, 2006). 

Mass conservation equation 

 ( v) 0
t


   




. (1) 

Navier-Stokes equation 

  ( v) ( vv) p g F
t


           



  
, (2) 

where 

 T 2
( v v ) vI

3

          

  
, (3) 

and the second term of right side shows effect of volume expansion. 

Energy equation 
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     effeff j j h( E) v( E p) k T h J v S
t


              

 
 

. (4) 

The first, second and third term of right side show energy transfers by conduction, diffusion 
of chemical species, and viscous dissipation, respectively. In equation (4), 

 
2p v

E h
2

  


, (5) 

and given for ideal gas as 

 j j
j

h Y h . (6) 

jh  is given as follows. 

 
ref

T

j p.jT
h c dT  . (7) 

where refT  is set to 300K in this analysis. 

Equation of Turbulent model 

Turbulent flow is treated in the analysis, and the standard k- model is employed. 

 t
i k b M k

i j k j

k
( k) ( ku ) G G Y S

t x x x

     
             

       
, (8) 

 
2

t
i l k 3 b 2

i j j

( ) ( u ) C (G C G ) C S
t x x x k k

   


       
            

       
. (9) 

Radiation model 

P-1 radiative heat exchange model (Siegel & Howell, 2002) is also employed to simulate the 
radiative heat transfer from the heat source at high temperature. The equation of P-1 model 
is as follows.

 

 4
rq aG 4a T    . (10) 

Numerical analysis is performed three-dimensionally with FLUENT6.3. 

4. Analysis model 

A calculation domain is taken enough widely to avoid the influence of natural convection 
due to heat source. Depth and width are 2000m and height is 500m. Heat source is modeled 

by a combination of 16 squares (200m200m) at the center of bottom in the domain. Each 
square is given a constant value of heat flux individually, and various profiles of large-scale 
fires are easily constructed. While heat flux of house fire is about 1.0 MW/m2, simulation is 
performed at 0.03MW/m2 of heat flux. Fig. 1 shows the calculation domain for analysis. 
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Fig. 1. Calculation domain for analysis 

Three models are considered in the analysis. One is based on the large-scale fire at the Great 
Kanto Earthquake (1923 in Japan), and the profile of the heat source at the bottom is “L-
character” type (Model 1). The second one is the profile in which the heat source is 
randomly dispersed at the bottom (Model 2). The third one is the profile of the heat source 
at the bottom is “C-character” type (Model 3). Fig. 2 shows the profiles of the heat source. 

 
(a) L-character type (Model 1) (b) random type (Model 2)  (c) C-character type (Model3) 

Fig. 2. Profiles of heat source at the bottom 

Initially, air is uniformly enclosed in the domain at atmospheric pressure and temperature 
of 300K. Bottom of the domain assumes adiabatic except 16 squares of modeled heat source. 
Four sides and top of the domain is free for inflow and outflow. 

5. Results and discussions 

5.1 Outbreak of fire whirlwind 

In this section, it is aimed to get basic knowledge to elucidate outbreak mechanism of fire 
whirlwind and the property, by evaluating influence between a natural convection 
generated by the fire and the wind blowing to fire whirlwind on the ground utilizing 
numerical analysis (Sakai & Watanabe, 2007). 

Horizontal wind 

2000m 

500m 

2000m 

200m 

200m 
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For 5 minutes from calculation start, natural convection is developed in the domain. Then, 

horizontal air flow is introduced from one side of the domain at 4, 6 and 8m/s of the 

velocity. Wind on the ground is modeled by the air flow. Calculation is continued for 

several minutes from the introduction of the air flow. 

5.1.1 Model 1 

Figs. 3 and 4 are the sample of streamline distribution after 5 minutes and that after 30 

minutes for the wind of 4m/s. These streamlines are drawn from the pressure surface 

whose pressure is lower by 30 Pa from the atmospheric pressure, and are colored by 

velocity magnitude. Number of generated fire whirlwind and behavior of the whirlwind 

(movement and extinction) are altered dependent on the velocity of wind. It is 

summarized in the Fig. 5.  

