Design Fires in the Installation of Fixed Sprinkler
Fire Extinguishing Systems in Chemical
and Industrial Plants

Alexandra KARDOSOVAD, Jiti POKORNY?: Lenka BRUMAROV A3 Jakub BRUMAR®: Sarka
KROCOVA?: Vladimir CABLIK®

D Ing, Faculty of Safety Engineering, VSB - Technical University of Ostrava, Lumirova 13, 700 30 Ostrava-
Vyskovice; ORCID: 0009-0004-0559-3420

2 prof. Ing., Ph.D., MPA, Faculty of Safety Engineering, VSB — Technical University of Ostrava, Lumirova 13,
700 30 Ostrava-Vyskovice; ORCID: 0000-0002-1829-8437

? doc. Ing., Ph.D., Faculty of Safety Engineering, VSB — Technical University of Ostrava, Lumirova
13, 700 30 Ostrava-Vyskovice; ORCID: 0000-0001-8009-6556

Y Ing., Faculty of Safety Engineering, VSB — Technical University of Ostrava, Lumirova 13, 700 30
Ostrava-Vyskovice, ORCID: 0000-0001-6474-1420

% doc. Ing., Ph.D., Faculty of Safety Engineering, VSB — Technical University of Ostrava, Lumirova
13, 700 30 Ostrava-Vyskovice, ORCID: 0000-0002-1777-1675

% prof. Ing., Ph.D., Faculty of Mining and Geology, Department of Environmental Engineering, VSB
— Technical University of Ostrava, 17. listopadu 2172/15, 708 00 Ostrava-Poruba; ORCID: 0000-
0001-8081-2348

doi: 10.29227/IM-2026-01-01-010
corresponding Author; vladimir.cablik@vsb.cz

ABSTRACT

Chemical and industrial premises used for the production, storage, or handling of chemical
substances require a high level of fire protection. Fixed sprinkler fire suppression systems are among
the most advanced solutions, but their reliable performance depends on an appropriately defined
design fire reflecting specific operational and layout conditions. This paper presents a study to
determine a design fire for sprinkler system design in industrial premises. Sprinkler head activation
time was calculated using fire engineering calculations and verified by numerical fire modelling in
Fire Dynamics Simulator (FDS). Results showed that sprinkler activation time depended on fire load,
ranging from 100 -226 s for engineering calculations and 109 -236 s for FDS simulations, while the
heat release rate varied only slightly across different fire loads, with values of 596 -703 kW for
engineering calculations and 599 -715 kW for FDS simulations. These findings provide a basis for
further research on fire dynamics in chemical industrial operations and their implications for sprinkler
system design.

KEYWORDS: industrial premises, design fires, fixed sprinkler fire suppression system, FDS
fire model

Inzynieria Mineralna — Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society



1 INTRODUCTION

The fire safety of buildings is an essential part of their design, as it aims to limit the
consequences of a fire to an acceptable level and to ensure the protection of people, animals
and property. An important role in this respect is played by active fire protection elements, in
particular fixed sprinkler fire extinguishing systems (hereinafter referred to as “FSFES”),
which are among the most effective means of early intervention in the event of a fire [1].
Their benefit lies primarily in the rapid response to a developing fire, limiting its intensity
and slowing its further spread. This significantly increases the level of safety in residential,
administrative, commercial, warehousing, manufacturing, chemical and other industrial
facilities where the consequences of a fire can be extremely severe.

At the same time, the presence of FSFES significantly influences the form of the design
fire scenario and the determination of the design fire, which are the basic inputs for the fire
safety design of buildings [2], [3], [4]. When determining these inputs, it is necessary to take
into account a number of variables that are involved in the fire in a particular space. In
addition to the geometry of the fire section and the fire dynamics, the parameters of the
sprinkler system itself, in particular the technical characteristics of the sprinkler heads, such
as their RTI (Response Time Index) value and activation temperature are also important [5],

(61, [7].

