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Abstract. The paper begins with a brief introduction and review of international research in the area of water jet streams 
and their effectiveness in firefighting. Then a general concept of a new numerical model for firefighting process using solid 
jet produced by water nozzle is presented. The provided description of the model includes main assumptions for extin-
guishing process and a set of relationships representing a mathematical model. The paper also includes block diagrams 
of the main program algorithms and procedures designed to determine the value of the surface and sprinkling intensity 
depending on the input data like nozzle dimensions, position etc. Input parameters which are necessary for the calculation 
are discussed, together with a general concept of the users input and output interfaces and simulation tests that can be per-
formed using the developed model. Some selected simulation tests in tabular and graphical forms are included. Summary 
and general conclusions can be found at the end. 

Keywords: extinguishing effectiveness, solid jet, water nozzle, computer extinguishing model, extinguishing process, com-
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Introduction

Firefighting can be defined as a series of complex actions 
depending on development of the situation. You could 
say that extinction always varies, because there are no 
two identical events, two fires that would develop in the 
same way. However, in order to prepare effective firefight-
ing operations some similarities are used, repeatable phe-
nomenon, which lead to the development of certain types 
of action (Särdqvist 2016). 

In firefighting the following types of action can be 
distinguished:

a) attack;
b) defense;
c) combined actions.
The attack is a main form of tactical action and in-

volves direct impact on source of fire to stop the combus-
tion process. The effectiveness of the attack, and thus the 
rate of interrupting this process, depends inter alia on the 
ability of introducing the extinguishing agent into the 
combustion zone or the use of fire-fighting equipment 
with the proper parameters (output, pressure, range, etc.). 

Defense, in turn, is an indirect form of action that directs 
extinguishing streams into objects at risk of fire. It is very 
rare, in practice, to use only one of the above mentioned 
forms – most commonly combined actions are used. The 
aim is to reduce the rate of spread of fire while protecting 
objects in its vicinity. This requires a very good organiza-
tion of the firefighting positions, which should manifest it-
self in close cooperation between rescuers and conducting 
continuous reconnaissance of the situation. Water ranks 
high in all sorts of extinguishing agents classifications. 
This state of affairs can be attributed to its widespread 
availability, low price, ease of transport and delivery to 
the fire, the possibility of pumping over long distances, as 
well as centuries-old tradition of its application. Due to the 
high specific heat (4189.9 J/(kgK)) and the heat of vapori-
zation (2257 kJ/kg), basis of the extinguishing action with 
water is cooling effect, which consists in removing from a 
fire (with flame and burning surface) of a quantity of heat, 
the temperature of the burning material is reduced below 
its flash point. The cooling effect is caused by the evapora-
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tion of water. A minor role in this case plays the damping 
effect, which completely or partially prevents air supply to 
a fire. A final result of the actions of firefighting water is 
therefore a sum effect of cooling and damping (Grimwood 
2002; Svensson, Särdqvist 2002; Särdqvist 2016; Zbrożek, 
Prasuła 2009).

The water in firefighting is used in a form of solid 
and spray jets. The latter are divided into spray and mist 
streams. Solid jets are characterized by long range and 
small size of sprinkling area. Another advantage is high 
kinetic energy of the solid water stream, which causes easy 
infiltration of water into the combustion zone. A drawback 
is insignificant use of cooling action (about 10%) and abil-
ity to break down structural elements of the building. For 
these reasons, use of solid jets mainly refers to the follow-
ing situations:

a) extinguishing a solid body with fire heavily devel-
oped;

b) need to provide water from a long distance;
c) use mechanical energy of the stream to capture.
Research in the area of water streams and their ef-

