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Abstract
One of the tasks to be solved when deploying fire extinguishing systems is to determine the range of the fire extinguishing 

agent supply to the combustion center. This problem is solved using data on the trajectory of the fire-extinguishing agent in the 
combustion center. The presence of wind impact on the process of supplying a fire extinguishing agent will lead to a change in its 
trajectory. To take into account wind impact, it becomes necessary to assess the result of such impact. Using the basic equation of 
dynamics for specific forces, a system of differential equations is obtained that describes the delivery of a fire extinguishing agent 
to the combustion center. The system of differential equations takes into account the presence of wind impact on the movement 
of the extinguishing agent. The presence of wind action is taken into account by the initial conditions. To solve such a system, 
the integral Laplace transform was used in combination with the method of undefined coefficients. The solution is presented in 
parametric form, the parameter of which is time. For a particular case, an expression is obtained that describes the trajectory of the 
supply of the extinguishing agent into the combustion center. Nomograms are constructed, with the help of which the operative 
determination of the estimate of the maximum range of the fire-extinguishing agent supply is provided. Estimates are obtained 
for the time of delivery of a fire-extinguishing agent to the combustion center, and it is shown that for the characteristic param-
eters of its delivery, this value does not exceed 0.5 s. The influence of wind action on the range of supply of a fire extinguishing 
agent is presented in the form of an additive component, which includes the value of the wind speed and the square of the time 
of its delivery. To assess the effect of wind impact on the movement of the fire extinguishing agent, an analytical expression for 
the relative error was obtained and it was shown that the most severe conditions for supplying the fire extinguishing agent to the 
combustion center, the value of this error does not exceed 5.5 %. Taking into account the wind effect when assessing the range 
of supply of a fire-extinguishing agent makes it possible to increase the efficiency of fire-extinguishing systems due to its more 
accurate delivery to the combustion center.
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1. Introduction
One of the ways to reduce the impact of dangerous fire factors on the personnel of opera-

tional and rescue units involved in its extinguishing is the use of mobile fire robots [1]. In this case, 
there are two fundamental possibilities: using the robot in autonomous mode and remote control 
of it. In the first case, based on the analysis of images in the visible and infrared ranges, the com-
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bustion area is determined and the fire extinguishing agent is supplied [1]. In the second case, the 
video image is transmitted to the operator, and it determines the point at which the extinguishing 
agent should be supplied [2]. In both cases, an important task is to accurately supply the extinguish-
ing agent to the target area. This necessitates the construction of a model of the movement of the 
extinguishing agent, depending on the conditions of its supply (initial speed, vertical angle) and 
characteristics of the external environment (direction and speed of the wind).

2. Literature review and problem statement
The most commonly used extinguishing agent is water. Air resistance has a significant 

effect on the trajectory of both a continuous jet and an already destroyed one [3]. In work [4], an 
analytical model was built showing that the range of water supply decreases with an increase in 
the Froude number in the fire barrel. The influence of the external environment on the behavior 
of the jet after exiting the wellbore is not considered in this work. In work [5], when developing an 
autonomous fire extinguishing system to correct deviations of the jet trajectory caused by the wind, 
video image analysis is used. But models of wind action on the jet trajectory are not considered in 
this work.

In [6], a model of the trajectory of a water jet was constructed using the Moving Particle 
Semi-implicit method. At a low initial velocity, the simulation results are in good agreement with 
the experimental data, while an increase in the initial velocity leads to a significant discrepancy 
between the calculated and experimental values. To reduce this error, additional adjustments were 
introduced into the model based on experimental data. The disadvantage of this approach is the 
limited range of the initial conditions of the jet motion for which such a model is applicable.

In [7], a modified cubic curve is used to predict the jet trajectory. The disadvantage of this 
approach is that the parameters of such a curve must be determined empirically, and their depen-
dence on the conditions of supply and environmental conditions remains unclear.

In [8], a neural network was used to construct a model of water jet supply. The selection of 
network parameters was carried out using a genetic algorithm. The disadvantage of this approach is 
the lack of consideration of the physical processes occurring during the motion of a jet in air, which 
limits the possibilities of using this class of models. In [9], an experimental study of the trajectories 
of motion of water jets in still air for the Reynolds numbers of a jet from the range 621£Red£1,289 
was carried out. It is shown that the resistance experienced by the jet can be described by the ex-
pression Cfd=5Red

−1/2±0.05. In this case, the maximum jet range is achieved at an initial inclination 
angle α=35°. In [10], an experimental study of the effectiveness of automatic fire monitors for 
extinguishing fires in open spaces was carried out. However, this does not take into account the 
influence of the external environment on the trajectories of the water jet.