 

Fig. 3. Distribution of streamlines after 5 minutes for the wind of 4m/s 

 

Fig. 4. Distribution of streamlines after 30 minutes for the wind of 4m/s 

Velocity [m/s]

Velocity [m/s]
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 (a) wind of 4m/s     (b) wind of 6m/s 

 

(c) wind of 8m/s 

Fig. 5. Summary of generation and extinction of fire whirlwind in Model 1 

Red arrows in the figure show the distance from the generation point for the duration time 

of the whirlwind. In the case of wind of 4m/s, three whirlwinds are generated, and duration 

time is longer than the other 2 cases. In the case of wind of 6m/s, two whirlwinds are 

generated, and duration time is shorter than the case of 4m/s. In the case of wind of 8m/s, 

just one whirlwind is generated, and duration time is the shortest in 3 cases. 

Generation points of the whirlwind are located at the tips and corner of “L” character. Fig. 6 

shows a numerical result of streamlines in natural convective heat transfer at 5 minutes (no 

wind). The points where the natural convective flow develops become origins of the fire 

whirlwind. 

The number of the generated whirlwind is decreased as the velocity of wind is increased. 

This is because too fast wind blows the ascending current of air by natural convection to the 

downstream. Figs. 7 and 8 are side views of streamlines for the wind of 4m/s in Model 1. 

The former is streamlines after 18.6 minutes, and the latter is that after 26.6 minutes. As time 

passes, it is shown that the ascending current of air by natural convection is blown to the 

downstream by the wind. 

・ generated at 3min. 

・ extinct at 10min. 

・ generated at 3min. 

・ after moving, extinct at 4min. 

・ generated at 3min. 

・ extinct at 15min. 

・ generated at 3min. 

・ after moving, extinct at 7min. 

・ generated at 17min. 

・ keep until 40min. 

・ generated at 4min. 

・ extinct at 6min. 
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Fig. 6. Distribution of streamlines after 5 minutes in natural convective heat transfer 

 

Fig. 7. Side view of streamlines after 18.6 minutes for the wind of 4m/s in Model 1 

 

Fig. 8. Side view of streamlines after 26.6 minutes for the wind of 4m/s in Model 1 

Velocity [m/s]

Velocity [m/s]

Velocity [m/s]
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5.1.2 Model 2 

Figs. 9 and 10 are the samples of streamline distribution after 15 minutes and that after 35 

minutes for the wind of 4m/s. These streamlines are also drawn from the pressure surface 

whose pressure is lower by 30 Pa from the atmospheric pressure, and are colored by velocity 

magnitude.  

 
 

 
 
 

Fig. 9. Distribution of streamlines after 15 minutes for the wind of 4m/s 

In contrast with the results in the “L” character type, number of generated fire whirlwind is 

almost the same, i.e. two, even if the velocity of wind is altered. Behavior of the whirlwind 

(movement and extinction) is also almost the same in the both cases of wind velocity 6 and 

8m/s. In the case of wind velocity 4m/s, a whirlwind generated after 12 minutes around 

two heat sources surfaces moves and once weakened because it is apart from the heat 

source. Then, it is strengthened again as it returns on the heat source. The point that we 

should pay attention to is that two fire whirlwinds in the case of 4m/s (one is generated 

after 12 minutes and remains until the end of simulation, and the other is generated at 35 

minutes and extinct at 39 minutes) move to the upstream. 

Generation points of the whirlwind are located at the downstream heat source, and the 

number of the generated whirlwind is almost the same though the velocity of wind is 

varied. In the random type of heat source surfaces, there is a lack of heat source in the 

upstream. Therefore, interaction between the ascending current of air by natural convection 

and wind is disturbed (See Fig. 11). Then, the interacted flow arrives at the downstream heat 

source, and easily generates the fire whirlwind because heat is supplied. 

It is summarized in the Fig. 12. Duration time of the whirlwind becomes shorter as the 
velocity of wind is increased. 

Velocity [m/s]
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Fig. 10. Distribution of streamlines after 35 minutes for the wind of 4m/s 

 

 

Fig. 11. Upper view of streamlines after 18 minutes for the wind of 4m/s in Model 2. 

