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Abstract 
The height of the pool fire depends on the amount of heat feedback from the 
flame to the fuel. In order to predict flame height in a partial gravity environ-
ment, we investigated the heat feedback amount of a small pool flame experi-
mentally under normal to partial gravity conditions; using the drop tower at 
Hirosaki University in Japan to obtain arbitrary partial gravity condition, 
which varied from 1 G to 0.55 G. We performed the measurement of the 
flame shape with a digital camera. Based on the experiment result, we ex-
pected the amount of fuel vapor from the amount of heat feedback of the pool 
flame calculated and to establish the prediction formula of the flame height in 
the partial gravity environment. 
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1. Introduction 

In recent years, as space research and technology progress, activity range of hu-
man spreads to various gravity environments. Although a fire in a spacecraft and 
station is a greatly feared hazard, flame characteristics under various gravity en-
vironments are not clarified entirely. Because there is no buoyant force under 
microgravity environment; flame behaviour is completely different than under 
normal gravity environment. To predict phenomena of fires, it is important to 
understand the effect of gravity on flame behavior which differs depending on 
the buoyancy. To clarify the relationship between flame behavior and gravity, 
some combustion research under varied gravity environments using drop tow-
ers, parabolic-trajectory airplanes, the Space Shuttle, and centrifuges has done 
[1]-[9]. However, there has been little combustion research into partial-gravity 
environments between micro and normal gravity.  
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From previous research, it is clear that the flame height of small-scale pool 
fires decreases as gravity levels decline [10] [11]. To clarify the mechanism of 
flame height decrease, flow field research and heat feedback research of pool 
fires was performed by Yoshihara and Yoshida et al. [10]. As a result, the me-
chanism of the decrease in flame height is becoming obvious. However, the rela-
tionship between the flame height and the gravity value has not yet been quanti-
tatively shown. In this research, we performed small-scale pool fires under a par-
tial gravity environment using the drop tower at Hirosaki University. Based on 
the experiment result, it is aimed to expect the amount of fuel vapor from the 
amount of heat feedback of the pool flame calculated and to establish the predic-
tion formula of the flame height in the partial gravity environment. 

2. Experimental Apparatus and Methods 

Arbitrary partial gravity experiments were performed using the drop tower facil-
ity at Hi-rosaki University [10] [11]. When the test package falls free, the micro-
gravity field is established in the falling test package. But, for the case of our 
drop tower, the stainless wire is tied to the drop package, and the other end of it 
is tied to counterweight. When test package falls, the fall acceleration becomes 
smaller than 9.8 m/s2. As a result, the partial gravity field is established in the test 
package. When the package falls 8 m, we can keep the low gravity condition for 
about one second. By controlling the weight of the test package, we can change 
the gravity level from 0.5 G to 0.7 G.   

Figure 1 shows a schematic of the experimental apparatus inside the test 
package, including the measuring system. The fuel pan is made of brass and its 
diameter is 15 - 23 mm. To investigate the differences of flame characteristics 
between non-luminous flame and luminous, two kinds of fuel, namely Ethanol 
and Acetone were used as test fuels. To suppress fuel boiling, the fuel pan was set 
inside a cooling bath filled with temperature-modulated water. The fuel level was 
kept at the upper rim of the pan using a level controller. A digital camera 
(CASIO, EX-F1, 30 fps) recorded the flame behavior of the pool fires. An LED 
light source was attached to reveal the timing at which the test package fell. All 
experiments were performed 1 min after ignition, because preliminary tests un-
der normal gravity showed that the pool fire became stable within about 1 min  
 

 
Figure 1. Experimental apparatus. 
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after ignition. 

3. Results and Discussion 
3.1. Effect of Gravity on Flame Height and Flame Surface Area 

The distance from the fuel surface to the top of the luminous flame is defined as 
the flame height H. The flame surface area obtained from the image is defined as 
S. In 1 G and 0.55 G, the flame heights are defined as H1 and H0.55, The flame 
surface area are defined as S1 and S0.55. Figure 2 shows relationship between 
H0.55/H1 and S0.55/S1 and pool diameter. 

From previous research, it is clear that the flame height of pool fires decreases 
under partial gravity environments [10] [11]. Acetone which is a luminous flame 
has a lower rate of decrease in flame height. Because, the luminous flame has 
lager rate of radiative heat feedback, the influence of the decrease of the gravity 
value was small. On the other hand, the ethanol flame at d = 18, 20, 23, the S was 
reduced in the partial gravity environment. But under other conditions S has 
expanded. From Nakajima’s study [12], in the burner flame, the flame surface 
area is expanded in partial gravity environment. Because, air inflow decreases as 
natural convection is weakened in partial gravity environment, the flame sheet is 
moved oxygen side by diffusion. In the pool fire, since the amount of fuel eva-
poration also decreases due to the decrease in the amount of heat feedback. It is 
considered that the flame surface does not move to the oxygen side as the burner 
flame. 

