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Abstract. The article presents a computer model of the fire extinguishing process using mist nozzles. A previously
developed hybrid fire model was used for this purpose. Assumptions and relationships were given to represent a math-
ematical model of extinguishing process, which comprises a unique approach to the determination of sprinkling area
in an elementary cell of field fire model. A description of simulation tests of the model was given for several different
input data, differing by mean diameters of droplets. This enabled a study of their effects on such output parameters as
received heat flux, temperature and rate of its growth. For one selected computational cell located on the axis of the
nozzle at floor level having the coordinates [10, 10, 1], the obtained results were presented in the form of heat flux and
temperature. To simplify the analysis, characteristic parameters of particular curves were listed in the table. Conclusions
formulated on the basis of results obtained during tests were specified at the end of work. They confirmed the expected
regularity assuming that the extinguishing process was more effective in the case of droplets of a smaller diameter and
greater sprinkling intensity. This allows assessing the degree, to which these stream parameters affect the extinguishing
effectiveness.

Keywords: extinguishing process, mist nozzle, fire suppression, computer modelling, field fire model, hybrid fire model.

Notation ali,j, k, 1] average heat transfer coefficient
T current time. s between droplets and ambient air
T unit time. s ’ in the cell [, j, k, 1], W/(m2K)
g acceleration due to gravity, m/s? Nuli, j, k, 1] Nusselt number characterizing the
D coefficient of diffusion of water vapour heat exchange process in case of
in the air. m%/s forced convection in the cell [7, /, &, /]
h, water vaporization heat, J/kg Reli, j, k, I]  Reynolds number characterizing
Pi average density of a water droplet the turbulent flow of droplets in the cell
kg/m3 o [, 7, k1] '
T, temperature of boiling water, K Wk k1] avlelr?.ge. S]? egd;j drops in the
cell (1, 7, k&, L], M/S
M, molar mass of water, kg/kmol wli,j, k, I]  average speed of gas in the cell
M, molar mass of air, kg/kmol [i, ], k, 1], m/s
B universal gas constant, J/(kmol-K) v[i,/, k, 1] mean kinematic viscosity in the cell
Fili,j,k, 11  total area of all water drops o [i,j, k, 1], m%/s .
passing through the cell [4, j, &, ] TMi,j, k, 1] average gas temperature in the cell
during 1s, m? o [i,/, k1], K .
Foli,j, k 1] average size of the horizontal surface Ali,j. k1] average value of gas thermal conductiv-
fthe cell [i, j, k, ], th h which o ity in the cell [4, j, &, [], W/(mK)
f[)he dioces ﬂ[l ]mz J, through whic pli, j, k1] average gas density in the cell [i, /, k, ],
.. ps T kg/m?
Fgli,j, k, 11 average surface of droplet Pr[i,j, k,I]  average value of the Prandtl number

evaporation in the cell [i, j, k, 1], m? in the cell [i, j, &, []
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Shli,j, k, 1]  average value of the Sherwood number
in the cell [7, /, &, []
Scli, j, k, I average value of the Schmidt number

in the cell [7, /, &, 1]
average value of mass flux of an evapo-
rated droplet in the cell [i, j, &, 1], kg/s

dmy/di, j, I

X volume fraction of vapour in a water
droplet

Y, mass fraction of vapour in a water
droplet

Nili,j, k, 1] average number of drops evaporated in

the cell [4, /, &, []
average diameter of drops produced by
the m™ mist nozzle in the i compart-

ment, mm R )
average value of sprinkling intensity

by the m™ mist nozzle

in the i compartment, mm/min

spray angle of the m™ mist nozzle

in the i compartment, rad

0, water density, kg/m3

pli, j, k, 1] gas density in the cell [4, j, k, [], kg/m3

50[i, m]

1[i, m]

oyli, m]

Introduction

Water is characterized by high specific heat (4.19 kJ/
(kgK)), high vaporization heat (2260 kJ/kg) and low boil-
ing temperature (ca. 100 °C). When applied directly to the
source of fire, it can absorb heat from gases, flames and
fuel, as well as from the surface adjacent to the fire. The
cooling of these areas changes depending on the diameter
of water drops. The reduction in the size of the drops gives
a larger cooling surface. Heat transfer is increased so that
fog systems can pick up energy from the burning zone
faster and more efficiently. The surface of the water va-
pour increases exponentially with a decrease in the diam-
eter of the drops (Mawhinney, Solomon 2000; Mawhin-
ney 2012; Orzechowski, Prywer 2008). Floating in the air,
small water droplets form a barrier that limits the speed
of pyrolysis (evaporation in the case of liquids) close to
the combustion zone. Isolation of the thermal radiation in-
creases with the degree of water mist spray. Water sprayed
in smaller droplets not only receives heat better but also
greatly increases the area protected by the same quantity
of water. The effect of fire suppression using water vapour
is obtained mostly because of the dilution air (oxygen)
in the combustion zone; having in mind that one litre of
evaporated water produces more than 1700 litres of steam.
Water vaporizes very quickly, displacing the air in the vi-
cinity of a drop. The application of water mist containing
droplets of a diameter up to 1 mm as the extinguishing
agent offers numerous advantages. It greatly reduces the
risk of consequent losses in the administration of water
and enables its efficient use. The use of large amounts
of water in extinguishing a fire may result in significant
losses due to the destruction of dampened materials, struc-
tural elements of a building, furniture, etc. Fog systems,
which enhance the fire-extinguishing effect of water, can
prevent such damages. During the first stage, lager diam-
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eter drops should be used to fully extinguish a fire. How-
ever, this decision should be weighed against the risk of
water condensation and post-fire losses. In many cases,
a much better option is to use water mist for cooling the
fire gases and fire suppression to delay flashover phenom-
ena. The second option, however, does not guarantee that
the fire would be extinguished; nevertheless, it is focused
on limiting its further development. Under appropriate
conditions, fire suppression may also lead to the complete
extinguishing of the fire.

