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ABSTRACT 
Fire tests were carried out using a full scale model of a semi­
enclosed gasoline service st2tion and a 1/15 reduced s2ale model. 
Two sizes of fire pool, 10 m with 600 liters and 15 m with 900 
liters of gasoline, were used for the full scale tests and a gas 
diffusion burner was used for the reduced scale model. Fire source 
located at the end corner or at the opening. Thermal re-radiation 
contributed the burning rate enhancement of about 24% compared to 
free burning one, and both convection and wind effect gave about 
78% enhanced burning rate at the maximum. Reduced scale model 
experiments were carried out to compare the flame lengthen from the 
opening. Good agreement was obtained between full scale and reduced 
model with regard to the similarity in the correlation on flame 
length versus dimension-less heat release rate (Q*). 

key words: full scale model, reduced scale model, gasoline 
pool fire, fire whirl, flame length, Karman-vortex 

1. INTRODUCTION 
Japanese Fire Code for a design of gasoline station building 

was changed partly in March, 1989. Before the change of the code, a 
series of full scale fire test had been carried out [1] in order to 
assess the fire safety of a gasoline station building with one side 
opeing. Because, if a fire occurred in a service area in such 
designed station, extended flame may produce a serious fire damage 
to the upper stories. 

The one of the objectives of the experiments is to obtain the 
flame behavior extended - from an opening of a one-side-opening 
gasoline service station with multi-story. In this paper, we will 
present extended flame length behavior with regard to the dimension 
less heat 
function of 
considered, 
experimental 
with a water 
[ 1 ] • 

release rate Q*. Similarity on the flame length as a 
Q* between the full scale and reduced model was 
but the other similarity were not dealt. Some 
results are also presented which dealt with a test 

drencher and tests with a pent roof of 1.0 m and 1.5 m 

2. EXPERIMENTAL PROCEDURE 
To obtain the basic fire behavior which may occur in a semi­

enclosed space for a gasoline service station, a full scale model 
was built in an open field of which opening faced to almost north. 
A 1/15 reduced scale model was also composed with a wind generator. 

2-1.	 Full Scale Model 
Figure 1 shows the plan and front elevation with the locations 
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f - of instrumentation attached. The model had partly three story and 
extended wall which corresponds to another two higher story. Ceili ­
ng and wall in a service area were covered with ALC (Autoclaved 
Lightweight Concrete) panels of 50mm and 100 mm thickness panels. 
Window sashes of the second and third story were aluminum frame 
with plastic seal, and wired grass of 6.8mm thickness were set. 

The temperatures were measured at 100 points by means of 0.3 
mm¢ K-type thermocouples. Radiative heat fluxes were also measured 
at 7 points. Hot air velocities were measured at the wall of second 
floor and at the ceiling of the opening, respectively. The natural 
wind direction and velocity were measured at the top of the full 
scale model. Outputs from these sensors were recorded every 10 
seconds. The locations of the measuring points are illustrated in 
Figure 1. Gasoline fuel was ignited electrically and ignition time 
was adopted as the start time. 

For full scale experiments, three pool locations were 
selected; at the end corner, middle posit~on and a 2 the foot of 
opening. A pool area was reduced from 15 m to 10 m in the first 
three experiments. The pool depth was about 30 cm, and of which 23 
- 24 cm depth was filled with fresh water prior to each experiment. 
The fuel depth was about 50 - 58 mm. 

2-2. Reduced Scale Model 
Figure 2 shows the 1/15 reduced model. The structure of the 

reduced scale had an iron frame and was covered with ceramic panels 
of 25mm thickness. A gas (propane) diffusion burner of 27cm x 27cm 
square was used. Almost the same measurement method employed as in 
the the full scale model was also employed, and the measuring 
positionsare also shown in Figure 2. 

.- 3. RESULTS AND DISCUSSION 
3-1. Burning Behavior 

It was obviously expected that enhanced burning rate (burning 
rate was defined as the decreasing rate of the fuel depth) of gaso­
line fuel must be given by re-radiation from the hot ceiling and 
walls. Radiative heat flux at the foot of the flame (at the pool 
periphery) was also measured. Table 1 shows fire locations, burning 
rates, and natural wind condition. Observation showed the flame 
behavior was different depending on the natural wind direction. As 
the opening faced to downwind of natural wind, a pair of Karman­
vortex appeared at the both sides of the opening and which was 
clearly visualized by dense smoke and as a fire whirl. In this 
case, hot smoky layer in the service space was well disturbed and 
thus unclear boundary between hot layer and lower air layer was 

Ii. -'	 obtained. As the pool located at the foot of opening and almost 
south wind was given, turbulent flame plume appeared for first 30 

r - sec and changed to fire whirl within 1 min after the ignition. Fire 
whirl extended as high as about 18 - 20m with roaring. The diameter , ­ of the fire whirl was as almost same size as the pool. The 

f, -
intensive circular wind generated by Karman-vortex sucked out the 
flame from the original pool surface, so that the flame slid out 

( " toward the downstream direction forming an apparent burning area on 
the floor. The fire whirl disappeared several times corresponding 

r ' to the breath of natural wind. 
:: i In experiments #4, the natural wind was mild as 1 - 2 m/secl", with direction of almost north. Two zones of smoke and lower air 

layer were clearly observed. Flame extended along the ceiling and 
q facade as long as about 30 m from the pool, and extended flamet1 225 

H 



• 

reached frequently to the wired window glasses of thi second floor. 
The glasses were heated by radiation of about 9 W/cm instantaneou­
sly from a fire whirl, and some cracks were observed but they were 
neither broken down nor fallen down. These glasses performed resis­
tance against the fire propagation into the room with and without 
the pent roof or water drencher system. 