fectiveness was conducted by many international research-
ers. Some important reviews were published by Grant 
et  al. (2000) as thorough report from research program 
led by UK Home Office Fire Research and Development 
Group. Fires characteristics, sprays, modes of application 
of firefighting water, droplet characteristics and some ex-
perimental data were included in the report. Novozhilov 
(2007) proposed a criterion for the optimum spray dy-
namics  and provided an analytical estimation for opti-
mum droplet size in the spray as a function of Heat Re-
lease Rate of fire. His mathematical model is based on 
approximate solution of the Lagrangian equation for the 
motion of water droplets. More recent studies on water jets 
and sprays were conducted at NIST and the University of 
Maryland lead by prof. Marshall. Zheng and Ryder (2010) 
have reported an initial work related to a new model de-
velopment which involves a very detailed characterization 
of the water stream in terms of breakup patterns and drop-
let distributions. Salyers (2010) has provided a very thor-
ough and up-to-date review of spray characteristics from 
modern fire hose nozzles. Willi et al. (2016) have studied 
experimentally the impact of hose streams on air flows in 
a building during firefighting. Some important results for 
this research area can be adopted from the sprinkler spray 
research and general CFD modeling of sprays and jets (Wu 
et al. 2007; Marshall, di Marzo 2004; Ren et al. 2011; My-
ers, Marshall 2016). Droplet distributions were also stud-
ied elsewhere (Yoon 2005; Babinsky, Sojka 2002). Flame 
extinction was recently studied by White et al. (2017).

Definitely better, especially with extinction of rooms, 
is to use the spray jets. Their greater extinguishing efficien-
cy is associated with a greater surface area of water, which 
enhances effect of suppression. More water in a form of 
droplets reaches the combustion zone and is evaporated, 
thereby receiving larger amount of heat from a fire. The 
use of spray jets is considered to be a basic method of op-
eration during firefighting, where important is not only 

the fact of fire suppression, but also to do so using the least 
amount of water. This includes minimize the amount of 
water provided to limit the damage caused by its action, 
good organization of firefighting stations or selection of 
type of jet (Grimwood 2002; Svensson, Särdqvist 2002). 
Stopping a reaction of combustion is possible when the 
flow of extinguishing agent absorbs the heat faster (more) 
than it is produced by the burning material. The sooner 
this happens; the water consumption will be reduced. 
Some studies on computer extinguishing models and ex-
periments with distribution of droplets diameters in the 
spray can be found in Gałaj and Drzymała (2015), Gałaj 
and Saramański (2014), Gałaj and Koszykowski (2014). 
After some modifications, especially regarding model of 
combustion zone, proposed model of extinguishing pro-
cess can be applied in zone, field or hybrid fire model.

This work involves issues that are rarely discussed in 
world literature. Based on the available sources, it can be 
concluded that they lack the description of a digital model 
of the extinguishing process of the fire with the solid or 
spray jets produced by water nozzles. This work seeks to 
fill this gap, especially since the demand for such models is 
very high. The main objective was to develop a concept of 
such a model of extinguishing process, which would allow 
using a computer to estimate the heat flux received from 
the combustion zone by the solid jet produced by the se-
lected nozzle. The novelty of proposed model is, among 
others, determination of sprinkling surface diameter, av-
erage surface and number of evaporated droplets based 
on functions of sprinkling surface and intensity obtained 
by approximation of experimental data. It allows both to 
test the effect of selected parameters of the nozzle, such as 
the angle of inclination and water output on the fire-extin-
guishing efficiency and determination of the present value 
of the total received flux that can be used in the fire model.

1. A physical model of extinguishing process 
using the solid jet produced by water nozzle

To build a physical model of extinguishing process using 
solid jet the following assumptions were adopted:

1. The effect of different diameters of droplets in the 
stream is neglected. 

2. The nozzle output can be constant or variable de-
pending on the type of nozzle, where the nozzle 
Turbojet 52 performance can be adjusted in the 
range of 0 to 400  dm3/min (Placek 2011; PN EN 
671-1:2012).

3. Either a solid stream or single droplet trajectory is 
consistent with equation of ballistic curve in accord-
ance with (Orzechowski, Prywer 2008).

4. Disintegration of a solid stream into droplets is 
considered, which has been shown in Gałaj and 
Drzymała (2015), Gałaj and Saramański (2014), 
Gałaj and Koszykowski (2014), Orzechowski and 
Prywer (2008). Total drops area Fk[i] receiving heat 
by convection in a time τ = 1 s can evaluate with 
help of the Eqn (1). Functions Fz(β) and Iz(β) ap-
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pearing in this formula should be selected on the 
basis of the Tables 1 and 2 for a known value of the 
inclination angle β and one of the three alternative 
supply pressure of 0.6 MPa, 0.8 MPa and 1.2 MPa. 
They result from the studies discussed in Gałaj and 
Drzymała (2015), Gałaj and Saramański (2014), 
Gałaj and Koszykowski (2014):
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5. In the model supplying of more jets is taken into ac-
count. No interactions between them are assumed. 
This means that the effect of extinguishing of each is 
considered individually and the final result is a sum 
of the heat flow received by each of them. The same 
temperature of drops in all jets is adopted.