The analysis of the extinguishing properties of wa-
ter mist provides that its efficiency increases with the in-
creasing degree of dispersion. This means that a fire can
be extinguished by small amounts of water thanks to an
effective use of its cooling properties. Numerous argu-
ments can justify the use of the smallest drops. A reduc-
tion in the diameter of droplets improves their cooling
and penetrating properties as well as the time of droplet
suspension in the air. In addition, small droplets can get
into hard-to-reach spaces, circulating around obstacles
and accessing the fire. It is also easier to disrupt their
flight path, e.g. due to turbulence.

According to Paul Grimwood, the ultimate mist
fire spray contains droplets of an average diameter of
0.3 mm. He specified the optimal scope of applicability
from 0.2 mm to 0.4 mm (Grimwood 2002; Grimwood,
Desmet 2003; Zbrozek, Prasuta 2009). Based on tests,
Grimwood (2002) concluded that small droplets were
subject to interaction with the fire column, which would
result in a need to apply more water to achieve an ef-
fective cooling speed. On the other hand, drops above
the specified range may not be suspended in the air. The
presented opinion is suitable for a local action, especial-
ly when fighting a group A fire (Davis 2000). In order
to achieve the best cooling parameters, especially when
treated with volume, one should strive to achieve a high
degree of dispersion. This was confirmed by diverse theo-
retical and experimental studies. The effectiveness of wa-
ter mist extinguishing systems with a drop diameter of
up to 0.01 mm, the smallest that is technically feasible,
was confirmed by NanoMist Systems, LLC. The relevant
information may be found on the website of the National
Fire Protection Association (2015). Telesto Sp. z 0. 0., a
company operating on the Polish market, makes an effec-
tive use of a fog containing droplets of the diameter of
0.025 mm (Telesto Sp. z 0. 0. 2015). It exceeds by far the
lower limit considered by Grimwood (2002) as optimum.

Mist nozzles used in fire-fighting systems, simi-
larly as in other systems, can be automatically started
using detection by a liquid-filled ampoule that extends
with increasing temperature, and non-automatic nozzles
(open), run by an independent detection system. Depend-
ing on the used technology, water mist can be produced
under operating pressure ranging from 0.5 MPa to more
than 20 MPa (Hanuska, Black 1993; Grant et al. 2000;
Orzechowski, Prywer 2008; Myree 2008; Whiteley 2009;
NFPA 2000; Palau 2005). Both the fire and the extin-
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guishing process are very complex physical phenomena,
which are difficult to model precisely using available
computer hardware and software. Nevertheless, a num-
ber of programs were devised for modelling fire devel-
opment. Several programs also provide fire extinguish-
ing modules using mist nozzles or sprinklers. The two
most popular models of fire are the CFAST two-zone fire
model and FDS field model (Jones et al. 2009; McGrat-
tan et al. 2007; Novozhilov 2001). In the first instance,
a relatively simple model was applied to calculate heat
changes during the extinguishing process by means of a
sprinkler. The correlation of fire suppression by the sprin-
kler system has been developed by modifying the heat re-
lease rate of fire in the following form (Jones et al. 2009):

_ =

0/ (1) = Otgey)-e o7, ()

where: Q(¢) is the heat release ratio at time t [W];
0(t,.,) — heat release ratio at time ¢,,, [W]; #,., — sprin-
kler response time [s], and Oy, — sprinkling intensity
of the sprinkler [mm/min].

Unfortunately, the proposed model has many limita-
tions. One of them is the assumption that the amount of
water applied to the fire is sufficient to cause a decline in
the rate of heat release and that the sprinkling intensity is
constant. In addition, it did not take into account the ef-
fect of the second sprinkler. Detection of other sprinklers
was taken into consideration, but it did not affect the ex-
tinguishing process.

The FDS (Fire Dynamics Simulator) field fire model
is one of the most popular programs in CFD (Computa-
tional Fluid Dynamics), which are established according
to complicated methods and algorithms, designed to ana-
lyse and solve problems related to the flow of viscous
fluids. This technique is based on numerical solution of
Navier—Stokes equations, suitable for low flow velocities
(values of the Mach number are low). The emphasis is
on the smoke and heat transport. FDS is a free program
developed by the NIST (National Institute of Standards
and Technology). Obtained simulation results can be
presented graphically using the Smokeview visualization
program. The program also has a module that simulates
the evacuation. As regards the extinguishing process, it
enables a simulation of sprinkler activation, and calcu-
lations of drop trajectory, as well as tracking the drops
falling down onto the surface of the fire. Besides, the
drop transportation on surfaces as well as absorption and
dissipation of thermal radiation by the drops are included.

