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Abstract: Fires are a significant threat to the people, property, and environment. One of the requirements for
the buildings during fires is ensuring the safe evacuation of persons. The evacuation assessment has usually
been based on a comparison of the Required Safe Egress Time (RSET) and the Available Safe Egress Time
(ASET). One of the important factors influencing the safe evacuation of persons is smoke, which is an important
accompanying phenomenon in the burning of polymers. The smoke layer interface is one basic barrier for
effective evacuation. The current calculation technique for assessing the smoke layer interface in the Czech
Republic is unsatisfactory. For this reason, a calculation technique CSN has been derived, which has been
compared with the selected simple calculation techniques, the zone fire model Consolidated Model of Fire and
Smoke Transport (CFAST) and the field type model Fire Dynamics Simulator (FDS). The CSN technique was
also compared with a real large-scale experiment. The data were also subjected to statistical evaluation using
the root mean square error method (RMSE). The deviations between the NFPA, ISO and CSN calculation
techniques, the CFAST and FDS fire models and the implemented experiment ranged from 0.05 to 2.41. The
established deviations indicate that the calculation technique CSN will be practically usable.

Keywords: fire; evacuation; smoke layer interface; calculation techniques; CFAST model;, FDS model;
experiment

1. Introduction

One of the basic priorities of the European Union is to ensure sustainability, which is also closely
related to ensuring safety. Fires are a significant threat to the people, property, and environment [1,2].
The basic requirements for buildings include mechanical resilience and stability, hygiene, health and
environmental protection, safety and accessibility during use, noise protection, energy and heat
saving, the sustainable use of natural resources and fire safety [3]. The basic requirement for buildings
in terms of fire safety is to ensure the safe evacuation of people. The safe evacuation of persons has
been dealt with as a rule by designating the “Required Safe Egress Time” (RSET) and its comparison
with the “Available Safe Egress Time” (ASET) [4-6]. In general, it applies that the ASET must be
greater than or equal to the RSET.

The ASET is related to the accompanying phenomena of the fire, such as the presence of
combustion products, reduction in oxygen concentration, presence of flame and generated heat. [7,8]

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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A significant threat in building fires is smoke. The amount and properties of smoke are
significantly influenced by polymers, which are increasingly common in today's modern buildings.
Optical density, toxicity and temperature are the basic characteristics of smoke [2—-4]. One of the
methods of smoke management is the use of the buoyancy effect of smoke. This is caused by the
decreasing smoke density when the temperature in the burning space increases. The smoke thus
accumulates under the ceiling structure and gradually fills the entire space [9,10]. One of the
significant factors influencing the ASET is the threat to persons resulting from the descending smoke
layer in a compartment. A level of 2.5 m above the floor is generally considered a “safe level” of a
non-smoke-filled height of a compartment, although in some cases different values are used, such as
3 m in public buildings or 80% of the clear height in garages [11,12].

The filling of the space with smoke is influenced by several factors. Some of the most important
include the fire dynamics, geometry of compartment, and the influence of any fixed extinguishers
[13]. The precise definition of the smoke layer and layer without smoke is also fairly problematic [14—
16]. From the aspect of fire dynamics, the amount and type of flammable materials and location of
the fire source are primarily fundamental [17,18]. In general, as the fire dynamics increase, the smoke
layer in the area decreases more rapidly. The geometry of a compartment also has a significant impact
on the spread of smoke. Compared with a compartment with “regular geometry”, the amount and
manner of smoke spread is different for specific buildings, specifically buildings with one
significantly larger dimension. Typical examples are atria (the height is generally the predominant
dimension) and corridors (the predominant dimension is the length) [19,20]. In these buildings, there
may be layering of smoke and thus deterioration of the conditions for evacuation [21-23]. Fixed
extinguishers can influence the movement of smoke and generation of an accumulated smoke layer.
Characteristic phenomena accompanying extinguishing, such as the cooling of smoke during
extinguishing using fixed water extinguishers, can have a significant negative impact on the
generation of an accumulated smoke layer [24,25].