5.1.3 Summary 

As a result of numerical analysis, interaction between the ascending current of air by natural 

convection and wind results in a fire whirlwind. The whirlwind sometimes moves and 

extinct. Generation points of the whirlwind are located at the tips and corner in the model of 

“L” character type. The points where the natural convective flow develops becomes origins 

of the fire whirlwind. Generation points of the whirlwind in the model of random type are 

located at the downstream heat source, and the number of the generated whirlwind is 

almost the same though the velocity of wind is varied. This is because the ascending current 

of air by natural convection is partially disturbed by the wind. 

Velocity [m/s]

Velocity [m/s]
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(a) wind of 4m/s 

  

(b) wind of 6m/s   (c) wind of 8m/s 

Fig. 12. Summary of generation and extinction of fire whirlwind in Model 2 

5.2 Scale effect analysis 

In this section, performing the numerical analysis of fire whirlwind with respect to scale 

effect, it is examined whether a relationship exists between a real phenomenon and the 

phenomenon in the reduction model with taking into account radiative heat transfer (Sakai 

& Miyagi, 2010). 

Preceding the parametric calculation study, grid sensitivity for numerical result is 

evaluated. Residuals of continuity, velocity components, energy, turbulent energy and 

dissipation ratio of turbulent energy are derived and those absolute criteria are set to 10-3 

・ generated at 4min. 

・ after moving, extinct at 6min. 

・ generated at 5min. 

・ after moving, extinct at 7min. 

・ generated at 12min. 

・ after moving, extinct at 30min. 

・ generated at 12min. 

・ during moving, weakened, then strengthened at the other source. 

・ generated at 35min. 

・ after moving, extinct at 39min. 

・ generated at 5min. 

・ after moving, extinct at 9min. 

・ generated at 6min. 

・ after moving, extinct at 11min. 
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except 10-6 for energy to judge the convergence. For all scale ratios, grid number is altered 

and grid sensitivity is checked. Even if the coarse mesh number of 570700 cells and 1442164 

faces is utilized for calculation, those residuals are well converged within 1000 iterations for 

each time step. Therefore, mesh number of 570700 cells and 1442164 faces is employed to 

attain the precision and calculation speed. 

5.2.1 Effect of radiative heat exchange 

In our previous study, radiative heat exchange was not considered to simulate the 

whirlwind, because we had to simplify the real phenomenon of the whirlwind into the 

fundamental thermal and flow fields as much as possible (Sakai and Watanabe, 2007). 

However, radiative heat exchange plays an important role in the heat transfer at the higher 

temperature field. Therefore, the P-1 model is utilized to simulate the radiative heat transfer 

from the heat source at high temperature. 

Fig. 13 shows numerical results of streamlines in natural convective heat transfer at 5 

minutes (no horizontal wind) for the L-character heat source in the original scale; (a) is the 

case of no radiative heat exchange considered, and (b) is the case of radiative heat exchange 

considered. Colors of streamlines show the temperature of the upward flow. 

 

    (a) No radiative heat exchange considered  (b) Radiative heat exchange considered 

Fig. 13. Distribution of streamlines after 5 minutes in natural convective heat transfer 

In the case of no radiative heat exchange considered, temperature decreases within a few 

decade meters from the heat source. Therefore, air above the heat source plays an adiabatic 

role to prevent the heat transfer to the upper air layer. On the other hand, in the case of 

radiative exchange considered, heat from the heat source flows more to the upper air layer, 

resulting in more developed upward flow. In the case of no radiative exchange considered, 

the maximum upward velocity of natural convection and the appropriate velocity of 

horizontal wind to generate swirling flow are 23.5 m/s and 4 m/s, respectively. In the case 

of radiative exchange considered, the maximum upward velocity of natural convection and 

the appropriate velocity of horizontal wind are increased to 65.2 m/s and 11 m/s, 

respectively, due to the effective heat transfer. It is clarified that the radiative heat exchange 

must be considered to precisely simulate the fire whirlwind. The following numerical 

results are taking into account the radiative heat exchange. 