The weakening of the thermal radiation is particu-
larly important in the case of mist systems. For each drop,
the power consumed by a combination of absorption and
scattering is calculated based on the formula (Cong, Liao
2005; Novozhilov 2001):

qr:

M4 ey (0 [U@) =47 L, (0], ()
Pa (x)
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where: m, is the weight of the drop [kg]; p ,;(x) — den-
sity of the drop in the cell [kg/m3]; x ;(x) — absorption
coefficient of the drop by solids [I/m]; U(x) — total in-
tensity of thermal radiation [kW/m?]; and [, b.a(x) —total
absorption of thermal radiation by drops [kW/m?2].

Heating and evaporation of water droplets are also
modelled. The weight and energy transfer between gas
and liquid is calculated on the basis of the following four
equations (Cong, Liao 2005):

dm
d—t1=—2n.rd-Sh-p.D,g.(Yd—Yg); (3)

11
Sh=2+0.6Re2-Sc3; 4)

dT,
m ¢ -7;:27r-rd “Nu-k-(Ty —T))+

().
« dm
21y -y -(T, —Tl)+qr+7tl-hv,

and
11

Nu=2+0.6Re2-Pr3, (6)

where: m, is the weight of drops [kg]; D,, — diffusion co-
efficient of water vapour into the air; ¥; — mass fraction
of water vapour in a liquid phase; Y, — mass fraction of
gas in water vapour phase; Sh — Sherwood number; r; —
drop diameter [m]; p — water density [kg/m3]; ¢; — spe-
cific heat of water [J/(kg K)]; Nu — nusselt number; Pr —
Prandtl number (0.7 is assumed for all cases); k — gas
thermal conductivity [W/(mK)]; 7, — air temperature [K];
T, — water temperature [K]; 7, — temperature of a sol-
id body [K]; &, — heat transfer coefficients between the
fixed surface and liquid [W/m?K], and ¢, — heating rate
of drops by radiation [K/min].

The model is rather complex; however, when water
drops fall on the surface on fire, easy heat transfer cor-
relations become much more difficult as water not only
cools down the surface and ambient gas but also changes
the rate of fuel pyrolysis. The surface of the fuel is rarely
flat and usually has a complex structure, which greatly
complicates the problem. Yet since the first public release
in the year 2000, the program has been continually devel-
oped using analyses of dozens of fires. In the future, this
will allow a more accurate approximation of fire suppres-
sion (McGrattan et al. 2007).

The main objective of this study was to carry out
simulation tests, on the basis of which it would be pos-
sible to determine the impact of the selected parameters,
such as sprinkling intensity, and the average diameter of
the water drops on the effectiveness of fire extinguish-
ing using mist nozzles. The simulation tests used a com-
puter model of extinguishing process developed at the
Main School of Fire Service, which works together with
a hybrid model of the fire described by Gataj (2009,
2010a, 2010b). This model will be validated using results
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obtained during investigations described in the following
papers (Konecki, Potka 2009; Gataj, Konecki 2010; Gataj
et al. 2013; Potka et al. 2013).

The first chapter of this work presents assumptions
and discusses the extinguishing process model. The fol-
lowing section gives a description of the tests as well
as simulation results and their analysis. The last chapter
provides a summary and conclusions formulated on the
basis of computer simulation results.

1. Model of the extinguishing process

As a result of works carried out in the Firefighting Tech-
nique Department of the Main School of Fire Service,
a mathematical model of the fire extinguishing process
was developed. The model was based on relationships
connected with the heat flux calculations, taking into ac-
count the heat exchange by convection as well as the heat
received from the combustion zone as a result of the wa-
ter droplet evaporation. The original contribution of the
authors is the formulas used to determine the surface of
heat received by any regular cell, resulting from a divi-
sion of the compartment in a hybrid model of fire. A com-
puter program was developed incorporating the above-
mentioned mathematical model, which then was coupled
with the earlier hybrid fire model. One of the coupling
elements is a database that contains both the data associ-
ated with an extinguishing process and fire growth.

In a physical model of the extinguishing process, the
following assumptions were adopted:

1) the average diameter of all drops and the sprinkling
intensity are the same for the m™ mist nozzle in the
i" room and are equal to 6,[i, m] and I[i, m], respec-
tively;

2) the average speed of all drops in the cell is the
same and equals to w,[i, j, k, []. It is calculated by
the formula for turbulent descent speed given in
(Orzechowski, Prywer 2008);

3) a constant diffusion coefficient of water relative to
the ambient air D was assumed;

4) the average outlet velocity of the drops is constant
and equals to wy;

5) a uniform and symmetric water spray was assumed;

6) drops decay phenomena and the impact of the turbu-
lence on their movement were disregarded,;

7) only this part of the heat flux was taken into account,
which is exchanged by convection and as a result of
droplet evaporation. The phenomenon of oxygen dis-
placement and radiation weakening was disregarded,;

8) according to the assumption, the total evaporation of
water drops takes place only in these cells, where the
average temperature exceeds the established fixed
boiling point;

9) a constant heat of water vaporization /4, and boiling
temperature 7}, were assumed,

10) an average value of the surface F, was assumed,
through which the droplets permeate as through a
horizontal surface situated at mid-level of cell height;

11) temperature 7; of all drops is the same;

12) for the determination of heat absorption indices be-
tween the droplet and the surrounding air in the con-
vection and evaporation processes, standard correla-
tion values were adopted, which are commonly cited
global literature;

13) the average surface F[i, j, k, ], through which drops
penetrate, was determined in a similar way by re-
placing arches with chords (Fig. 2). Depending on
the position of a cell relative to the sprinkling area,
a trapezoid or triangle is obtained.