The problem with ensuring the safe evacuation of persons in relation to the formation of a smoke
layer in a compartment can be dealt with by calculation and simulations using fire models or
experimentally. Calculation techniques can be simple techniques using a calculator or Microsoft Excel
software. In terms of performing simulations with fire models, mathematical fire models are
currently used. Use is made of single-zone and two-zone models, and models based on the
Calculation Fluid Dynamics (CFD). Experimental measurements can be of a small-scale nature in
laboratories or medium to large-scale experiments. [26,27] The most commonly used simple
calculation techniques for smoke layer interface determination include those listed in the NFPA [28]
or ISO [29] standards. However, the use of these calculation techniques may be severely limited in
some cases. This can be caused not only by the inherent limits of the calculation techniques, but more
often by the use of different input values for the assessment of buildings in terms of fire protection in
different countries, including the Czech Republic. The basic input value when using the calculation
techniques presented in the NFPA and ISO standards is the heat flux released for a constant or time-
evolving fire [28,29]. For input values, the current calculation technique for determining the smoke
layer interface in the Czech Republic uses the combustion rate from the perspective of the character
of the flammable materials a and the probability of the occurrence and the spread of the fire p1 [30,31].
Another significant shortcoming of the calculation techniques for determining the smoke layer
interface in the Czech Republic is the fact that they do not consider the area of space [30,31]. The
standardly presented calculation techniques for determining the smoke layer interface have been
therefore difficult to apply when designing the buildings in the Czech Republic and, in addition, they
can provide incorrect results in some cases. For this reason, a new CSN calculation technique has
been developed, which is based on ISO technique. The CSN calculation technique was compared
with other existing calculation techniques, namely NFPA, ISO and ASET techniques [28,29].
Calculation techniques have been compared for the characteristic types of fire, which are slow,
medium, fast, and ultra-fast fire growth [5,6]. The differences between the calculation techniques
were evaluated using the percentage bias method (PBIAS) and root mean square error method
(RMSE) [32,33]. The benchmark calculation technique was the ISO technique. The largest deviation
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between the calculation techniques determined by the PBIAS method was 20%. The largest deviation
between the ISO and CSN techniques was 1.6%. The largest deviation between calculation techniques
determined by the RMSE method was 0.160. The largest deviation between the ISO and CSN
techniques was 0.007. The variations between the calculation techniques were adjudged to be
acceptable and the newly derived calculation technique was adjudged to be promising, with further
validation needed. [34] The aim of this paper is to present the results of the validation of the suitability
of the CSN calculation technique of the case study. The CSN calculation technique was verified by
ISO and NFPA calculation techniques, selected fire models and experimentally. The fire models
selected were the Consolidated Model of Fire and Smoke Transport (CFAST) [35] zone fire model
and the Fire Dynamics Simulator (FDS) field type model [36]. A large-scale real experiment was
chosen for experimental validation.

2. Materials and Methods

The dynamism of the fire and geometry of the compartment that is developing has a
fundamental influence for an evaluation of the smoke layer interface descent. For the evaluation of
the smoke layer interface descent, use has been made by the simple calculation techniques, which
have long been used for dealing with this matter and which in this sense can be considered
representative. A new technique derived with relation to the calculation procedures for evaluating
the fire safety of buildings in the Czech Republic has been added to the current calculation
techniques. The smoke layer interface descent in a room has also been evaluated using the CFAST
and FDS models and then a real experiment. Subsequently, the variations between the individual
methods were evaluated.

2.1. Dynamics of fire and the spreading of smoke in spaces

As arule, a fire is described by four phases, whereas the fire growth phase of fire development
is the most important from the point of view of evacuation of people [37]. In this phase of the fire, the
amount of burning materials is limited. This phase of the fire is also referred to as a local fire [38,39].
One of the characteristic accompanying phenomena of a local fire is a vertical column of smoke called
a smoke plume, which transports material and transfers the energy from the fire to the space [38]. It
is standardly assumed that the matter and energy from the fire cumulates mainly in the upper hot
layer. As the fire gradually grows, there is an increase in the temperature of gaseous combustion
products and a reduction in their density, thus a buoyancy effect develops. With a sufficient
temperature difference, the fire plume reaches the ceiling of the compartment and a flow along the
ceiling develops [40]. Smoke gases start to spread out initially in a relatively thin layer under the
ceiling, and as the fire develops, they gradually spread to the structures bounding the compartment.
When they hit the structures bounding the compartment, the flow of the smoke changes to a direction
towards the floor. The flow towards the floor slows due to buoyancy and frictional forces until it
finally stops, and the flow once again changes direction towards the ceiling. The smoke plume starts
to form a deepening layer [29]. As the fire growth develops, there is a deepening of the accumulated
smoke layer. If there are openings between the room where the fire is developing and the
neighbouring rooms, the fire spreads between rooms, i.e., throughout the building if the accumulated
layer of gases drops below the level of the openings’ upper edge.