3.2. The Amount of Heat Feedback 
3.2.1. Calculation Method 
We calculate the amount of heat feedback at each pool diameter. Calculation 
method was based on Yoshida’s research [13]. There are two types of heat feed-
back: convection and radiation. From Yoshihara’s study [10], Figure 3 shows 
flow rate of air around flame. It is clear that, the flow rate of air decrease around  

 

 
Figure 2. Flame height and surface area ratio at 1 G and 0.55 G. 
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Figure 3. Profiles of two-dimensional velocity field for 20 mm-diameter (acetone). 
 
flame by gravity level decrease, but it near the center of the flame base is less in-
fluenced by the decreasing of the gravity level. Therefore, it is expected that the 
amount of convective heat feedback near the center of the flame base is less in-
fluenced by the decreasing of the gravity level. In this study, it is assumed that 
flame distribution of center of flame does not change. From previous research, it 
anticipated temperature distribution as Figure 4. We assumed that temperature 
distributions at other pool diameters were similarly, and obtained the amount of 
convective heat feedback. 

The amount of radiative heat feedback was calculated using the representative 
flame temperature (ethanol G = 1:1190 K, G = 0.55:1128 K, acetone G = 1:1222 
K, G = 0.55:1188 K) which obtained by the previous study [13]. It was calculated 
by radiation absorption model [14] [15] [16] using images of flames obtained by 
experiments. 

3.2.2. Calculation Result 
Figure 5 shows the heat flux which is the sum of convective and radiative heat 
flux at each pool diameter. In both ethanol and acetone, the heat flux tended to 
decrease as d increased. It is because the heat flux due to convection decreases as 
the flame surface and the fuel center are separated from each other. The differ-
ence in heat flux between 1 G and 0.55 G is reduced. It is considered that this is 
because the proportion of heat flux due to radiation with a small influence of the 
decrease in gravity level becomes relatively large. 

The heat flux multiplied by the area of each heat receiving surface is taken as 
the amount of heat feedback from the flame to the liquid surface and is shown in 
Figure 6. 

3.3. Calculation of Fuel Flow Rate 

In this research, we assumed the liquid phase of the fuel as steady, and consi-
dered the response of an infinitely thin fuel surface. Experiments of this study 
were performed after 1 min because the flame stabilized after 1 min. At the same 
time, we can also consider that this period is when the liquid phase of the fuel 
becomes steady. Based on this assumption, we can ignore sensible heat and heat  
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Figure 4. Flame temperature distribution of ethanol (d = 18). 

 

 
Figure 5. Heat flux at each pool diameter. 

 

 
Figure 6. The amount of heat feedback at each pool diameter. 

 
loss. It is assumed that a pool flame is a jet diffusion flame that blows evaporated 
fuel. The amount of heat feedback which determined in Section 3.1 is used as the 
amount of heat flowing into the liquid surface. By dividing it by evaporation la-
tent heat (ethanol: 854.8 kJ/kg, acetone: 551.9 kJ/kg), the mass flow rate of the 
fuel vapor from the fuel liquid surface is obtained. Calculate the volumetric flow 
rate of fuel vapor by dividing the mass flow rate by the density of fuel (ethanol: 
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2.074 kg/m3, acetone: 2.614 kg/m3). The flow velocity of the fuel vapor can be 
obtained by dividing the volumetric flow rate by the area of the fuel surface. 
Figure 7 shows the relationship between the fuel vapor flow rate Vf [m/s] and 
the pool diameter d [mm]. 

Since the flow velocity of the fuel vapor depends on the heat flux, it tends to 
be close to Figure 5. However, because two fuel have different latent heat of 
evaporation, the flow velocity of fuel vapor is larger than the difference of heat 
flux at the same pool diameter. 

3.4. Derivation of Prediction Formula of Flame 
3.4.1. Prediction Formula with Gravity as a Parameter 
Regarding the flame height with the gravity level G as the experimental parame-
ter, Altenkirch derived the following equation [17] [18] [19]. 

( )
1

2 3
0

1
fL r Re Fr

Fr
   = 
  

                      (1) 

fL  [mm] is the flame length (the distance from the base of the flame to the 
tip of the luminous flame), and 0r  [mm] is the radius of the burner tube. The 
Froude number Fr is a dimensionless quantity that is used in relation to the mo-
tion of the fluid affected by the gravitational field and represents the magnitude 
relation between the inertial force and the gravity. Reynolds number Re is a di-
mensionless number representing the ratio of inertial force to viscous force. I 
want to organize the pool fire which is assumed as jet diffusion flames by same 
way. 