Below is a mathematical model of the extinguishing pro-
cess in the form of a set of equations. It is valid for all
calculated cells, which are covered by the spray jet gen-
erated by mist nozzles. The vertical section of the spray
on the background of the computing grid is shown in
Figure 1.

Y
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Fig. 1. Vertical section of the spray set against a background
of the computing grid

The heat flux received by water drops during con-
vection and evaporation for every cell [j, k, /] located in
the i™ room can be calculated from the following rela-
tionships (m is the number of mist nozzles, and i is the
number of rooms):

Qg[i,m,j,k,l] =K, -ali,m, j,k,1]-F[i,m, k]

(T[is]'9k,l]—7})+—Kp'Nkp[i,m,j,k,l]- (7)
dmd
iams .,kal 'hvy W,
“lim. k) By (W]
and
. mmax[i]
Oulisjik 1= 2. Qplml, [W], (8)
m=1
where:
oo Ili,m]- F,[i,m, j,k,1]-74-10°
Fk[lamsjak’l]: £ , [m2]’(9)

50[i,m]

1T, j, k11— T,

v[i,j,k,l]=7.18-101°( 5

7/4
j , [m?%/s];(10)

.. 4/5
i, j,k,1]=6.5.10‘8.(m+’k’”) . [W/(mK)J; (11)
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pli, j,k,1]

, [kg/m3]; 12
RO ko) Tl oy L™ (12

pli, j k,1]=

wyli,m, j,k,1]=

.. . 3
1_74_\/g-(p1—p[z,j,lf,{])~5o 107
p [is jok 1]

Re[i,m,jakal]:
(ogliom. ok )= Wl k1) fim)-107
vii, j,k,1] ’
. [, Jj. k.- i, J.k,l
Pr[i,j,k,l]=Cp v[i,j ; .] pli,Jj ];
Ali, j, k,1] (15)

Nuli,m, j,k,1]1=2+0.6-Re"?[i,m, j,k,1]-Pr[i, jk,1]">;

(16)

aiom, k1) = ML I, ik,
Oyli,m]10 (17)
Scli, j,k,1]= V[’]Tkl] (18)

Shli,m, j,k,1]=2+0.6-Re"*[i,m, j,k,1]-Sc[i, j, k,1]">;

(19)
X, = exp[’“p . (Tl_z{ﬂ (20)

b 1
Y, = Xa Q1)

X, -(1-M, M)+ M,/ M,

d
mtd li,m, j,k,l]= —7r~60[i,m]~10_3 -Sh [i,m, j,k,[]*

*pli, j,k,1]-D- Yy, [kg/s]; (22)

1[i,m)- Fyyli,m, j,k,1]-74-10°

(23)
z-83li,m]

Nypli,m, j k1=

A unique solution in the extinguishing model is pro-
posed, i.e. a new algorithm for determining of sprinkling
and evaporation area in individual computing cells.

Formulas used for calculation of sprinkling ¥, and
evaporation area F, in different most common variants
are given below:

1. The algorithm for determining the sprinkling area

Fyli, j, k, [] in the cell [1, j, &, []:

a) Fyli,m, j,k,[]=0. (24)

All the corners of the cell (x, yy), (x1, ¥2), (x2, ¥,;) and
(x5, ¥,) do not belong to the sprinkling area with a radius
of r [i, m, []. Then, all four of the following inequalities
should be satisfied:

JGo = i) + (v, =y limIf = rfim.01,

\/(xl —xg[i,m])2 +(y1 —yg[i,m])z > rli,m,l],

\/(xz —)cg[i,m])2 +(y2 —yg[i,m])2 > r[i,m,l] and

\/(xz - X, [l',m])2 +(y1 Vg [i,m])2 > rli,m,l].

b) Fg[iamajaksl]zAxk'Ayk' (25)

If all the corners of the cell (xy, yy), (x1, ¥2), (x2, ¥,1) and
(5, ¥») belong to the sprinkling area with a radius of r
[, m, [], then all four of the following inequalities should
be satisfied:

\/(xl —xg[i,m])z + (y2 —y’g[i,m])2 <rli,m,],

JG = i) + (3, = v [P <rfim, 11,

\/(xz —xg[i,m])z 4—()/2 —yg[i,m])z <rl[i,m,l] and

\/(xz —xg[i,m])2 + (yl —yg[i,m])2 <rli,m,l].

F[i,m, j,k,0]=Ax, - Ay, —0.5-(x2 _xrz)'()’2 _yrZ)' (26)

If for x;= x,[i,m] A y;= y,[i,m] (first quarter) the follow-
ing inequalities are satisfied (three points in a sprinkling
area):

\/(xl —)cg[i,m])z +(y1 —yg[i,m]>2 <rli,m,],

\/(x] —xg[i,m])z + (y2 —yg[i,m])2 <rli,m],

\/(xz —)cg[i,m])2 +(y1 —yg[i,m])2 <r[i,m,l] and

\/<x2 e [i’m])z + (J’z Vg [l}m])z > rli,m,[].