2.2. Existing technique for evaluating the smoke layer interface in the Czech Republic

The smoke layer interface is currently determined in the Czech Republic depending on the clear
height of the space and the characteristics of the fire. The time to reach the smoke layer interface to
the level of 2.5 m above the floor is evaluated. Said time can be determined by the following equations
[30,31]:
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The equations (1) and (2) are very simple, but they do not take into account the area of space.
This is a major problem.

2.3. New technique for evaluating the smoke layer interface in the Czech Republic

Based on previous work, the following CSN equations were derived for smoke layer interface
assessment for the Czech Republic [34]:
Non-production objects

1 3
2
a?-p-t3\3 2
z=0.002" (A—p3> +H3 ®)
Objects for production and storage
) 2
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z=10.002 ( yE ) +H3 (4)

For the description of fire dynamics, they use the equations fire loading p and average fire
loading p, which are variables that are used not only in the Czech Republic but also in other countries.
The CSN calculation technique was theoretically derived from the ISO calculation technique [29]. The
derivation procedure of the CSN technique has already been presented in detail before [34].

2.4. Selected calculation techniques for evaluating the smoke layer interface

The ISO standards describe a calculation technique for determining the smoke layer interface
with the following equation [29]:

_\1/3.,1/3 n -3/2
;= (0.076(1 0Y3a it(l+5)+ 1 ) (5)
Ds A n+3 H?/3

The ISO calculation technique was derived from the Zukoski theory for fire plume solutions
[38,40,41]. For this reason, the use of the equation is limited by the condition that the smokem layer
interface must be Ly < z [29].

The standard NFPA describes the technique for designating the smoke layer interface in large-

volume compartments [28,42]:
-1,45
z=091- (;> -H (6)

t;/S-H4/5'(A/H2)3/5

The limiting factors for the use of NFPA computing are the area-to-height ratio of the
compartment % = 0.9 — 23 and the ratio of the non-smoked compartment height to the height of the
compartment % > 0.2.

Equations (5) and (6) are some of the most used simple calculation techniques for designating
the smoke layer interface descent in an enclosed compartment.

2.5. CFAST Model

The CFAST model is a zone fire model that can be used to determine selected fire characteristics
depending on time. The model was developed at the National Institute of Standards and Technology
in the USA [43]. The model requires only simple hard-ware, and the calculations usually only take a
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few tens of seconds. The program requires an operating system (Windows or Linux). Sufficient hard
disk space is required. The single calculation can generate output files as large as several tens to
hundreds of megabytes. The Smokeview software can be used to display the model. The
characteristics of fire are determined by a set of differential equations based on the laws of
conservation of mass and energy. Ideal gas laws are also used. The transfer of smoke and heat
between individual zones is described by empirical correlations. Another of the fire characteristics
that can be determined by the model is the smoke layer interface. [35,44]

2.6. FDS Model

Fire models based on Calculation Fluid Dynamics are widely used for the as-sessment of fire
development. One of the most promising models based on this foundation is the FDS model. The model
was developed at the National Institute of Standards and Technology in the USA [43] in collaboration
with the Technical Research Centre of Finland in Finland [45]. The program requires a Windows or Linux
operating system. To facilitate the work, it is possible to use the graphical interfaces PyroSim [46], or
Blender FDS [47]. The model can be visualised with Smokeview software. FDS solves numerically the
Navier-Stokes equations for temperature-controlled flow, with an emphasis on heat and smoke transfer
from the fire. It is a model that allows to simulate many fire parameters, e.g., determination of the heat
release rate and its sub-fractions, the flow of gases induced by the fire, the determination of the
concentration of substances released by the fire, etc. The model can be used to simulate fires in various
objects, e.g., buildings or technical equipment (e.g., cars). All input data is entered by means of a single
text input file. The output is multiple files where the output data is stored. [36]