3-2.	 Burning Rate Enhancement by Radiation and Flow 
It have been expected that the heated walls and ceiling l ;.. 

produce burning rate enhancement. However, observation indicated 
that another factor of wind (or convection flow) also gave burning , " 

rate enhancement. The highest average radiative heat flux was 
obtained in test #4, as shown in Table 2. Remembering the average 
wind velocity and direction as shown in Table 1, we can assume that 
radiation was the main effect in test #4 which accelerated the 
burning rate of the fuel. Burning rate of gasoline pool fire in an ~ ..!.J 

open field is about 4.0 mm/min [2] - 4.3 mm/min [3] for the 
turbulent flame. Therefore, it was estimated roughly that the !l 1'; 

radiation effect gave about 1.14 - 1.24 times greater burning rate 
in test #4. The outward hot air mass flux of about 52.6 kg/sec was u 

estimated depending on temperature, velocity, and depth under the 
ceiling at the opening in the test #4. Inflow velocity of about 1 
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Tr	 m/sec was estimated assuming the same amount of the inflow mass 
flux was given into the space. About 1 m/sec wind may give 4% 

, - burning rate enhancement according to the equation (1) which Blinov 
and Khudiakov had proposed [2,4]. Therefore, we could estimate that 
the re-radiation effect gave 10 - 20 % burning rate enhancement 
than the the burning rate in open field. 

m / mstill = 1 + 0.15 (u/D)	 ( 1 ) 
wind 

where, u is wind velocity (m/sec), D is pool diameter (m), and m is 
burning rate of the fuel. 

The wind effect due to convective flow and/or Karman-vortex 
on a pool fire is quite complex and alternative. The flame 
temperature is raised due to improved mixing and combustion [2] and 
resulted in radiant heat fluxes enhancement and this gives greater 
burning rate. And at the same time, flame thickness above the 
original pool is reduced due to suction and/or sliding out induced 
by the vortex flow. This phenomena gave burning rate reduced. Lois 
and Swithenbank [5], and Yumoto [6] observed a doubling of the 
burning rate of a hexane pool in a 4 m/sec wind and no further 
increase for greater velocities. In the experiments of #3, #6, #8, 

r - and #9 [1], we observed a fire whirl. And about 20 m/sec 
circulating velocity was estimated roughly from the picture 
analysis. Applying the equation (1) with the circulating velocity 
of about 20m/sec, we can estimate 6.7 - 7.1 mm/min burning rate. 

r - The measured average burning rates in these experiments were 6.3 
mm/min - 7 mm/min as shown in Table 1. It is not clear of the 
effects and mechanism of wind on the burning rate enhancement but 
the equation (1) appears to be well fitted to the results. 
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I 

p 3-3. Water Drencher system • 
In test #9, the water drencher 3 

system was set at the soffit of the : 
500opening.	 The system has 6 heads at ! 

2.5 m spacing and 792 l/min of water i 
was sP2inkled at the pressure of J 
3kgf/cm • The water pump was initia- = 300 

ted 3 min after the ignition and, at u 
3min 30 sec water sprinkling was ~ 

started. Figure 3 shows the wall ; 
temperatures before and after the •.- water sprinkling. It is clearly l 100 
observed that the temperatures on ~ 
the facade dropped 400 - 450 to 70 ­
1000 C within a few minutes, and the 
average radiative heat flux on the 50 

, -	 wall at the second floor ~evel chan­

C before sprinkling 
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l "	 W/cm. Radiative heat flux to the Height along the wall 1m) In logarithmic Icale 

external point, 5m from the opening Figure 3 Temperatures along ther, " and 2m from the ground, showed 1.16 front wall of the full~ l _	 w/cm before the sprinkling and 0.13 scale model before and 
W/cm2 after it. ' after the drenching. 
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~ l 4. Similarity of Flame Length with Heat Flux

U Extened flame length which came out from the opening is an 

important factor for assessments on fire spread to the upstair. In 
order to evaluate the extened flame length with changing the heatH 
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flux rate, and with and without wind against the opening, we 
carried out the supplementary experiment using a 1/15 scale model. 