6. To calculate the number of drops evaporated nk[i] 
value Fk[i] is used. This value for the i-th jet can be 
determined from the following formula:
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7. Due to significant diameter of sprinkling area by 
solid stream its calculation is included in the mathe-
matical model, which average value can be obtained 
from the following equation:

⋅
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8. An arbitrary value of extinguishing effectiveness 
coefficient Kg < 1 is assumed. It takes into account, 
among others, stream losses by nozzle – the com-
bustion zone, the mutual interaction of droplets in 
the stream, a variety of droplet diameter, droplet 
diameter change due to evaporation.

9. Absence of external influences on the jet, e.g. wind, 
other factors distorting drops trajectory.

10. All drops have the same velocity. 
11. A constant average temperature of the flame is as-

sumed.
12. The heat is received by convection as well as by heat-

ing and evaporation of droplets falling on the sur-
face in combustion zone.

13. Drops in the stream evaporate completely only in 
the combustion zone to the extent specified by coef-
ficient Kp.

14. The same average diameter of evaporated droplets 
is assumed.

15. An impact of fire on the pyrolysis process is not 
taken into account.

16. Impact of limited access of oxygen and fuel as well 
as chemical reaction in the combustion on extin-
guishing process are not considered.

17. A cylinder of diameter Df and height Hf is adopted 
as the combustion zone.

18. A mutual configuration of the jet and combustion 
zone is limited to the following three cases:
a) the stream passes over the combustion zone or 

does not receive it;
b) the stream reaches the combustion zone, but 

does not fall on its surface;
c) the stream reaches the combustion zone and 

falls on its surface.
Projections of horizontal and vertical trajectory of 

the droplets in the solid jet and its characteristic geometric 
parameters together with the combustion zone are shown 
schematically in Figure 1.

According to item 17 of assumptions given in Sec-
tion 1, the following mutual configurations of the stream 
and compact combustion zone are distinguished:

Table 1. A set of sprinkling area function Fz = f(β) for solid jet obtained as a result of approximation procedure

Pressure 
[MPa] Sprinkling area function Fz = f(β) [m2]

Inclination angle [deg]
min max

0.6 I = 0.0065β2 – 0.3473β + 7.6725 30 45
0.8 Fz = 0.0038β2 – 0.1286β + 3.71 30 45
1.2 Fz = 0.0069β2 – 0.3733β + 9.2775 30 45

Table 2. A set of sprinkling intensity functions Iz = f(β) for solid jet obtained as a result of approximation procedure

Pressure   
[MPa] Sprinkling intensity function Iz = f(β) [mm/min]

Inclination angle  [deg]
min max

0.6
Iz = 1.936β – 13.39
Iz = 5.746β – 146.74
Iz = 1.65β + 17.1

30
35
40

34
39
45

0.8
Iz = 1.624β + 2.01
Iz = 7.126β – 154.93
Iz = 0.396β + 82.6

30
35
40

34
39
45

1.2
Iz = 2.05β – 7.65
Iz = 7.388β – 194.48
Iz = 1.53β + 39.84

30
35
40

34
39
45
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a) a stream of the i-th solid jet does not reach, or flows 
over the combustion zone, which can be written in the 
form of the following inequalities:
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b) a stream of the i-th solid jet reaches the combus-
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be written in the form of the following inequalities:
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c) a stream of the i-th solid jet reaches the combus-
tion zone and flows down on its surface, which can be 
written in the form of the following inequalities:

γ + ≤ γ + ≤max max
[ ] [ ]

[ ] [ ] 0,
2 [ ] 2

s sD i D i
i arctg z i

D i


 (7)

then: 
( )

•

−

⋅ ⋅λ
= ⋅ − +

⋅

⋅

3
[ ] [ ]

[ ]
10 [ ]

[ ] [ ] ,

k
g g f k

v

k
p k v

F i Nu i
Q i K T T

D i
dm

K n i i h
dt

 (8)

where:
=Pr 0.7 ; (9)