In the experimental work [11], using a high-speed video camera, the effect of pressure on the 
characteristics of the jet, including the distance of its delivery, was investigated. In [12], a three-di-
mensional simulation model of water supply from a fire monitor for extinguishing a tank with fuel 
oil was built. The disadvantage of the model is that it is applicable for reservoirs with a diameter 
of 34–100 m and a height of 10–20 m. A mathematical model of the extinguishing process with a 
continuous water jet was constructed in [13]. Simulation tests were carried out for various angles 
of inclination and water flow rates of the fire barrel. It should be noted that recently there has been 
a significant increase in interest in the use of robots for emergency response and, in particular, for 
extinguishing fires [14]. Such robots are equipped with high-speed fire monitors [15], with the help 
of which it is possible to control the supply of a stream of extinguishing agent in space. In [16], a 
mathematical model is presented in relation to such a variant of controlling a stream of extinguish-
ing agent, which takes into account the resistance of the air environment. In [17], a model of the 
trajectory of movement of a fire extinguishing agent using gel-forming compositions is considered. 
However, the model does not take into account the effect of wind action. In [18], the influence of 
various design parameters of the fire monitor on the characteristics of the jet is considered. Howev-
er, modeling only indicates a satisfactory agreement with experimental data.

In [19], an experimental study of the range of supply of aerated jets directed at an angle  
of 45° to the horizon was carried out. The presence of aeration leads to an earlier destruction of 
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the jet, a decrease in its velocity and separation into droplets. As a result, the significance of the 
influence of the characteristics of the external environment on the trajectory of the jet increases. 
But this issue has not been studied in the work. The paper [20] considers the option of using an 
unconventional fire extinguishing agent, in particular, liquid nitrogen. The construction of the 
trajectory of such a fire extinguishing agent is fraught with serious difficulties associated with the 
evaporation of liquid nitrogen.

A common disadvantage of all the considered works is that the effect of wind on the trajec-
tory of the jet has not been considered. At the same time, for extinguishing fires in open spaces, in 
mines, in tunnels, in the metro and other similar structures, the influence of the speed of movement 
of the air (conditionally the effect of wind) can’t be neglected. In this regard, one of the problems 
is to take into account the effect of the wind on the movement of the water jet after leaving the fire 
barrel. In this case, it is especially important to have the data necessary for an a priori assessment 
of this effect of wind action. The latter circumstance is due to the need to develop tactics for us-
ing fire extinguishing means, which is carried out in advance for each object. For this purpose, 
mathematical models can be used that describe the process of delivering a fire extinguishing agent 
to the combustion center, and which take into account the specifics of fire extinguishing. One of 
the specific features is the fact that the vector of wind action for the considered fire extinguishing 
conditions is collinear to the direction of supply of the extinguishing agent. This is due to both the 
specifics of the objects where fire extinguishing occurs (mines, tunnels, etc.), and the fact that fire 
robots (especially stationary ones) are oriented in space, taking into account the wind phase.

3. The aim and objectives of research
The aim is to determine the effect of wind action on the movement of a fire extinguishing 

agent jet when it is fed into the combustion center for conditions when the wind action vector and 
the direction of supply are collinear.

To achieve this aim, it is necessary to solve the following objectives:
– to obtain a mathematical description for the trajectory of the fire extinguishing agent in a 

parametric form;
– to obtain estimates for the maximum range of supply and the time of supply of the extin-

guishing agent to the combustion center;
– to obtain an estimate characterizing the effect of wind action on the movement of a fire-ex-

tinguishing agent when it is delivered to the source of combustion.

4. Models of fire extinguishing agent movement and assessment of wind influence
Let’s consider the movement of the extinguishing agent in the Cartesian coordinate system 

xoy in the section from the mobile fire unit to the combustion center (Fig. 1).