Similar geometric formulas and corresponding inequali-
ties were determined for all possible cases of mutual po-
sition of the cell and sprinkling area.

Where:

18.’0[1,],2/(,[]"/[1,];](,]]; 27)
- 82[i,m]-10”

Kli, j,k,1]=
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and
R TR
Zg[i,m]—(l—O.S)-Azk = [19]7 ) ]
Kli, j,k,1]

(1= ¢ KTk delijkily , 8° i, j,k,!]
KTi, j. k.11’

hence i, j, k, I], (28)
a,li,m1]
tgi2 =
W - cos (g—%)'e’K[i’j’k’l]"(i""’l) ‘
Wn -sin (ﬁ_@)_ g o Kl jkdle(iml) | g
0 2 27 K[, j.k1] K[i, j,k,I]
(29)
. . o, [i,m,l]
rli,m,l]= r[l,m,l+1]+Azk-th; (30)
3 =(j-1) Ay @31)
X2 = ]Axk, (32)
i =(k=1)-Ay; (33)
Vo =k-Ayy; (34)
. 2r. . 2
X1 = xgliml+ [P [ m, 1= (3 = yglism]) s (35)
. 2. . 2
xr2 :xg[lam]-'— r [lamal]_(y2 _yg[lam]) 5 (36)
. 2r. . 2
Ve = Yglim]+4[r [l,m,l]—(xl —xg[l,m]) ; 37
and
. 2. . 2
Vo = Ygli,m]+4r [l,m,l]—(x2 —xg[l,m]) . (38)

2. The formula designed to determine the evaporation
surface Fo,li, m, j, k, [] in the cell [i, j, k, ] is as
follows:

0 if T[4, j,k,11<T,

Fyli,m, j.k,0] if Tli, j.k 12T,

(39)

Fylism, j,k,1= {

Examples of the determination of a sprinkling area for
selected cells are shown in Figure 2.

2. Description of the computer program and
simulation tests

On the basis of a mathematical model discussed in Sec-
tion 1, a computer program was developed, the main task
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Fig. 2. Examples of the determination of the sprinkling area
for selected cells (1 — three points in the sprinkling area,

2 — two points in the sprinkling area, 3 — one point in the
sprinkling area)

of which is the determination of the heat flux received
from the combustion zone by water spray. It constitutes
a part of a larger program that simulates the develop-
ment of a fire, which is discussed in the works of Gataj
(2009, 2010a, 2010b). A proper operation of the program
requires the user to enter input data. Table 1 presents the
list of such data along with an indication of the range of
acceptable values.

Table 1. Input data entered by the user and their numeric
ranges

No. | Description Unit Mg;llrlrll :m Mi):lil:m
1. 1[i,m) mm/min 4 30
2. Sgli.m] mm 0.05 3
3. K [i] - 0.1 1
4. K, [i] - 0.1 1
S. T[] K 283 303
6. agli,m] rad /6 3/4n
7. X,[i,m] m 0.05 L[i]-0.05
8. Yglim] m 0.05 L[i]-0.05
9. Zgli,m] m H[i]-0.5 | H[]]-0.05
10. A s 0 3000
11. T,[i,m] K 323 373
12. L[i] m 1 10
13. WTi) m 1 10
14. H[i] m 1 10

The fire model used in the work was significantly

simplified. The adopted combustion zone comprised a
room of the following dimensions: the length of 4 m, the
width of 4 m and the height of 2.3 m. There was one mist
nozzle in the room mounted at the point of coordinates
(Xg» Yg» Zg)- The following constant values of input data
were assumed in the model:

a) drop temperature, 7}, = 283 K (¢, = 10 °C);
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b) spray angle, a = 80°;

¢) dimensions of cells, x, = y;, =z, = 0.20 m;

d) density of water drops, p; = 1000 kg/m?;

e) constant pressure in the room (its fluctuations do not
exceed 100 Pa), p = 101300 Pa.;

f) diffusion coefficient, D = 225*%10~3 m?%/s;

g) coordinate Ox of the position of the nozzle outlet,

Xg= 1.9 m;

h) coordinate Oy of the position of the nozzle outlet

Yg=19m;

1) coordinate Oz of the position of the nozzle outlet,

Zg = 2.2 m;

j) initial temperature of air in the cell, Ty[i, j, k, /] =

293 K (#5 = 20 °C).

The simulation comprised the process of fire ex-
tinguishing using a mist spray. The central cell [10, 10,
1] was tested, which was situated at the floor level and
through which passed the axis of the nozzle. It was as-
sumed that the fire was initiated when the temperature
exceeded the value of 60 °C in the cell containing the
nozzle.