We would like to organize the pool flames assumed as jet diffusion flames in 
Section 3.3, in the same way as Altenkirch. However, in this study, we should 
consider flame shape change due to buoyancy rather than inertia in order to deal 
with flames with a particularly small jet velocity. Therefore, Altenkirch’s formula 
is modified as follows. 

( )2 31H Ri Ri
d C

=                           (2) 

 

 
Figure 7. The fuel vapor flow rate at each pool diameter. 

https://doi.org/10.4236/ojsst.2017.73009


R. Takahashi et al. 
 

 

DOI: 10.4236/ojsst.2017.73009 102 Open Journal of Safety Science and Technology 
 

C  is the value obtained by dividing 1% of the combustion heat for each fuel 
type by the evaporation latent heat. It is assumed that 1% of the calorific value is 
used for fuel evaporation, and the flame height variation due to the fuel type is 
corrected. Richardson number Ri  is a dimensionless number representing the 
ratio of buoyant force and inertial force, it is defined by the following equation 
using Grashof number Gr  and Reynolds number Re. 

2

GrRi
Re

=                              (3) 

Grashof number Gr  is a dimensionless parameter that dominates natural 
convection due to buoyant force, it is defined by the following equation. 

( ) 3

2
fg T T d

Gr
β

ν
∞−

=                         (4) 

β  is the coefficient of cubic expansion, fT  is the flame temperature [K], 
T∞  is the ambient temperature [K], and ν  is the kinematic viscosity coeffi-
cient [m2/s]. Flame is a state in which fuel and air are mixed, but it is difficult to 
estimate the ratio. Therefore, the values of β  and ν  were substituted as the 
physical property values of air at the respective flame temperatures in this study. 
Reynolds number Re is defined by the following equation. 

fV d
Re

ν
=                              (5) 

Using the above parameters, the influence of Richardson number on flame 
height and the pool diameter in laminar combustion region without Puffing was 
summarized. Figure 8 shows it. It was able to unify by the Richardson number. 
In this way, in the laminar combustion region without Puffing, it was possible to 
obtain a prediction formula that can express the behavior of flame height with 
respect to normal gravity and partial gravity. 

3.4.2. Derivation of Prediction Formula 

From the inclination of the straight line in Figure 8 the formula for H
d

 is ob-  

 

 
Figure 8. The fuel vapor flow rate at each pool diameter. 
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tained as follows. 

0.11.50H CRi
d
=                           (6) 

H
d

 is proportional to Richardson number Ri  to the power of 0.1. In other  

words it is inversely proportional to Grherhof number Gr to the power of 0.1, 
and Reynolds number Re to the power of 0.2. Since it is proportional to Grashof 
number, the flame height H also decreases as the gravity level G decreases. This 
is consistent with the experimental result. 

3.4.3. Effective Range of Prediction Formula 
As the gravity level decreases, at transport of fuel and oxidizer, the diffusion be-
come that it is more dominant than buoyancy. Therefore, in the microgravity 
environment, the prediction formula obtained in Section 3.4.2 may not be valid. 
Figure 9 shows the prediction formula obtained in Section 3.4.2 and the value 
obtained by substituting H/d = 0.5 into the prediction formula. Where the 
number of Richardson is around 1 to 0.1, the magnitude relation between them 
is reversed. It becomes H/d = 0.5, and the flame height never decreases any fur-
ther. Therefore, if Richardson number is lower than this, the prediction formula 
is considered to be not available. The value of the Richardson number is ob-
tained as follows using the Equation (6). 

0.10.333Ri
C

 =  
 

                           (7) 

The experimental formula is valid within the range of 
0.10.333Ri

C
 >  
 

. 

4. Conclusions 

In this study, we estimated the amount of heat feedback of small-scale pool fire, 
and obtained the experimental formula that in order to expect the flame height. 
The following conclusions are summarized here. 

 

 
Figure 9. Comparison with prediction formula at H/d = 0.5. 
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1) The flame height of the pool flame decreases in the partial gravity envi-
ronment, but the surface area does not shrink unconditionally. 

2) For a laminar flow diffusion flame without Puffing, we could obtain an ex-
perimental formula that expresses the relation of the flame height. It is propor-
tional to the number of Richardson’s number 0.1. 

3) In the microgravity environment, diffusion of fuels and oxidizing domi-
nates rather than buoyancy. Therefore, the range of the number of Richardson  

that the prediction formula derived in this study is effective is 
0.10.333Ri

C
 >  
 

. 
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