There are a number of methodological approaches at the international level to
determining the design fire in FSFES-equipped buildings, but these approaches are largely
generic in nature. In the Czech Republic, the proposal is based on technical standards
following European and international regulations, while also reflecting national specifics [8].
The key document in this area can be considered the standard CSN 73 0802 [9], which works
primarily with the heat release rate as one of the decisive parameters when determining the
design fire. This parameter is determined using prescribed calculation relationships and, in
the standard methodology, is mainly derived from the fire load of the building.

However, in the case of buildings protected by sprinkler systems, the issue of design
fire is dealt with in the standard in a rather general way and without a more detailed
elaboration of its time development. Such approach may not always adequately capture actual
fire behaviour, especially in more complex operations such as warehouses, production halls,
chemical plants or other technologically demanding industrial facilities where the effect of
the sprinkler system has a significant impact on the overall fire dynamics.

The purpose of this paper is to present the partial results of a study aimed at
determining the design fire for the installation of a fixed sprinkler system. The study mainly
focuses on analysing the response time of the sprinkler heads and determining the
corresponding value of the heat release rate at the moment of their activation. Engineering
computational procedures in combination with the mathematical fire model Fire Dynamics
Simulator (hereafter referred to as “FDS”) were used for the processing.

2 METHODS AND MATERIALS

In the initial design phase, the characteristics of the design fires were systematically
defined and quantified for the purpose of fixed sprinkler fire extinguisher design [10], [10].
This chapter focuses on a detailed description of the fire engineering procedures used in
determining the key fire output parameters. The proposed procedures and the results derived
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from them were subsequently verified through numerical modelling using the FDS fire
model, designed to simulate fire dynamics.

2.1 Determination of the heat release rate

The heat release rate at the fire development stage is determined by the t-quadratic fire
model according to the applicable national technical standards. For non-production buildings,
the relationship given in equation (1) is used, while for production buildings equation (2) is
used. The above mathematical relationships take into account the differences in fire load as
well as the specifics of individual types of operations, thus allowing more accurate and
objective determination of the heat release process depending on the purpose and nature of
the building [9].

2560

Q = Pt (1)

where Q heat release rate (kW)
p fire load (kg.m?)
a coefficient expressing the rate of burning in terms of the nature of the
combustible substances (-)
t,  design fire duration (s)

Q — (ﬁ-ﬁ%) (2)

2560

where Q heat release rate (kW)
p  average fire load (kg.m™)
t,  design fire duration (s)

2.2 Defining the sprinkler head activation time

In order to determine the activation time of a sprinkler head, it is first necessary to
determine the sub-ceiling flow velocity u and the temperature of the gases 7 in its immediate
vicinity, based on the Alpert equations (3), (4), (5) and (6). The selection of a particular
equation is then guided by the value of the ratio of the radial distance from the centre of the
fire to the head to the clear height of the space r/H, which determines the appropriate
procedure for calculating the required quantities [7], Blad! Nie mozna odnalezé zrédla
odwolania., [13].

2
Tg—T, =169 % forr/H < 0.18 3)
H3
2
Q3
5
Tg —To = 538 25 forr/H > 0.18 4)
1 &’
u = 0.96 (%) for r/H < 0.15 (5)
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u = 0.195 Y2 for r/H > 0.15 (6)

(r/H)®é
where T, smoke temperature around the head (°C)
Ty ambient temperature (°C)
0 heat release rate (kW)
H clear height of space (m)
r radial distance of the centre of the fire from the sprinkler head (m)
u sub-ceiling flow velocity (m.s™)

The calculated values of the sub-ceiling flow velocity and gas temperature are then
used as the basis for determining the temperature change of the sprinkler head, based on the
relationship [7], [14]:

_tyVu
AT=(Tg—TOO)<1—e RTI) (7)
where AT the difference between the ambient and sprinkler head temperature
(°C)
T, smoke temperature around the head (°C)
T ambient temperature (°C)
t, design fire duration (s)
u sub-ceiling flow velocity (m.s™)
RTI reaction rate index (m.s)"?