The assumed heat release rate for a single cell can be
determined according to the following schema:

. 0.02-7° for 0<7<122
Q /[i, j.k,11=1298 for 122<7<142
298-[1-1.75-(z —142)/40] for 7>142

(40)

To investigate the influence of differing sprinkling
intensities and average drop diameters on the extinguish-
ing effectiveness, six simulation tests for the following
values of the sprinkling intensity and average drop diam-
eters were conducted:

1. Two different sprinkling intensities:

a) /=5 mm/min = 0.83*10~* m/s and
b) /= 10 mm/min = 1.66*10~% m/s.
2. Three different diameters:

a) 6= 0.3 mm,
b) 8= 0.6 mm and
¢) 6y = 0.9 mm.

During computer simulations output files are created
including the following parameters:

a) 0,[1,10,10,17 = f(z) — heat flux received by
the spray in the cell [10, 10, 1], W;

b) 0,[1,10,10,1]= f(z) — heat release rate in the
cell [10, 10, 1], W;

c) 1,10,10,11= f(z)
the cell [10, 10, 1], °C;

d) a[l,10,10,1]= f(r) — average heat transfer coef-
ficient between drops and ambient air in the cell [10, 10,
1], W/(m*K);

e) wy[1,10,10,1] = fir) — average speed of drops in
the cell [10, 10, 1], m/s.

— average temperature in

3. Results of simulation tests and their analysis

This section presents the results and an analysis of simu-
lation tests. Firstly, the analysis targets the impact of the
average diameter of drops on the heat flux received and
the average temperature in the chosen cell depending on
the degree of droplet dispersion. Both studies are pre-
sented separately for two sprinkling intensities, namely,
5 mm/min and 10 mm/min. The review also considers
the average drop speed and the heat transfer coefficient
at a sprinkling intensity of 5 mm/min. Finally, chang-
es in temperature for all simulation tests including the
case without extinguishing are presented and discussed.
Besides, a comparative analysis focuses on characteris-
tic values, such as the maximum temperature in the cell,
time of its achievement, the maximum heat flux received
and the maximum rate of temperature growth.

Figure 3 gives values of the heat flux received from
the tested cell O, during fire extinguishing using a mist
jet for three different average drop diameters and sprin-
kling intensity equalling to 5 mm/min.

The rapid growth in the value of the received heat
flux immediately after initiating the extinguishing pro-
cess can be observed in all tested scenarios. In the case
of drops with the average diameter of 0.3 mm, a peak
value of 79 W initially occurred, after which the value
suddenly dropped to 39 W and then, a gradual growth to
the maximum value of about 275 W was recorded. This
happens because large amounts of energy are received by
convection after activation of the mist nozzle, resulting
from a significant difference in temperature between the
heated air and water drops. For other diameters (0.6 mm
and 0.9 mm), the increase was not as significant, and the
heat flux reached lower values. The differences between
maximum values of heat flux for analysed diameters of
drops exceed 100 W.

Figure 4 shows the same dependence, the only dif-
ference being that the average sprinkling intensity is now
10 mm/min. Differences recorded between courses for
the same average droplet diameters are not as significant
anymore as at the intensity of 5 mm/min. There is also a
visible characteristic peak in values of heat flux received
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Fig. 3. Heat fluxes received from cell [10, 10, 1] by sprayed
fog stream for different average drop diameter at a sprinkling
intensity of 5 mm/min
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Fig. 4. Heat fluxes received from the cell [10, 10, 1] by the
sprayed fog stream for different average drop diameters at the
sprinkling intensity of 10 mm/min
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Fig. 5. Average temperature in the cell [10, 10, 1] by the sprayed
fog stream for different average drop diameters at the sprinkling
intensity of 5 mm/min

at the time of activation for the average diameter of drops
equalling to 0.3 mm, which grows to 316 W. Similarly as
before, the value of the received heat flux increases with a
decrease in the droplet diameter. The highest values were
obtained for a droplet stream with an average diameter
of 0.3 mm, and the smallest results were generated by
a fog with the average droplet diameter of 0.9 mm. The
increase in the sprinkling intensity affects the growth of
the received heat flux. This is particularly visible at the
time when extinguishing is activated and for the major-
ity of droplet diameters. The course of O, with the use
of average droplet diameter of 0.6 mm, at a higher av-
erage sprinkling intensity of 10 mm/min shows that the
amount of received heat is comparable to the one ob-
tained at the average droplet diameter of 0.3 mm and the
smaller sprinkling intensity of 0.5 mm/min.

The charts of the average temperature in a chosen
cell of the room using a different average drop diameter
are shown in Figure 5. The results were obtained for the
average sprinkling intensity equal to 5 mm/min. The heat
flux received by droplets with smaller diameters causes
the analysed cell to have much lower temperatures. A de-
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Fig. 6. Average temperature in the cell [10, 10, 1] for different
average drop diameters at the sprinkling intensity of 10 mm/min