= 0.6Sc ; (10)
=112C ; (11)

 
γ =   

 
max[ ] arcsin  

2 [ ]
fD

i
D i

; (12)

( )= ⋅ γ − − ⋅ γ
2 2 2

min[ ]  [ ] cos  [ ] 0.5  [ ] sin [ ]fx i D i i D D i i ;  
 (13)

•
⋅

=
π ⋅0 2

16.66 [ ]
[ ]

[ ]
prV i

w i
d i

;  (14)

( )
( )

−
+

ν = ⋅ ⋅
⋅ρ ⋅ +
0 06

0
0 0

273
17.08 10

273273
T C T

T C
; (15)

( ) −λ = + − ⋅ ⋅ 5
0 00.024 273 6 10T ; (16)

−

⋅ν ⋅ρ
=

⋅ ⋅ρ
0 0

1 6 2
18

[ ]
10 v k

K i
D

; (17)

( )= ⋅ +0.5s f kT T T ; (18)

ρ = ρ ⋅ 0
0g

f

T
T

; (19)

( )ρ = ⋅ ρ + ρ0.5s g k ; (20)

( )
( )

−
+

ν = ⋅ ⋅
⋅ρ ⋅ +

6 273
17.08 10

273273
s s

s s

T C T
T C

; (21)

( ) −λ = + − ⋅ ⋅ 50.024 273 6 10sT ; (22)

( )ρ −ρ ⋅
=

ρ
0

0
k

k

g
A ; (23)

= β +
⋅ ⋅ β

0
1

1 0
[ ] [ ]

[ ] [ ] cos [ ]
A

A i tg i
K i w i i

; (24)

= 0
1 2

1
[ ]

[ ]
A

B i
K i

; (25)

= ⋅ + ⋅

 ⋅
− +  ⋅ β 

min 1 min 1

1 min
0

0

[ ] [ ] [ ] [ ]

[ ] [ ]
ln 1 [ ];

[ ] cos [ ]

z i A i x i B i

K i x i
H i

w i i
 (26)

= ⋅ + ⋅

 ⋅
− +  ⋅ β 

max 1 max 1

1 max
0

0

[ ] [ ] [ ] [ ]

[ ] [ ]
ln 1 [ ];

[ ] cos [ ]

z i A i x i B i

K i x i
H i

w i i

 (27)

= minHfx x ;  for  zmin ≤ Hf ;   (28)

 ⋅ 
⋅ + ⋅ − + − ≤   ⋅ β  

 =
 = +



1
1 1 0

0

0 min

[ ] [ ]
[ ] [ ] [ ] ln  1

[ ] cos   [ ]
   ;

H f
H f f

H f

H f H f

K i x i
A i x i B i H [i] H dy

w i i
x x
x x dx

for  zmin > Hf ; (29)
Figure 1. Drops trajectory during the extinguishing process 
using solid jet (vertical top view, horizontal bottom-view)
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2. The overall concept of simulation studies

The present simulation is a process in extinguishing a fire 
with water using a solid jet generated by the nozzle Turbo 
Master 52. Extinguishing process was limited to direct 
supply of water to the combustion zone. Simulation tests 
consisted in introducing different values of constants and 
variables and performing for them calculations cycle. The 
following constant input data in the simulation process 
can be mentioned:

a) number of solid jets lg = 1;
b) the dimensions of the room:

 – length of the room Lp = 5 m;
 – width of the room Wp = 5 m;
 – room height Hp = 3 m;

c) the dimensions of the combustion zone: 
 – diameter of the combustion zone Df = 5 m;
 – height of the combustion zone Hf = 2 m;

d) the flame temperature, Tf = 800 °C;
e) ratios (for simplicity of analysis, all factors taken 

equal to unity):
 – the evaporation rate determining the percentage of 
droplets that evaporate completely in relation to the 
number of all droplets reaching the combustion zone 
Kp = 0.8;