Fig. 1. To the movement of the extinguishing agent

The extinguishing agent is supplied to the combustion center at an initial velocity 0V


 from a 
height h. In the general case, when a fire extinguishing agent is supplied, there is a wind effect, the 
velocity of which V



; xm – the maximum range of the extinguishing agent supply.
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In accordance with the basic equation of dynamics as applied to specific forces, the move-
ment of the extinguishing agent is described by a system of differential equations

2

2

d d 0;
dd

x x V
tt

 + a + s =    
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d d
dd
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where g – acceleration of gravity; a – resistance coefficient; s=±1 – coefficient taking into account 
the wind direction.

To solve system (1) with initial conditions (2), let’s apply the Laplace integral transform to 
the system of differential equations (1), as a result of which let’s obtain

( ) ( ) ( ) 12
1 ;X p pV V p p

−
 = − as + a 

                               ( ) ( ) ( ) 12
2 ,Y p p p h V p g p p

−
 =  + a − −  + a      (3)

where X(p)=L[x(t)]; Y(p)=L[y(t)]; L – the operator of the integral Laplace transform.
If to use the method of undefined coefficients, then expressions (3) will be transformed to 

the form

( ) ( ) ( ) 11 1 2
1 ;X p V V p p Vp−− − − = + s a − + a − s 

                      
( ) ( ) ( ) ( )1 11 2 2 1

2 .Y p hp g p V g p p
− −− − − = − a − a − a − + a   (4)

Applying the inverse integral Laplace transform to (4), let’s obtain a solution to system (1) 
with the initial conditions (2)

( ) ( ) ( )1
1 1 exp ;x t V V t Vt−= a + s  − −a  − s 

                              ( ) ( ) ( )1 2
2 1 exp .y t h g t V g t− −= − a − a − a  − −a     (5)

Expressions (5) describe the trajectory of the fire extinguishing agent at the site of its deliv-
ery to the combustion center in a parametric form.

Fig. 2 shows an example of the trajectories of the fire extinguishing agent movement to the 
combustion center for the case h=1,0 m, b=0, a=0,2 s-1; V0=25 m×s-1.

Let’s consider the particular case when b=V=0. For such a case, it is possible to obtain an ex-
plicit analytical expression describing the trajectory y=y(x) of the fire extinguishing agent movement.

For this, from the expression for x(t) from (5), it is possible to write

                                                  ( ) 1
01 exp ,t xV −− −a = a  (6)

whence the expression for time follows
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                                                 ( )1 1
0ln 1 .t xV− −= −a − a  (7)

After substituting (6) and (7) into the expression for y(t) from (5) let’s finally obtain

                                    ( ) ( )1 2 1
0 0ln 1 .y h V gx g xV− − −= + a + a − a  (8)

Let’s determine the maximum range xm of the extinguishing agent supply. For this purpose, 
let’s rewrite (8) as follows

                                             ( )2 ln 1 ,y h g z z−= + a  + −    (9)

where z=aV0
-1xm.

The quantity z for a given a priori value of the parameter a is determined by the solution of 
the transcendental equation

                                                         ( ) 0,f z h+ =  (10)
 

where f(z)=ga-2[z+ln(1–z)].
If a=(0.15÷0.45) s-1; h=(1.0÷1.5), then solutions for (10) can be represented as

                                                         0 1 ,z a a h= +  (11)

where ai – parameters depending on the quantity a. Fig. 3 shows the dependences a0=a0(a) 
and a1=a1(a).

Fig. 2. The trajectory of movement of the extinguishing agent:  
1 – V=0; 2 – V=10 m×s-1 (headwind); 3 – V=10 m×s-1 (tailwind)

Fig. 3. Dependencies a0=a0(a) and a1=a1(a)
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To determine the maximum range xm of the extinguishing agent supply, the expression

                                                          
1

0 .mx V z−= a  (12)

In practical applications, it is advisable to use a graphical interpretation of the depen-
dence (12). As an example, Fig. 4, 5 shows such a graphical interpretation in the form of no-
mograms built for a=0.15 s-1.

Fig. 4. Nomogram xm=xm(z): 1 – V0=20 ms-1; 2 – V0=25 ms-1; 3 – V0=30 ms-1; 4 – V0=35 ms-1;  
5 – V0=40 ms-1; 6 – V0=45 ms-1; 7 – V0=50 ms-1

Fig. 5. Nomogram xm=xm(V0): 1 – z=0.065; 2 – z=0.07; 3 – z=0.075; 4 – z=0.08; 5 – z=0.085

The parameter z on the nomograms is determined based on expression (11), as well as the 
dependences shown in Fig. 3.

