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Abstract. Depending on the size of water drops, process of fire 
extinguishing is focused either in a zone of combustion or on a burning 
liquid surface. This article considers two alternate solutions of a heat 
balance equation. The first solution allows us to trace decrease of 
temperature of a flammable liquid (FL) surface to a temperature lower than 
fuel flash point at which combustion is stopped. And the second solution 
allows us to analyze decrease of burnout rate to a negligible value at which 
steam-air mixture becomes nonflammable. As a result of solve of a heat 
balance equation it was made the following conclusion: water drops which 
size is equal to 100 µm will completely evaporate in a zone of combustion 
with extent of 1 m if the flying speed of drops is even 16 mps (acc. to 
Stokes v = 3 mps); whereas drops of larger size will evaporate only 
partially. 

1 Introduction  
In automatic fire extinguishing systems as dispersive devices it is usually used drenchers 
and sprinklers which provide coarse-particle dispersion of water with the average diameter 
of drops about 2 mm [1-3]. Dispersive devices are installed on ceiling overlaps therefore 
the finely dispersed fraction of sprayed stream evaporates in heated combustion products. 
It is supposed that drops of large sizes practically don't evaporate in a gas phase as because 
of high flying speed of drops so of its small specific heat-exchange surface. In this case 
suppression of FL with flash point more than 90 ° C is occurs due to cooling of its surface 
to a temperature at which the speed of evaporation of a flammable liquid is insufficient for 
forming of concentration of fuel in gas-air mixture required for combustion. The process of 
suppression in this case is reduced to following aspects:  
- cooling of the surface,  
- absorption of the heat flow, moving from flame jet to a surface of flammable liquid, by 
water drops. 
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As the main parameters of fire seat - burning liquid - defining the balance of heat and mass 
in the process of suppression by water it is considered: 
• burnout rate (evaporation) of FL; 
• temperature in a zone of combustion  (flame jet); 
• temperature of a liquid surface; 
• water use ratio (during suppression) [4-6]. 

Depending on the size of water drops extinguishing process is focused either in a zone 
of combustion or on a burning liquid surface. Drops smaller than 150 µm completely 
evaporate in combustion zone decreasing its temperature to a critical value called the 
temperature of extinction [7-11]. Decrease of temperature in combustion zone leads to 
reduction of the input rate of fuel vapors in it [12]. 

2 Heat balance equation 
Flow of fuel vapors in a gas phase, when the surface temperature is close to the boiling 
point, is possible to determine by Stephen formula:
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where: 0
m

u — specific mass burnup rate of a flammable liquid (FL) in a steady mode of 
burning, kg·m²/s; D0 — diffusion coefficient of FL molecules in a gas phase at a normal 
temperature of Т0, m²/s; R — universal gas constant, J / (mol · K); ТF — flame jet 
temperature, 0С; Ра — atmospheric pressure, Pa; δ — thickness of diffusion layer, m;
Р1 — pressure FL vapors in surroundings at the distance from the surface equal to diffusion 
layer thickness δ, Pa; Рs — pressure of a FL saturated steam at temperature of a surface Тs,
Pa.

The m exponent in a formula (1) for hydrocarbons is approximately equal 2. This ratio 
considers the molar-convective nature of movement of vapor from an evaporation surface.

Accepting that change of FL evaporation rate is caused by decrease of a flame jet 
temperature ТF, and considering that for the short period of extinguish of a flame by high 
dispersive water the surface temperature will not change appreciably, we should find an 
expression of FL burnout rate in stationary conditions um of the extinguishing process:

um = 0
m

u (TF /T0)2 (2)
The heat balance equation for a FL extinguishing process by impact of sprayed water on 

a combustion zone can look as follows:

� Ср V dTF = (n 0
m

u S0Ql � Qw qf) d�                 (3)
where: ρ — density of combustion product, kg/m3 ; Ср — heat capacity of combustion 
product, kJ/ (kg*K); V — volume of a combustion zone which height is accepted as equal 
to the luminous part of flame or the distance from sprayer to a combustion surface, m3; n —
coefficient considering heat losses in process of emission; n = 0,6; S0 — combustion 
surface area, m2; Ql — low heat value of FL, kJ/kg; Qw — specific quantity of heat taken by 
water from surface layer of FL during suppression, kJ/kg; qf — mass rate of flow, kg/s; � —
time of extinguish, sec.

3 Two variants of solution of the heat balance equation 
Let us consider two alternate solutions of a thermal balance equation. The first solution 
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allows us to trace the decrease of a flammable liquid surface temperature to a temperature 
lower than fuel flash point at which combustion is stopped. And the second solution allows 
us to analyze the decrease of burnout rate to a negligible value at which steam-air mixture 
becomes nonflammable. 

3.1 The first embodiment of the heat balance equation solutions 

The first alternate solution can look as follows. We express um through the temperature in 
combustion zone. For this purpose we use a formula for heat-mass exchange in a stationary 
mode:

u
0

m = �(�����)

��	
(4)

 — heat transfer coefficient, kg/(м² · K) ; Qfl — specific heat of FL evaporation, kJ/kg.
If we substitute an expression for specific mass burnup rate (4) into the thermal balance 

equation (3), we will get: 
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qf /S0 ≡ J, (6)

we should rewrite the formula (5):
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J — intensity of water supply, kg/m2·s;h — height of the luminous part of flame over FL 
surface, m. 

We reduce the equation (7) into the form suitable for integration:

d� =
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We integrate formula (8) ranging from � = 0 to � = �т and from 0
F

T  to TF:
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where  0
F

T — temperature in combustion zone before extinguishing, 0С.
The critical condition of extinguishing when the time of suppression become endless, i. 