 – extinguishing efficiency ratio Kg = 0.8;
 – ratio related to the change in the side surface of the 
stream as a result of aerodynamic dispersion of drop-
lets and the curvature of the track Kf = 1;

f) step increase in distance when calculating the size of 
xs and xhf, dx = 0.005 m;

g) the accuracy of the calculation xs and xhf in an 
iterative loop dy = 0.05 m;

h) the parameters of the position of the nozzle:
 – mouth nozzle height above the floor H0 = 1 m;
 – Ox coordinate of the nozzle mouth position in a co-
ordinate system associated with the room  xp = 2 m;

 – coordinate Oy of the nozzle mouth position in a co-
ordinate system associated with the room  yp = 2 m;

i) the diameter of the nozzle mouth d = 12 mm;
j) the deviation angle between the vertical axis of 

symmetry of the flow and a plane passing through 
the center of the combustion zone, γ = 0 rad;

k) stream parameters:
 – type of jet – solid;
 – average temperature of the water drops Tk =10  °C 
(283 K).

As a variable input data the following can be included:
a) the output of the nozzle {200; 300; 400} [dm3/min];
b) inclination angle of the nozzle relative to the level of 

β {30, 40} [deg].
Average droplet diameter vD  has been adopted in 

accordance with the results obtained for solid streams 
given in Piątek (2016). Distance between firefighter and 
the combustion zone D was adjusted such that the entire 
sprinkling surface is inside a burning surface. In this case, 
the maximum number of drops evaporates. Both of the 
above values are summarized together with the simula-
tion results in Table 3. Based on the results of experimen-
tal work described in Gałaj and Drzymała (2015), Gałaj 
and Saramański (2014), Gałaj and Koszykowski (2014), 
which showed approximately constant difference between 
the calculated and actual values of solid jet ranges, all hori-
zontal distances calculated by the program were reduced 
by 30%.
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Figure 2 contains a flowchart of a computer program 
developed to determine the heat flow received by the cur-
rent generated by the Turbo Master 52 AWG compact noz-
zle. It can also be used for different types of nozzles, pro-
viding testing of sprinkling area and sprinkling intensity 
and including corrections of functions shown in Tables 1 
and 2 as well as in Figures 3, 4 and 5. Calculations made for 
the above mentioned combinations of variables would en-
able input data impact of each of them on the efficiency of 
firefighting with the use of solid jet measured by the value 
of the heat flux received from the combustion zone. The 
results of simulation tests are included in the next section.

3. Results of simulation process

The results of simulation studies for the six analyzed extin-
guishing processes at different inclination angles and noz-
zle outputs are included in Table 3. Selected relationships 
are shown graphically in Figures 6 and 7.

Table 3 contains either input or output data of simu-
lation program. The following input data are included in 
the table: inclination angle β, nozzle output 

•
[ ]prV i  and 

average droplets diameter vD . The following output data 
(simulation results) are included in the table: horizontal 
distance between the nozzle outlet and the center of the 
combustion zone D, horizontal distances between proxi-
mal and distal edge of combustion zone and nozzle ou-
tlet xmin and xmax, coordinates Oz of the drop trajectory 
point, which corresponds to the coordinates xmin and xmax 
respectivaly zmin and zmax. horizontal distance between 
the point of  intersection of the drop trajectory with the 
ground surface and the nozzle outlet of the i-th xs, hori-
zontal distance between the point of intersection of the 
drop trajectory with combustion zone and the nozzle ou-
tlet xHf and mean heat flux received from the combustion 

zone by solid jet 
•

gQ . Based on the values  contained in the 
Table 3 and Figures 6–7 it can be stated that the greatest 
value of heat flux received by the solid jet is equal to about 
28.73 kW, corresponding to the most extinguishing effecti-
veness, for the inclination angle of 40° and the nozzle out-
put of 300  dm3/min was obtained. In turn, the smallest 
value of received heat flux of about 22.27 kW for the same 
angle but with the output of 200 dm3/min was received.

Conclusions

The physical and mathematical model of the extinguish-
ing process was constructed using a solid jet produced 
by a water nozzle. On this basis a computer program was 
developed which was used to simulate the extinguishing 
process. Simulation tests for various inclination angles and 
nozzle output were conducted. The basic output value for 
fire extinguishing efficiency was the heat flux received 
from the combustion zone. Considering the presented 
concept and results obtained during simulation tests the 
following general conclusions can be formulated:

1. Taking into account all the scenarios examined for 
assumed input data the average value of the heat 
flux received by the solid jet is approximately 25 kW.