Temperature [K]
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5.2.2 Generation and extinction of swirling flow in Model 1 

Fig. 14 shows samples of pressure field at the bottom surface and streamline distributions 

for the original scale simulation; (a) is at 2 minutes since the introduction of horizontal wind, 

(b) is at 5.5 minutes since the introduction of horizontal wind, and (c) is at 7.5 minutes since 

the introduction of horizontal wind. These streamlines are drawn from the bottom surface, 

and are colored by velocity magnitude. 

From Fig. 14 (a), two whirlwinds are generated and generation points of the whirlwind are 

located at the tip and the corner of “L” character. At 5.5 minutes since the introduction of 

horizontal wind, a whirlwind generated at the tip is extinguished, and the other whirlwind 

is flown to the downstream (See Fig. 14 (b)). The remaining whirlwind is the strongest at 

this time, and the maximum center pressure of the whirlwind is lower than the atmospheric 

pressure by 1,061Pa. At 7.5 minutes since the introduction of horizontal wind, the remaining 

whirlwind is divided into two whirlwinds (See Fig. 14 (c)), and is going to be extinguished 

at 10 minutes since the introduction of horizontal wind. 

 

Fig. 14. Pressure field at the bottom surface and streamline distributions since the 

introduction of horizontal wind in Model 1 

Numerical calculation is performed not only for the case of the original size, but also for 

1/10 scale, 1/50 scale and 1/100 scale. In the original size calculation, natural convection is 

developed in the domain after 5 minutes. The smaller the scale is, the shorter the time 

necessary to develop the natural convection is. The times necessary to develop the natural 

convection are 90 seconds for 1/10 scale model, 45 seconds for 1/50 scale model, and 30 

seconds for 1/100 scale model. This is because dynamics between the original size and 

scaled models are said to be similar if the rate of the scale ratio to the square of velocity (or 

time) are the same, in which Froude numbers are the same. 

After defining the appropriate velocity of horizontal wind to generate swirling flow, 

behavior of the whirlwind (movement and extinction) is observed for all the cases. Number 

of generated fire whirlwind and behavior of the whirlwind are almost the same for all the 

cases. Therefore, characteristic physical quantities of whirlwind are discussed by comparing 

with scale ratio and square root of scale ratio in the followings. 

(a) 2 minutes (b) 5.5 minutes (c) 7.5 minutes 

Pressure [Pa] 

Velocity [m/s]
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5.2.2.1 Pressure of whirlwind 

Fig. 15 shows relation among the scale ratio, the square root of scale ratio, and pressure at 
the bottom of natural convection after each period necessary to develop the natural 
convection. Taken the original size as a standard, the pressure at the bottom of natural 
convection is more coincident with the scale ratio rather than the square root of scale ratio. 

 

Fig. 15. Relation among scale ratio, square root of scale ratio, and pressure at the bottom of 
natural convection in Model 1 

Fig. 16 shows relation among the scale ratio, the square root of scale ratio, and the maximum 
center pressure of whirlwind, which is lower than the atmospheric pressure. (The times of 
the strongest whirlwind generation after the introduction of the horizontal wind, i.e. the 
times when the center pressure of whirlwind is maximum, are different for all cases, and 
discussed in the next subsubsection.) The maximum center pressure of whirlwind is also 
more coincident with the scale ratio rather than the square root of scale ratio. Therefore, 
scale effect is recognized, in which pressure of whirlwind is coincident with the scale ratio. 

 

Fig. 16. Relation among scale ratio, square root of scale ratio, and maximum center pressure 
of whirlwind in Model 1 
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5.2.2.2 Time variation of whirlwind 

Figs. 17 and 18 show relation among the scale ratio, the square root of scale ratio, and times 

of whirlwind generation and extinction since introduction of horizontal wind. Taken the 

original size as a standard, the times of whirlwind generation and extinction since 

introduction of horizontal wind are more coincident with the square root of scale ratio 

rather than the scale ratio. Duration time of whirlwind is derived from the times of 

whirlwind generation and extinction since introduction of horizontal wind. As a matter of 

course, the duration time is more coincident with the square root of scale ratio rather than 

the scale ratio. 