2.3 Fire model FDS

Fire Dynamics Simulator is an advanced mathematical field-type model that is applied
to simulate fluid flow dynamics, while the cause of this flow does not necessarily need to be a
fire [15], [16], [15]. The program works with an orthogonal network of control volumes. The
combustion of commodities can be defined by the amount of heat released from a unit area
over time or by terms of the kinetic equation (Arrhenius equation). The FDS is programmed
in Fortran, which reads input parameters from a text file, calculates numerical solutions to the
governing equations, and writes user-specified output data to files. The FDS output files are
read by the PyroSim companion program, which then produces animations on the computer
screen. It uses the software tool Smokeview to graphically display the simulation results [15],
[16]. The extinguishing process is controlled by the adjustable parameters of the sprinkler
heads. The key parameter is the spray model, which makes it possible to define various
properties such as flow rate, K-factor, or the velocity and angle of spraying. The activation of
the head can be set based on various criteria such as temperature, time or pressure [15], [17],
[18].

3 RESULTS

When determining the parameters of the design fires, it was first necessary to determine
the input parameters that serve as initial values for further calculations. Based on these,
output quantities were then calculated to define design fires for the installation of sprinkler
systems. The accuracy and reliability of the resulting designs were verified through
simulations in the FDS fire model.
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3.1 Defining input parameters

In defining the input parameters for the design fires, several key areas were considered.
These included, in particular, the technical characteristics of the sprinkler heads, the fire loads
typical for different types of operations, and the geometric parameters of the assessed space
(see Table 1) [17], [18]. The table shows the different levels of fire load and the clear height
of the space, combinations of which have been included in the calculation model to cover a
representative range of realistic operating conditions.

For the sprinkler heads, RTI values of 80 (m.s)'/? and an opening temperature of 68°C
were chosen as reference technical parameters. The RTI value quantifies the thermal
sensitivity of the sprinkler head, i.e. the speed of its activation response to a dynamic increase
in ambient temperature. The activation (opening) temperature represents the critical value at
which the mechanical release of the closure element occurs and the discharge of the
extinguishing agent from the sprinkler head is initiated. The chosen parameters correspond to
standard sprinkler systems used in industrial premises and reflect common engineering
practice in the design of fire alarm systems [19], [20].

For the purpose of the simulations, a representative model of an industrial building with
a total floor area of 3,000 m? and a maximum designed capacity of approximately 1,000

persons was selected [23].

Tab. 1 Input parameters for design fires

Input value designation Symbol Value
fire load p 30, 60, 90, 120, 150, 180 kg.m™
coefficient expressing the rate of burming in terms a 1
of the nature of the combustible substances
space clear height H 3,6,9,12,18,24m
ambient temperature Tw 20°C
head opening temperature Topening 68°C
sprinkler head reaction speed index RTI 80 (m.s)'"
mutual distance of sprinkler heads - 3m
distance of the head from the centre of the fire r 1.5m
perimeter dimensions of the building - 30x100 m
size of the assessed area - 3000 m?

3.2 Determination of the output parameters of design fires by engineering calculations

The output quantities, namely the heat release rate and activation time of the sprinkler
heads, were calculated based on the defined input parameters. To determine the activation
time of heads with specified technical characteristics, a support table has been created to
show the relationship between the opening temperature of the head, its reaction time, and the
value of the heat release rate. In the table, the opening temperature of the head (68°C) was
identified in the appropriate column. Subsequently, the corresponding parameters, i.e.
activation time and heat release rate, were looked up in the corresponding row of the table.
An illustrative example of the application of this methodology is given in Table 2. The
selected fire load of 120 kg.m™ represents a value typical for selected hall-type buildings in
the chemical industry, especially spaces involving the processing and storage of flammable
materials. The calculation time steps were determined with respect to the time required to
reach the opening temperature of the sprinkler heads (68°C), while their determination made
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it possible to capture in detail both the reaching of this opening temperature and the
subsequent activation of the sprinkler system.