4-1.	 Estimation of Heat Flux given to the Reduced Scale Model 
5/2imensional analysis on the relation between flame height and 

Q/D [7], and its significance is represented often by non­
dimensional heat release 51~e 972 [8,9,10,11,12]. Where Q* is 
defined as Q* = Q/ Cp T D g , and Q is heat release rate 
given by stoichiometric combustion, is hot air density, Cp is 
specific heat, T is temperature, and g is acceleration constant. 
These correlations were established for an open fire, however, 
which implies that burning rate enhancement gives higher flame 
geometry (in our case longer flame). Dimensionless flame geometry 
Lf/D depends on the Q* [12] as in the form of equation (2). 

Lf = A (Q*)n/ D	 ( 2 ) 

where L is flame height (length), A is coefficient, D is 
represenfative pool length. For convenient sake, we adopt the 
enhanced burning rate of 5 mm/min as the temporary standard value 
for the 2gasoline pool fire. The pool area in the full scale model 
was 15 m and assuming 100% combustion efficiency, the heat flux is 
expected about 41 MW. Burning rate increased due to both re­
radiation enhancement and wind effects in the full scale tests, and 
the value of Q* were estimated between 1 and 2. For these range of 
Q*, n = 2/5 is given in equation (3). Employing "k" as a reduced 
factor of 1/15, 

( 3 ) k = Lmodel/Lfull = (Q*model/ Q*full)2/5. 

Therefore, the heat release rate have to be given to the reduced 
model is estimated as 

Q _ k 5 / 2 Q	 ( 5 ) model - full· 

We used a diffusion gas burner with propane as a fuel for a reduced 
model. For about 40 MW gasoline fire in the full scale, about 35 
l/min of propane gas fuel must be charged. In order to cover the 
wide range of the burning rate enhancement, the gas supply rate to 
the reduced model was chosen from 30 - SOl/min. 

4-2.	 Comparison of Flame Geometry between Full and Reduced model 
Estimation of the flame tip location was carried out on succe­

ssive 300 frames F " 

from the video reco­
rdings. The flame 
tip location was 
adopted as the high- ~ 

It .;est visible location ~ 
in each frame.-; 
Figure 4 shows the ~ 
accumulated percent- u:: 

i. ~ 

age probability of 
the flame height o 20 40 60 80 100 q
measured in test #6. Accumulated possibility (%) " L 
The same process was	 UFigure 4 (a) Accumulated possibility of
employed to the the flame height based on the flame tip
reduced scale tests. location, and (b) flame height definition. H 

L 
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Average flame height was adopted at the 50 % possibility of existe­
nce of the flame tip. Flame geometry L/D was estimated depending on 
the average flame height (L) and characteristic pool/burner length 
(D), and are plotted as a function of non-dimensional heat release 
rate Q* as shown in Figure 5. The data of Q* in these figures have 
influence of 80 - 100 % combustion efficiency. These figures indic­
ate close agreement on the correlation of flame geometry (L/D) and 
Q* between reduced model and full scale tests. 

4-3.	 Estimation of the Effects of Downstand 
When we adopt the similarity on flame length and Q* between 

full scale and reduced scale models based on the results described 
in Figure 5, we can discuss on effective length of a downstand 
which could interrupt of the flame lengthen. Two kinds of the fire 
source location, at the end corner and at the opening, were 
employed in a 1/15 reduced model. The flame length which spread out 
under the downstand was estimated from the successive video 
recorded frames as the same method as described in the previous 
section. Figure 6 shows the variation of the external flame length 
with length of the downstand. The external flame length was 
evaluated from the level of ceiling height and which was employed 
as standard height. As the fire source located in the end corner, 
the external flame length decreased with the increase of downstand 
length as shown in Figure 6-(a) and (b) with and without the 
external wind. It is very clear that the 10 mm downstand gave about 
10 mm external flame length so that almost no interruption on the 
lengthen of the external flame was applied by the set of downstand. 
However, as shown in Figure 6-(c), when the fire source located at 
the foot of the opening without external wind, 10 mm downstand gave 
the external flame lengthen more than downstand length. In this 
case, the existence of downstand provided higher potential of the 
fire propagation to upstair than without downstand. The downstand 
interrupt the entrainment of fresh air into the flame zone so that 
the hot combustible gas spread out under the downstand and then mix 
and reacts with air (oxygen) outside of the opening. Then the 
lengthen of the external flame was formed along the wall 
secondary combustion which took place outside of the 
enclosure. 

by the 
semi­

5. CONCLUSION 
It was estimated that re-radiation gave about 20 - 24% burning 

rate enhancement in a full scale semi-enclosed compartment of which 
ceiling and walls were covered with ALC panels. Wind/vortex effect 
gave burning rate enhancement of about 50 - 75 % and is much 
greater than re-radiation effect in our full scale tests. 

When an opening faced to downwind, the flame was sucked out by 
Karman vortex and made a fire whirl of 18 - 20m high at the front 
of the opening. Fire whirl may have a propagation potential to 
upstair and to combustible advertising panels attached to the 
external wall. To reduce the possibility of fire propagation 
potential to upstair, the pool which is prepared for collection of 
leaked gasoline may be located at the end corner. 

Reduced scale model provides a powerful tool for the 
estimation of the extened flame 
the opening when a building has 
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