 

Fig. 17. Relation among scale ratio, square root of scale ratio, and time of whirlwind 

generation since introduction of horizontal wind in Model 1 

 

Fig. 18. Relation among scale ratio, square root of scale ratio, and time of whirlwind 

extinction since introduction of horizontal wind in Model 1 
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Fig. 19 shows relation among the scale ratio, the square root of scale ratio, and time of the 
strongest whirlwind generation since introduction of horizontal wind. The time of the 
strongest whirlwind generation is also more coincident with the square root of scale ratio 
rather than the scale ratio. Therefore, scale effect is recognized, in which time variation of 
whirlwind is coincident with the square root of scale ratio. 

 

Fig. 19. Relation among scale ratio, square root of scale ratio, and time of the strongest 
whirlwind generation since introduction of horizontal wind in Model 1 

5.2.2.3 Velocity of horizontal wind 

Fig. 20 shows relation among the scale ratio, the square root of scale ratio, and appropriate 
velocity of horizontal wind to generate swirling flow. The appropriate velocity of horizontal 
wind to generate swirling flow is also more coincident with the square root of scale ratio 
rather than the scale ratio. Therefore, scale effect is recognized, in which velocity of 
horizontal wind is coincident with the square root of scale ratio. 

 

Fig. 20. Relation among scale ratio, square root of scale ratio, and appropriate velocity of 
horizontal wind to generate swirling flow in Model 1 
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5.2.3 Generation and extinction of swirling flow in Model 3 

Fig. 21 shows samples of pressure field at the bottom surface and streamline distributions 
for the original scale simulation; (a) is at 2 minutes since the introduction of horizontal wind, 
(b) is at 4.5 minutes since the introduction of horizontal wind, and (c) is at 5.5 minutes since 
the introduction of horizontal wind. These streamlines are drawn from the bottom surface, 
and are colored by velocity magnitude. 

 

Fig. 21. Pressure field at the bottom surface and streamline distributions since the 
introduction of horizontal wind in Model 3 

From Fig. 21 (a), two whirlwinds are generated and generation points of the whirlwind are 
located at the corners of “C” character. The whirlwinds are flown to the downstream, and 
are the strongest at this time (See Fig. 21 (b)). The maximum center pressure of the 
whirlwinds is lower than the atmospheric pressure by 970Pa. Then, the whirlwinds 
approach each other regardless of horizontal wind direction (See Fig. 21 (c)), and is 
remaining at 10 minutes since the introduction of horizontal wind. 

Numerical calculation is performed not only for the case of the original size, but also for 
1/10 scale, 1/50 scale and 1/100 scale. In the original size calculation, natural convection is 
developed in the domain after 5 minutes. The smaller the scale is, the shorter the time 
necessary to develop the natural convection is. The times necessary to develop the natural 
convection are 30 seconds for 1/10 scale model, 15 seconds for 1/50 scale model, and 9 
seconds for 1/100 scale model. These values are smaller than those of L-character heat 
source. This is because the wider the area of heat source is, the more natural convection 
develops. 

Introducing the appropriate velocity of horizontal wind to generate swirling flow in Model 
1 as a velocity of horizontal wind, behavior of the whirlwind (movement and extinction) is 
observed for all the cases. While number of generated fire whirlwind is the same for all the 
cases, whirlwinds are not extinguished, and are still remained in the cases of the original 
size and 1/50 scale model. This is because the appropriate velocity of horizontal wind to 
generate swirling flow in Model 1 is larger or smaller compared with the appropriate 
velocity of horizontal wind to generate swirling flow in Model 3. Relation between 
configuration of heat source and horizontal wind velocity is one of the important roles to 
simulate generation and extinction of fire whirlwind. Despite of the difference in behavior of 

(a) 2 minutes (b) 4.5 minutes (c) 5.5 minutes 

Pressure [Pa] 

Velocity [m/s] 
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the whirlwind, characteristic physical quantities of whirlwind are discussed by comparing 
with scale ratio and square root of scale ratio as well as in the case of Model 1. 