cline of almost two times and one and a half times in
temperature during extinguishing, using droplets of the
average diameter of 0.3 mm as compared to droplets of
the diameter of 0.9 mm, confirms a much more effective
use of cooling properties of finely sprayed water.
Figure 6 shows the course of temperature in the an-
alysed cell for a two-fold larger average sprinkling in-
tensity equalling to 10 mm/min. After the start of extin-
guishing, greater decreases in temperature than at lower
sprinkling intensity were recorded. The biggest decline
occurred at the largest degree of dispersion. For the aver-
age diameter of drops amounting to 0.3 mm, the tempera-
ture dropped from 60 °C to 24 °C. The fire was almost
fully under control in the first seconds of extinguishing,
and throughout the extinguishing process, the tempera-
ture did not exceed 60 °C. This can be explained by a
very large increase in heat flux received at the first time
(Fig. 4). This value, which exceeded 300 W, was suf-
ficient to suppress the fire in its incipient stage only us-
ing the cooling properties of water. However, it should
be noted that in the case of many combustible materials,
even a lower efficiency of heat received by mist spray
may be sufficient to interrupt the combustion process.
The simulation program also allowed obtaining a
course of the average value of droplet speed in the ex-
tinguishing process. The velocity of droplets was subject
to slight fluctuations that did not exceed 0.3 m/s. The
most fragmented mist (the average diameter of 0.3 mm)
reached the smallest droplet speed below 3 m/s. In the
case of the biggest droplet diameter amounting to 0.9 mm,
the maximum value of the average speed was up to 5 m/s.
The program also includes a simulation result with-
out extinguishing. The analysis allows finding the diam-
eters and sprinkling intensity that are the most efficient
with respect to extinguishing effectiveness. A decline in
the temperature by almost 200 °C was simultaneously
recorded even in the case of the smallest extinguishing
efficiency, which was obtained for sprinkling intensity of
5 mm/min and the average drop diameter of 0.9 mm.
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A comparison of temperature enables an estimation
of the impact of each parameter on the extinguishing ef-
fectiveness. For this purpose, Table 2 lists the selected
characteristic values for the heat flux O, and temperature
t, such as the maximum values and time of its achieve-
ment, as well as the maximum speed of growth. The dif-
ferences between the maximum temperature obtained
during two simulations (/ = 5 mm/min, §;= 0.9 mm and
/=10 mm/min, §, = 0.3 mm) are almost six-fold, which
substantiates the existence of a significant difference in
the extinguishing effectiveness of those two fog streams.
It should be noted that the sprinkling intensity also has
a considerable impact on the general simulation result as
the droplet diameter. The temperature growth rate of the
heat flux received by the stream containing droplets of
the diameter of 0.6 mm and the intensity of 5 mm/min
is comparable to the stream that contains droplets of the
diameter of 0.9 mm but the intensity of 10 mm/min.

The time to reach the maximum temperature is
the shortest for drops that have the average diameter of
0.3 mm and the sprinkling intensity of 10 mm/min. It
supports the fact that following the activation of extin-
guishing (about 37 seconds after the ignition), the fire
could not develop any further. In other cases, this time
corresponds to the maximum value of O (the heat release
rate) and is equal to about 132 seconds.

To make it easier to draw conclusions, the obtained
results were summarised in Table 2 to present charac-
teristic values of the heat O, and temperature t, i.e. the
maximum value of temperature 7,,,,, the time until its
achievement, the maximum rate of temperature increase
dildty,,, and the maximum value of the stream Qg yy-
Those values refer to a single selected cell having the
coordinates [10, 10, 1].

The last item in the Table refers to the fire scenario,
which did not take extinguishing into consideration.

Table 2. Characteristic values of the heat flux and temperature

No. I mm/ 80 tmax Tl[rne © ngax dt/dtmax
min mm °C max W °Cls
secC

L 0.3 138.67 | 135.95 | 276.55 0.90
2.1 5 0.6 | 273.10 | 136.70 | 220.29 1.98
3. 0.9 | 346.72 | 141.50 | 158.98 2.59
4. | 0.3 58.04 37.55 315.68 0.21
L 10 0.6 183.85 133.60 | 261.04 1.26
6. 0.9 |263.86 | 138.65 |222.37 1.91
7. — — 542.49 | 132.20 0.00 4.10

Conclusions and final remarks

The objective of the study was to investigate the impact
of the average sprinkling intensity and droplet diam-
eter on the extinguishing effectiveness using computer
simulation methods. For this purpose, a special program
written by the first author was applied for modelling the
extinguishing process using the spray generated by mist
nozzles. The model was verified physically, mathemati-

cally and by computing. The proof is in the results that
indicate the correct trends in temperature changes in the
room during a fire. The authors of this article plan to
validate the model over the next few months and then
describe the results in the following article.

On the basis of the obtained results and their analy-
sis presented in Section 3, the following conclusions were
formulated:

1. A larger the degree of atomization characterized by
a smaller average droplet diameter is conducive to
achieving the extinguishing effectiveness of the fire.
At its three-fold reduction (from 0.9 mm to 0.3 mm),
almost a two-fold increase was achieved in the max-
imum heat flux values received (from about 158 W
to 277 W) for the sprinkling intensity of 5 mm/min.
In turn, for a two-fold increase in the sprinkling
intensity (from 5 mm/min to 10 mm/min), this in-
crease was slightly smaller (by ca. one and a half
times, from approx. 222 W to 316 W). These results
suggest significant advantages of mist systems over
conventional sprinklers, where the average droplet
diameter is substantially larger. The increase in frag-
mentation of the water increases the efficiency of its
cooling properties, which significantly reduces the
need for water.