2. Either nozzle output or its angle of inclination 
slightly affects the flow of heat received from the 
combustion zone by the solid jet supplied by it. The 
difference between the maximum and minimum 
values of the heat flux is about 6.5 kW and which is 
about 26% of its average value.

3. For larger nozzle output (300 and 400 dm3/min) in-
creasing the inclination angle increases of the heat 
flux, but at lower flow rates, this trend is reversed.

4. The highest mean value of the heat flux received 
by solid jet at nozzle output of 300 dm3/min is ob-
tained.

5. Due to the relatively simple mathematical proce-
dures with no complex integration or differentiation 
to derive the result is almost immediate.

6. After appropriate modifications of the functions 
of sprinkling area and intensity the proposed model 
can be used for any type of nozzle.

7. Basic relationships related both to the trajectory 
of the drops and heat exchange can be used for ex-
tinguishing model using spray jets.

8. In order to approximate the proposed model to 
real conditions, a distribution of average diameters 
of drops falling on the sprinkling area of irrigation 
and its dimensions should be included. Assuming 
that we are dealing still with air, it will depend on 
several factors such as output and pressure at the 
nozzle and its angle of inclination. A study related to 
drops distribution and dimensions of the sprinkling 
area are planned for this year.

Table 3. Results of simulation tests

No. β 
[rad]

•
[ ]prV i  

[dm3/min]
vD

[mm]
D

[m]
xmin
[m]

xmax
[m]

zx min
[m]

zx max*
[m]

xs
[m]

xHf
[m]

•

gcQ
 [kW]

1
2
3
4
5
6

30
40
30
40
30
40

200
200
300
300
400
400

0.930
1.083
0.978
1.013
1.159
1.125

18.9
22.4
33.6
32.9
63.0
55.3

17.15
20.65
31.85
31.15
61.25
53.55

20.65
24.15
35.35
34.65
64.75
57.05

4.778
6.427
7.346

11.843
6.904

13.513

–5.844
–7.951
–6.211

–15.104
–6.769

–19.701

19.372
22.732
34.265
33.474
63.308
55.573

18.655
22.204
33.775
33.208
62.769
55.338

23.385
22.275
26.363
28.735
22.509
27.172
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Figure 2. Flowchart of a main computer program (part 1)

Figure 3. Flowchart of a main computer program (part 2)

Figure 4. Flowchart of a procedure designed for calculation of 
sprinkling area functions Fz
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9. To take full advantage of its features, the model of 
fire extinguishing with water nozzles should be as-
sociated with any field fire model, e.g. the hybrid 
model described in Gałaj (2009) and Gałaj et  al. 
(2016).

10. In order to check a convergence of the proposed 
model to the real process, it is necessary to carry 
out its validation. This could be done by measuring 
the heat flux emitted during the comparable fire (the 
same combustible material in the same amount and 
the same location in the room) without suppression 
and with suppression (the parameters associated 
with the suppression process should be identical to 
those introduced into the model). The experiments 
are planned for the near future.

Notation

C  – constant approximately equal to 112;
cp  – isobaric specific heat of water droplet in the com-

bustion zone assumed to be constant value of 
4190 J/kgK;

d[i]  – diameter of the i-th nozzle mouth [mm];
D[i]  – horizontal distance of the mouth of the i-th water 

nozzle from the center of the combustion zone 
[m];

Df  – diameter of combustion zone [m];
dy  – assumed accuracy of the estimates of the y-coor-

dinate of intersection point of the droplets tra-
jectory with combustion zone [m];

dmk[i]/dt – average mass velocity of the single droplet va-
porizing from the surface corresponding to the 
i-th solid jet [kg/s];

Dv[i]  – average volume droplet diameter of i-th extin-
guishing jet [mm];