5.2.3.1 Pressure of whirlwind 

Fig. 22 shows relation among the scale ratio, the square root of scale ratio, and pressure at the 
bottom of natural convection after each period necessary to develop the natural convection. 

 

Fig. 22. Relation among scale ratio, square root of scale ratio, and pressure at the bottom of 
natural convection in Model 3 

Taken the original size as a standard, the pressure at the bottom of natural convection is 
more coincident with the scale ratio rather than the square root of scale ratio. 

Fig. 23 shows relation among the scale ratio, the square root of scale ratio, and the maximum 

center pressure of whirlwind, which is lower than the atmospheric pressure. The maximum 

center pressure of whirlwind is also more coincident with the scale ratio rather than the 

square root of scale ratio. Therefore, scale effect may be recognized, in which pressure of 

whirlwind is coincident with the scale ratio. 

 

Fig. 23. Relation among scale ratio, square root of scale ratio, and maximum center pressure 
of whirlwind in Model 3 
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5.2.3.2 Time variation of whirlwind 

Figs. 24 and 25 show relation among the scale ratio, the square root of scale ratio, and times 

of whirlwind generation and the strongest whirlwind generation since introduction of 

horizontal wind. Here is no discussion for time of whirlwind extinction, because whirlwinds 

are not extinguished, and are still remained in the cases of the original size and 1/50 scale 

model. The times of whirlwind generation and extinction since introduction of horizontal 

wind are more coincident with the square root of scale ratio rather than the scale ratio. 

Therefore, scale effect may be recognized, in which time variation of whirlwind is coincident 

with the square root of scale ratio. 

 

Fig. 24. Relation among scale ratio, square root of scale ratio, and time of whirlwind 
generation since introduction of horizontal wind in Model 3 

 

Fig. 25. Relation among scale ratio, square root of scale ratio, and time of whirlwind 
extinction since introduction of horizontal wind in Model 1 
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5.2.4 Summary 

In this section, performing the numerical analysis of fire whirlwind with respect to scale 
effect, it is examined whether a relationship exists between a real phenomenon and the 
phenomenon in the reduction model with taking into account radiative heat transfer. It is 
clarified that the radiative heat exchange must be considered to precisely simulate the fire 
whirlwind, because the radiative heat transfer encourages the maximum upward velocity of 
natural convection and the appropriate velocity of horizontal wind due to the effective heat 
transfer. Scale effect is recognized in the L-character heat source model, in which pressure of 
whirlwind is coincident with the scale ratio, time variation of whirlwind and velocity of 
horizontal wind are coincident with the square root of scale ratio. 

6. Conclusions 

In this study, it is firstly aimed to get basic knowledge to elucidate outbreak mechanism of 
fire whirlwind and the property, by evaluating influence between a natural convection 
generated by the fire and the wind blowing to fire whirlwind on the ground utilizing 
numerical analysis. 

 Interaction between the ascending current of air by natural convection and wind results 
in a fire whirlwind. The whirlwind sometimes moves and extinct. Generation points of 
the whirlwind are located at the tips and corner in the model of “L” character type. The 
points where the natural convective flow develops becomes origins of the fire 
whirlwind. 

 Generation points of the whirlwind in the model of random type are located at the 
downstream heat source, and the number of the generated whirlwind is almost the 
same though the velocity of wind is varied. 

It is secondly examined whether a relationship exists between a real phenomenon and the 
phenomenon in reduction models, performing the numerical analysis of a fire whirlwind 
with respect to scale effect. 

 It is clarified that the radiative heat exchange must be considered to precisely simulate 
the fire whirlwind, because the radiative heat transfer encourages the maximum 
upward velocity of natural convection and the appropriate velocity of horizontal wind 
due to the effective heat transfer. 

 Scale effect is recognized in the L-character heat source model, in which pressure of 
whirlwind is coincident with the scale ratio, time variation of whirlwind and velocity of 
horizontal wind are coincident with the square root of scale ratio. 
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