Tab. 2 Determination of sprinkler head activation time

Input parameters

H (m) r (m) Topening (°C) RTI (m.s)"? p (kg.m?) T..(°C)
6 1.5 68 80 120 20
Determination of the sprinkler head activation time

t(s) Q (kW) u(ms") T, (°C) AT (°C) Theada (°C)

0.00 0.00 0.00 20.00 0.00 20.00
30.00 42.19 1.19 28.29 2.78 22.78
60.00 168.75 1.88 40.90 13.43 3343
90.00 379.69 2.47 55.88 29.75 49.75
110.00 567.19 2.82 66.89 42.23 62.23
115.00 619.92 291 69.75 45.46 65.46
116.00 630.75 2.92 70.33 46.11 66.11
117.00 641.67 2.94 7091 46.76 66.76
118.00 652.69 2.96 71.49 47.41 67.41
118.50 658.23 2.96 71.78 47.74 67.74
119.00 663.80 2.97 72.07 48.06 68.06
119.50 669.39 2.98 72.36 48.39 68.39
120.00 675.00 2.99 72.65 48.72 68.72

For a space with a clear height of 6 m, the calculated values of the monitored output
variables for the different fire load levels (30, 60, 90, 120, 150 and 180 kg.m™) are
summarised in Table 3.

Tab. 3 Fire design values for a space clear height of 6 m (results of the engineering calculations)

Fire design variant number
1 2 3 4 5 6
Fire load (kg.m?) 30 60 90 120 150 180
Heat release rate (kW) 596 615 641 664 683 703
Sprinkler head activation time (s) 226 162 135 119 108 100

The heat release rate values required to trigger the sprinkler heads ranged from
approximately 596 to 703 kW, depending on the fire load level. The difference between the
minimum and maximum value was about 17.95%. At the same time, the standard deviation
value is 40.79 kW, which indicates a low variability of the heat release rate between the
different variants. These results are also reflected in the activation times, which become
shorter with the increasing heat release rate. In the fire load range from 30 to 180 kg.m™, the
activation of the heads occurs from 226 s at the lowest QO values to 100 s at the highest O
values. Thus, overall, the activation times ranged from 100-226 s. The percentage difference
between the extremes is 55.75%. The standard deviation is 46.8 s. For better clarity, these
results are also shown graphically in Fig. 1.
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Fig. 1 Heat release rate over time (results of the engineering calculations)

3.3 Verification of the resulting design fire parameters using the FDS model

Keeping the same input data and under the same conditions as in the previous section,
simulations were carried out using the FDS fire model. During the calculations, the heat
release rate and the time required to activate the sprinkler head at different fire load levels

were analysed. The obtained values of these key variables are systematically presented in
Table 4.

Tab. 4 Design fire values for a space clear height of 6 m (output of the calculation fire model FDS)

Fire design variant number
1 2 3 4 5 6
Fire load (kg.m) 30 60 90 120 150 180
Heat release rate (kW) 599 621 643 673 685 715
Sprinkler head activation time (s) 236 181 158 127 123 109

Simulations of the six fire scenario variants showed that the heat release rate at the
moment of sprinkler activation varies between 599 and 715 kW and is not significantly
affected by the fire load level. The difference between the extremes is 19.37% and the
standard deviation is 43.02 kW.

In contrast, the activation time of the head is strongly dependent on the fire load. At a
fire load of 30 kg.m™ the head activated after 236 seconds, while at 180 kg.m the activation
occurred after 109 seconds. The percentage difference between the extreme activation times
is 53.81% and the standard deviation is 47.28 s.

The relationships between fire load, heat release rate and sprinkler head activation time
are shown in Figure 2.
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Fig. 2 Heat release rate over time (output of the FDS calculation fire model)

4 DISCUSSION

The results obtained by engineering calculations and numerical simulations in the FDS
environment made it possible to identify the key factors influencing both the course of the
fire as well as the determination of the design fire parameters when using a fixed fire
extinguishing system. In terms of assessing the activation of the sprinkler heads, the
following areas in particular have emerged as determinants:

o the characteristics of the sprinkler head, in particular the activation temperature, the
reaction rate index (RTI) value and its location in space;

o the geometric parameters of the space, especially its clear height;

o the dynamics of fire development, expressed in particular by the rate of heat release at
a given fire load.

In relation to the activation time of the sprinkler heads, all of the above factors have
been shown to have a significant effect. In the analysed scenarios, the activation time of the
sprinkler heads ranged from 100 to 236 s. Conversely, when considering the maximum heat
release rate, the characteristics of the sprinkler head and the geometry of the space were
found to be significant, while the value of the fire load itself had only a limited influence on
this variable. The observed heat release rate values, even at significantly different fire load
levels, ranged from 596 to 715 kW.