е. �т��, is expressed so:

� = ��! = g
����  (�� − ��)

�"  �#�  
(10)

At the same time (TF � Ts)/Qfl = 0
m

u , therefore 
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If we enter expression for Jcr (12) into the formula (11) we will get: 
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3.2. The second embodiment of the heat balance equation solutions 
Now we consider the second alternate solution. 

Using the formula (4) we get:

d�� =
���  

�  
d$& (13)

Now we substitute the expression (13) into equation of thermal balance (3):


��   ℎ���   

�
'$& = *�$&���  − ���+'� (14)

We solve the equation within such limits: from � = 0 to � = �т and from um = 0
m

u  to um =
0.

Condition when � = �т at um = 0 is real only for suppression of flammable liquids with 
high flash point. As practically all water evaporates in a gas phase, the surface temperature of 
FL during suppression does not change appreciably; therefore the executed earlier 
transformation in a formula (14) is reasonable for a case of FL suppression.

The solution of an equation (14) will be the formula
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We should find the value of critical intensity, when �т ��:
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(16)

By substituting the value of critical intensity (16) into (15) formula we can get:

�� =

��   ℎ
����  

 ln
�

� − ��!
(17)

The formula (14) considers parameters of highly flammable liquid better and  and the 
ratio (17) is suitable for description of the extinguishing process of high-boiling FL and 
solid combustible materials (SCM) which surface temperature is close to ТF.

It is necessary to define how the specific burnup rate is changing during extinguishing. 
On the basis of interrelation of um and ТF parameters through the ratio (4) we constitute 
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the equation of thermal balance for combustion zone which width and height are defined by 
fire seat diameter:


��   ℎ���  '$& 
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(18)

And now we execute an integration of differential equation (18) ranging from � = 0 to �

= �т and from um = 0
m

u  to um = 0:

d� =
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(20)

We should take into account that the quantity of water evaporating in process of 
suppression is reduced as the temperature in combustion zone is decreased. 

We make an equation of thermal balance:

ℎ
��   '�� = [ �$&���  −
�#∑

�0
(�- − �.)] d� (21)

where f∑ — total surface area of water drops participating in heat exchange, m2. 
We can take the  thermal balance equation for process of suppression by impact of 

sprayed water on combustion zone:

ρСрV dTF = (num S0 Qfl – Qw qf) d�. (22)

Now we can find an expression for critical rate of supply of sprayed water: 

��! = 2/3

14
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0
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(23)

This formula takes into account dispersion of an initial water stream. 
It is necessary to define part of water evaporated in a flame jet. 
To define the stay time of water drop in a zone with increased gas temperature it is 

necessary to calculate the speed of its falling. If we regard a drop as a solid ball than with 
small Reynolds numbers (Rе) the steady falling speed of a drop is determined by Stokes 
formula

5 = 2/9 g 16
7


8  − 
�

:
(24)

where: ρг — gas density, kg/m3; η — gas dynamic viscosity, Pа·s ; g — gravitational 
acceleration, m/s2. 

If the water drop with an initial radius r0 heats up while passing through the gas layer, 
heated up to the temperature of flame jet ТF in this case, changes of drop temperature in 
time can be determined by this ratio
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where Сw — heat capacity of water, kJ/kg-K; Т0 — initial temperature of drop, 0С.
Now we find relation of an evaporation time to a time of drop heating:

��
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=
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(26)

Specific heat of water evaporation Qw = 2,35·106 J/kg. Specific heat capacity of water Св
= 4,2·103 J/ (kg· К); ТF – Тк = 1100 К; ln[(ТF – Т0)/(ТF – Тк)] = 0,068;

6
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2,35 10 3,8.
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Therefore, time of drop evaporation is in 3,8 times more than time of its heating while 
passing through a flame jet. If we suppose that the drop motion speed can exceed in 150 times 
the speed calculated for conditions of falling without initial impulse (v = 3,0 m/s — steady 
speed), i.e. it will be 15 m/s, than heat transfer coefficient should be determined by a formula 
(52)  if ТF = 1500 К, v = 225·10–6 m/s, ρ = 0,27 кg/m3, dк = 1·10–4 m, Re = 9,4, from where 2

= 1,35�/r0. Therefore, increase of drop motion speed in 150 times changes the  value in 
1,35 times and increase the time of heating and evaporation of water drop in a flame jet 
equally.

If the distance from sprayer to a burning surface is 1 m than the drop flying time at a 
speed of 16 m/s makes � = 0,065 s, and at a steady speed — � = 0,33 s.

Conclusion 
Thus, drops with size of 100 µm will evaporate completely in a burning zone with a length 
of 1 m if the flying speed is even 16 m/s (by Stokes v = 3 m / s).  

Water drops have an influence on different area of a burning object depending on their 
size. Finely dispersed water with an average drop size smaller than 100 µm has 
predominant influence on combustion zone. Water drops which size is larger than 0.5 mm 
are only partially evaporate in a gas phase and have influence mainly on a burning surface 
of solid combustible materials or flammable liquids. 

The first solving method of the thermal balance equation of process of suppression of a 
flammable liquid by supplying of dispersed water into combustion zone allows us to 
determine the limiting temperature at which combustion is stopped. The second solving 
method allows us to determine the blowout rate which decreased to a negligible value when 
steam-air mixture becomes nonflammable. 

It is possible to conclude that the formula (14), in case of solving of the thermal balance 
equation by first method, has better accounting of FL parameters, whereas the ratio (17) is 
fully describes the process of suppression of a high-boiling FL and solid combustible 
materials, which surface temperature is close to a flame jet temperature while burning. 
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