The delivery time t0 of the extinguishing agent to the combustion center is determined by 
solving the equation

                                                           ( )0 0,y t =  (13)

which in expanded form has the form

                                     ( )1 2
0 01 exp 0.h g t g t− −  − a + a − −a =   (14)

 
Considering that

                                         ( ) ( )2
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2
00.5 0,h gt− =  (16)

which solution is

                                                        ( )0.51
0 2 .t hg −=  (17)

For h=1.0 m, the value of t0 is 0.45 s.
The maximum range xm of the fire extinguishing agent supply, taking into account (5) 

and (15), can be represented as dependence

                                            ( ) 2
0 0 0 01 0.5 0.5 .mx V t t Vt= − a −  (18)

The second term in this dependence describes the effect of wind on the range of supply 
of the extinguishing agent. Then the relative error due to the influence of wind action can be de-
scribed by the expression

                         ( ) ( )1

0 0 0 0 00.5 1 0.5 0.5 1 0.5 ,Vt V t t t
−

 d = a − a ≅ ag + a   (19)

where g=V×V0
-1.

In Fig. 6 for h=1.0 m shows a graphical dependence d (g, a).

Fig. 6. Dependence d(g, a)

An analysis of this dependence shows that for the considered values of the parameters, the 
value of the relative error d does not exceed 5.5 %.

5. Discussion of the results
Using the basic equation of dynamics as applied to specific forces, and also under the 

assumption that the direction of supply of the extinguishing agent and the vector of wind action 
are collinear, a linear version of the system of differential equations is obtained that describes 
the movement of the extinguishing agent. To solve such a system of differential equations, 
the integral Laplace transform was used in combination with the method of undefined coeffi-
cients. The result of this approach is the representation of a solution that describes the trajec-
tory of the fire extinguishing agent in a parametric form in the form (5). The solution of the 
system of equations (1) in the form (5) is a mathematical model of the trajectory of delivery of 
the extinguishing agent to the lesion focus. This model allows a priori to solve the problem of 
tactical fire extinguishing at such objects as mines, tunnels, metro, etc. In particular, the use 
of this model allows to obtain the initial data on the range of deployment of fire robots or at 
their location.
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However, the use of this model presupposes carrying out computational procedures, 
which is not always advisable or possible in practice. Therefore, the results obtained make it 
possible to exclude the computational procedure and use the following algorithm to take into 
account the wind when determining the maximum range of the fire extinguishing agent supply.

Using nomograms, which are constructed for the case when b=V=0 (the condition when b=0  
is typical for the use of fire robots), the value of the parameter xm is determined. Then, after 
obtaining information about the magnitude of the wind speed, the magnitude of the error 
caused by the wind action is estimated (for this purpose, the dependence shown in Fig. 6 is 
used). The magnitude of this error, as well as its sign (which takes into account the direction 
of the wind – Fig. 2) is used to determine the additive component of the maximum range of 
supply of the extinguishing agent. To estimate the time of delivery of the extinguishing agent 
to the combustion center, an analytical expression was obtained in the form (17). The influence 
of wind action on the range of supply of a fire extinguishing agent is presented in the form 
of an additive component, which includes the value of the wind speed and the square of the 
time of its delivery. The maximum value of the relative error characterizing the effect of wind 
action for the characteristic parameters of the movement of the extinguishing agent does not  
exceed 5.5 %.

6. Conclusions
A model of the movement of a fire-extinguishing agent is constructed, it is provided that 

the direction of its supply and the vector of wind action are collinear. Using the integral Laplace 
transform and the method of undefined coefficients, a mathematical description for the trajectory 
of the fire extinguishing agent in a parametric form is obtained. A feature of this description is that 
time is used as a parameter.

The values for the maximum range of the fire-extinguishing agent supply and the time of its 
supply, which are respectively equal to 10.0 m and 0.5 s, have been obtained.

It is shown that the influence of wind action during the movement of a fire extinguishing 
agent is manifested in a change in the distance of its delivery. In this case, the modulus of the rel-
ative error in determining the value of the maximum range of delivery of the extinguishing agent 
does not exceed 5.5 % for the most severe conditions.
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