2. The average droplet diameter has a significant im-
pact on the maximum temperature and the average
speed of its growth. A three-fold reduction in the
droplet diameter causes a reduction in the maximum
temperature, which is more than a double (from
347 °C to 139 °C), provided the average sprinkling
intensity is 5 mm/min; and almost a five-fold re-
duction (from 264 °C to 58 °C) is achieved at the
average sprinkling intensity of 10 mm/min. The re-
duction in the droplet diameter causes a significant
decrease in the temperature growth (from 2.59 °C/s
to 0.90 °C/s at I = 5 mm/min and from 1.91 °C/sec.
to 0.21 °C/sec. at / = 10 mm/min). At a lower sprin-
kling intensity / = 5 mm/min, the insignificant im-
pact of the average drop diameter on time to achieve
the maximum temperature was recorded (the time is
shorter by only ca. 5 seconds at the three-fold reduc-
tion in the drop diameter). On the other hand, the
situation was completely different for a higher val-
ue of the sprinkling intensity. In such a case, if the
droplet diameter is changed from 0.6 mm to 0.3 mm,
the time is shorter by more than three times (from
about 134 seconds to about 38 seconds).

3. The sprinkling intensity affects both the maximum
temperature and the speed of its growth as well as
the received heat flux. The lower is the average
diameter of a droplet, the higher is the sprinkling
intensity. For 8, = 0.3 mm, a double increase in
the sprinkling intensity causes a decrease of about
two and a half times in the maximum temperature
(from 139 °C to 58 °C) and an almost four-fold de-
crease of its growth rate (from 0.90 °C/sec to about
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0.21 °C/sec). At the same time, an increase was re-

corded in the maximum value of the heat flux re-

ceived from a single cell, but only by about 14%

(from 280 W to 316 W). For 8, = 0.9 mm, this in-

crease was larger and equalled to approx. 40%, but

was not transposed into a corresponding reduction in
the value of the maximum temperature (from 347 °C
to 255 °C or about 31%) and its growth rate (from

2.59 °C/sec. to 1.91 °C/sec. or about 36%).

4. A comparison of maximum values of temperature
and the speed of its growth during a fire without and
with extinguishing allows ascertaining that even in
the worst-case scenario, with the use of water spray
consisting of droplets of the largest average diameter
and the lowest sprinkling intensity, they were sig-
nificantly reduced (from 540 °C to 345 °C and from
4.10 °C/sec to 2.59 °C/sec). In the case of the best
extinguishing option, i.e. the spray consisting of the
smallest diameter droplets and a greater sprinkling
intensity, differences between the maximum temper-
ature and the growth rate were significantly noticea-
ble: the decrease in temperature was almost ten-fold
(from 540 °C to 58 °C), and the average growth rate
was almost twenty times lower (from 4.1 °C/sec to
0.21 °C/sec).

The summary of the obtained results indicates that
mist jets characterized by a high degree of dispersion and
a high sprinkling intensity provide the greatest effective-
ness in the extinguishing process. The best results for the
tested scenarios were obtained for the spray with the av-
erage droplet diameter equal to 0.3 mm and the sprinkling
intensity of 10 mm/min. The cooling properties of water
mist become enhanced at the time of activation of the
extinguishing and achieving the maximum power of fire,
which proves the usefulness of water mist in extinguish-
ing high power fires.

When analysing the possibility to use higher sprin-
kling intensities, it should be taken into account that the
water consumption coefficient remains constant when in-
creased. Consequently, it would be advisable to consider
whether a better solution would be to assume an even
finer water atomization so that it could receive more heat
under a smaller water usage. It would also be necessary
to verify the way, in which a further decrease in the drop-
let diameter would affect the extinguishing properties of
water fog. The use of smaller droplets may be right for
specific groups of fires because in some cases, a higher
intensity of spraying may be needed to extinguish a fire.
It should also be considered whether an increase in the
sprinkling intensity above a certain threshold would not
cause condensation of water mist. This could have ad-
verse effects in many applications, for example when ex-
tinguishing electronic devices on fire.

In the future, the program could become an impor-
tant tool for simulation of water mist extinguishing sys-
tem, which is becoming more frequently used for fire
protection.
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In computer simulations of the extinguishing pro-
cess, estimation of the amount and rate of received heat
must leave some margin of error due to the complex na-
ture of the fire phenomenon. To verify the results ob-
tained by the simulation, they should be compared with
parameters and values obtained during tests carried out
under real conditions. The model used in the program
is still under development, and results can be used for a
more accurate description of some processes to present
the actual course of a fire as closely as possible.

The development of the model could take into con-
sideration the function of applying water mist streams
during extinguishing activities. Numerous studies have
been conducted with respect to extinguishing systems
while little attention was paid to the effects of these ac-
tions. For example, the use of a water spray should con-
sider a number of adverse effects. Air contracting of air
during a water flow may result in increased combustion
intensity during the initial application of water mist. An-
other hazardous phenomenon, which occurs during the
use of a water spray, is the piston effect, which caus-
es pushing of fire and smoke into places that were not
caught on fire. The computer model could solve the prob-
lem of hazards associated with the use of water mist for
extinguishing an internal fire and help develop appropri-
ate tactics and strategies to fight a fire and effectively
exploit its potential without exposing the rescuers to po-
tential dangers.

Work on the extinguishing model is continued to al-
low its further development, for example by taking into
account the unevenness of sprinkling, the complex pro-
cess of droplet decay and the reduction in their diameter
as a result of evaporation.
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