Dw  – diffusion coefficient of water into the air assu-
med to be approximately constant and equal to  
225×10–3 [m2/s];

dx  – elementary step of x-coordinate [m];
Fz[i] – sprinkling surface of i-th solid jet [m2];
g  – acceleration due to gravity assumed to be con-

stant equal to 9.81 m/s2;
H0[i]  – height of the mouth of the i-th water nozzle 

above the floor [m];
Hf  – height of combustion zone [m];
hv  – evaporation heat assumed to be constant of 2020 J/

kg;
Iz[i]  – sprinkling intensity of i-th solid jet [mm/min];
Kg  – extinguishing effectiveness coefficient [–];
Kp  – evaporation coefficient determining the percen-

tage of droplets that evaporate completely in re-
lation to the number of all droplets reaching the 
combustion zone [–];

lg  – number of extinguishing lines;
Mw  – molar weight of water molecule assumed to be 

constant value of 18 kg/mol;
nk[i] – number of droplets completely vaporizing in the 

combustion zone;

Figure 5. Flowchart of a procedure designed for calculation of 
sprinkling intensity functions Iz

Figure 7. Heat received by drops vs nozzle output for two 
different inclination angles

Figure 6. Heat received by drops vs average diameter of drops
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Nu[i]  – Nusselt number corresponding to droplets of the 
i-th solid jet [–];

Pr  – Prandtl number assumed to be approximately 
constant value of 0.7;

Qg[i]  – mean heat flux received from the combustion 
zone by the i-th extinguishing jet [W];

r  – universal gas constant [J/(mol·K)];
Re[i]  – Reynolds number corresponding to droplets of 

the i-th solid jet [–];
Sc  –  Schmidt number assumed to be approximately 

constant value of 0.6 [–];
Sh[i] – Sherwood number corresponding to droplets of 

the i-th solid jet [–];
Tf  – average temperature of the flame in the combus-

tion zone [K];
Tk  – average temperature of water droplet [K];
Tw  – boiling temperature of the water assumed to be 

constant and equal to 373 K;
Vpr[i]  – output of i-th water nozzle [dm3/min];
w0[i] – average drops velocity produced by the i-th water 

nozzle [m/s];
ws [i]  – average velocity of drops flowing through com-

bustion zone for the i-th extinguishing jet [m/s];
wx1[i]  – horizontal component of drops velocity in the  

i-th jet at the entrance into the combustion zone 
[m/s];

wx2[i]  – horizontal component of drops velocity in the 
i-th jet at the exit of combustion zone [m/s];

wz1[i]  – vertical component of drops velocity in the i-th 
jet at the entrance into the combustion zone 
[m/s];

wz2[i]  – vertical component of drops velocity in the i-th 
jet at the exit of combustion zone [m/s];

xHf[i] – horizontal distance between the point of intersec-
tion of the drop trajectory with combustion zone 
and the outlet of the i-th nozzle [m];

xmax[i] – horizontal distance between distal edge of com-
bustion zone and mouth of the i-th water nozzle 
[m];

xmin[i] – horizontal distance between proximal edge of 
combustion zone and mouth of the i-th water 
nozzle [m];

xs [i]` – horizontal distance between the point of inter-
section of the drop trajectory with the ground 
surface and the outlet of the i-th nozzle [m];

zmax[i] – i-th coordinate Oz of the drop trajectory point, 
which corresponds to the coordinate xmax[i] [m];

zmin[i] – i-th coordinate Oz of the drop trajectory point, 
which corresponds to the coordinate xmin[i] [m];

β[i]  – inclination angle of the i-th water nozzle [rad];
γ[i]  – angle between the vertical axis of jet symmetry 

of the i-th jet and a plane passing through the 
center of combustion zone [rad];

γmax[i] – angle between the i-th vertical plane passing 
through the center of the combustion zone and 
a plane containing a tangent to a circle forming 
the combustion zone [rad];

λ  – average conductivity coefficient of the gaseous me-
dium in the combustion zone [W/mK];

λ0  – conductivity coefficient of the ambient air outside 
the combustion zone assumed to be approximately 
constant equal to 0.024 W/mK;

ν  – kinematic viscosity of the air inside the combustion 
zone [m2/s];

ν0  – kinematic viscosity of ambient air outside the com-
bustion zone [m2/s]; 

ρ0  – average density of the air outside combustion zone 
assumed to be constant value of 1.23 kg/m3;

ρk  – density of water droplet assumed to be constant 
value of 1000 kg/m3;

τ  – computing time, usually equal to 1 sec;
τ1  – time to reach the combustion zone by the i-th solid 

jet [s];
τ2  – time to reach the sprinkling surface by the i-th 

solid jet [s].
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