2.7. Large-scale experiment

A large-scale experiment was carried out in the original production and storage facility of
Vitkovice, a.s. in Ostrava, Czech Republic. It is a single-storey building of a rugged character and the
experiment was carried out in a separate part of it, which can be called an extension. The floor plan
dimensions of the extension are 10 x 7 m, with one room inside this extension having dimensions of
2.92 m x 7 m and a height of 2.5 m. Above this height there was already a free space up to the ceiling.
The height of the whole extension was 8 m. The building where the experiment was carried out is
shown in Figure 1.
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Figure 1. Representation of the building where the large-scale experiment was carried out. Where
there is: (a) general view, (b), (c) and (d) details of the front of the building (extension).

The fire was in a metal container measuring 0.6 x 0.6 m. The experiment lasted 150 s and 3.2 1 of
petrol was burned during the experiment. The fire is shown in Figure 2.

(©)

Figure 2. Outbreak of fire. Where there is: (a) preparation of the experiment, (b) container with the
centre of the fire, (c) and (d) combustion of the flammable liquid.

During the experiment, the decrease of the smoke layer in the area was monitored by MTC 11-E1-
10000-200-23 thermocouples (referred to as "K" thermocouples), which were placed at a horizontal
distance of 1.5 m from the centre of the fire. The thermocouples were mounted on metal chains at distances
of 500 mm from the ceiling structure (8 m, 7.5 m, 7m, 6.5m, 6 m, 5.5m,5m,45m,4m,3.5m,3m, 2.5 m,
2 m, 1.5 m, 1 m). The temperature was measured with an ALMENO 5690-2M control panel, which was
connected to the thermocouple with cables. The measurement was started at the moment of petrol being
introduced. The location of the thermocouples during the experiment is shown in Figure 3.
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(d)
Figure 3. Positioning of thermocouples in the experiment. Where there is: (a) detail of the

thermocouple MTC 11-E1-10000-200-23, (b) and (c) location of the thermocouple chains and (d)
measuring control panel ALMENO 5690-2M.

To evaluate the smoke layer interface in one experiment, two sub-experiments were
implemented, which are referred to as Experiment 1 and Experiment 2 in the text. Both experiments
were implemented under identical conditions.

2.8. Evaluation of deviations

The RMSE (root mean square error method) has been used to evaluate the deviations between
the individual methods for determining the smoke layer interface [32,33]:

k
1
RMSE = EZ(P]- ~E) 7)
=1

Declining RMSE values indicate smaller deviations between the chosen standard and the
compared values (it does not assess the acceptability or unacceptability of deviations). The ISO
equation (5) was chosen as the benchmark because this equation has long been considered relevant
for smoke layer interface determination and has a wide range of applications. The ISO technique is
based on the determination of the smoke layer interface of a fire in a confined space according to the
theory of Zukoski [29], which is evaluated as promising. The ISO technique can be considered reliable
and can be used as a benchmark for the comparison of other techniques for smoke layer interface
assessment.

3. Results

The newly derived CSN calculation technique was compared with ISO calculation techniques,
NFPA, CFAST and FDS fire models and real experiments. All techniques were applied in the same
space and under the same conditions as the experiment itself.

3.1. Input values

The input values for verification of the CSN calculation technique are given in Table 1.

Table 1. Input values for verification of the CSN calculation technique.