When determining the design fire for a sprinkler fire extinguisher, it can be assumed
that there is a fundamental change in the fire dynamics, i.e. a transition from exponential fire
development to constant fire development, after the sprinkler head is activated [12]. Under
these conditions, the rate of heat release generally does not increase further and in some cases
the fire may be gradually suppressed or extinguished. This knowledge is of practical
importance not only for the design of the sprinkler system itself, but also for sizing other fire
safety equipment, such as smoke and heat extraction equipment, and likewise for determining
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critical fire parameters in the space, such as the temperature field or the thermal stresses on
building structures.

On the basis of the calculations and simulations performed, it can be concluded that for
industrial premises with defined geometric parameters and using sprinkler heads with specific
technical characteristics, it is possible to approximate their activation time with a sufficient
degree of accuracy. For an industrial area with a clear height of 6 m and a fire load of 120
kg.m™, a sprinkler head with an activation temperature of 68°C can be assumed to open in
approximately 119 s (engineering calculations), or alternatively 127 s (FDS). After this time is
reached, a transition in the development of the fire from exponential growth to a constant
phase is assumed.

5 CONCLUSION

In industrial premises, fixed fire extinguishing systems, or their combination with other
fire safety systems, are one of the key elements for protecting people, technology and
property against the effects of fire. However, their effectiveness is dependent on the correct
determination of the design fire, which forms the basic input for the technical design and
sizing of these systems. For this reason, the aim of the paper was to conduct a study aimed at
determining design fires for industrial premises with fixed sprinkler fire extinguishing
systems and then to assess the results obtained using a fire model.

In order to meet the stated objective, a fire scenario was first created, defining the
preconditions for the occurrence and development of a fire in the assessed space. Based on
this, a preliminary design fire was determined and its critical parameters were subsequently
calculated. The results obtained showed that although the activation time of the sprinkler
heads varied between the scenarios, the heat release rate values varied only to a limited
extent, even at different fire load levels. It follows that the value of the fire load alone does
not have a significant effect on the heat release rate. This finding can serve as an expert basis
for further research on fire dynamics and for the design of sprinkler systems in industrial
buildings.
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Projektowanie pozarow w instalacjach stalych instalacji
tryskaczowych w zakladach chemicznych i przemyslowych

STRESZCZENIE

Pomieszczenia chemiczne i przemystowe wykorzystywane do produkcji, magazynowania lub
obstugi substancji chemicznych wymagaja wysokiego poziomu ochrony przeciwpozarowej. State
instalacje tryskaczowe naleza do najnowoczes$niejszych rozwigzan, ale ich niezawodne dzialanie
zalezy od odpowiednio zdefiniowanego pozaru projektowego, odzwierciedlajacego specyficzne
warunki operacyjne i uktadowe. W niniejszym artykule przedstawiono badanie majgce na celu
okreslenie pozaru projektowego dla instalacji tryskaczowej w obiektach przemystowych. Czas
aktywacji tryskaczy obliczono na podstawie obliczen inzynierii pozarowej i zweryfikowano za
pomoca numerycznego modelowania pozaru w symulatorze dynamiki pozaru (FDS). Wyniki
pokazaty, ze czas aktywacji tryskaczy zalezal od obciazenia ogniowego i wahat sie od 100 do 226 s
dla obliczen inzynierskich i 109 do 236 s dla symulacji FDS, podczas gdy szybko$¢ uwalniania ciepta
roznita si¢ tylko nieznacznie w zalezno$ci od obcigzenia ogniowego, osiggajac wartosci 596-703 kW
dla obliczen inzynierskich i 599-715 kW dla symulacji FDS. Odkrycia te stanowig podstawe do
dalszych badan nad dynamika pozaréw w zakladach przemystu chemicznego i ich wplywem na
projektowanie systemow tryskaczowych.

SLOWA KLUCZOWE: obiekty przemystowe, projektowanie pozardéw, staly system gaszenia
pozardw tryskaczami, model pozaru FDS
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