Physical
Designation of input values Symbol Value Zzi:a
ambient temperature T 12 °C
ambient pressure pr»  100.3 kPa

relative humidity o) 93.5 Y%
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floor area of enclosure A 70 m?
height of enclosure H 8 m
area of the fire S 0.36 m2
diameter of the fire D 0.677 m
mass burning rate per unit area m  2.504 kg.m?2.min!
total amount of liquid burnt off during the experiment m. 3.2 1
standard calorific value of petrol Hn 44 M] kg
effective combustion coefficient Hest 0.7 -
heat flux per unit area Q" 128541 kW.m?
heat flux of the fire Q 462.75 kW
fire growth time T 150 s
combustion rate coefficient A 1 -
maximum heat release rate RHR¢ 300 kW.m?2
time interval of calculations 30 s
smoke density ps 1 kg.m?3
radiation fraction of heat flux X 0.2 -

3.2. Graphic depiction of inputs using models CFAST and FDS

A graphic depiction of the inputs processed using the CFAST and FDS models with the use of
the Smokeview visualisation program is shown in Figure 4 and Figure 5.

Figure 4. Graphical outputs processed by the CFAST model. Where there is: (a) visualisation of
simulation initiation at time t =1 s, (b) smoke layer interface at time t =50 s, (c) smoke layer interface
at time t =100 s and (d) smoke layer interface at time t =150 s.
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(a)

(b)

(©

(d)

Figure 5. Graphical outputs processed by the FDS model. Where there is: (a) smoke layer interface at

time t=1s, (b) smoke layer interface at time t = 50 s, (c) smoke layer interface at time t =100 s and (d)

smoke layer interface at time t =150 s.

Figure 4 and Figure 5 show a gradual decrease of the smoke layer interface as a function of time.

3.3. Output values

The smoke layer interface determined by CSN, ISO and NFPA calculation techniques, CFAST
and FDS fire models and Experiment 1 of the real experiment is shown in Figure 6.
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Figure 6. Smoke layer interface determined by CSN, ISO and NFPA calculation techniques, CFAST
and FDS fire models and Experiment 1 of the real experiment.

Smoke layer interface determined by CSN, ISO and NFPA calculation techniques, CFAST and
FDS fire models and Experiment 2 of the real experiment is shown in Figure 7.
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Figure 7. Smoke layer interface determined by CSN, ISO and NFPA calculation techniques, CFAST
and FDS fire models and Experiment 2 of the real experiment.

The results of the experimental measurements were then plotted using an exponential trend line
(red and green dotted curves). The trend equations are shown in Figure 6 and Figure 7. A positive
thermocouple response in the experiments was considered to occur when there was a temperature
increase of at least 5 °C in three consecutive measurements.

3.4. Evaluation of designated deviations

The deviations determined by the RMSE method for the compared CSN, ISO and NFPA
calculation techniques, the CFAST and FDS fire models and Experiment 1 of the real experiment are
shown in Figure 8.
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Figure 8. Deviations determined by the RMSE method for individual calculation and simulation
techniques and experiment 1 of the real experiment.

The deviations determined by the RMSE method for the compared CSN, ISO and NFPA
calculation techniques, CFAST and FDS fire models and Experiment 2 of the real experiment are
shown in Figure 9.
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Figure 9. Deviations determined by the RMSE method for individual calculation and simulation
techniques and experiment 2 of the real experiment.

4. Discussion

In the previous sections of this paper, the new CSN calculation technique for the smoke layer
interface evaluation was described. The calculation technique was then compared with the NFPA
and ISO calculation techniques, the CFAST and FDS fire models, and a large-scale real experiment. It
can be seen from Figure 6 and Figure 7 that the techniques used show a difference in the time of
initiation of the smoke layer drop. The CSN, ISO and CFAST calculation techniques suggest that
almost immediately after the initiation of the flammable liquid in the experiment, the smoke layer
under the ceiling accumulates and drops. In the case of the FDS model on the thermocouples on the
right chain, the initiation of the smoke layer interface drop occurs after 10 s. The NFPA calculation
technique suggests that the smoke layer drop occurs after approximately 20 s. In the case of the
experimental measurements, the smoke layer starts to drop at approximately 70 s (Experiment 1) and
100 s (Experiment 2). The later drop of the layer in the experiment can be explained by a certain delay
in the response of the thermocouples, even though thermocouples with a fast response were
purposely chosen for the real experiment. The level of the smoke layer interface in the evaluated area
at 150 s is also of interest. The smoke layer interface was determined by calculation techniques to be
between 1.64 m (NFPA) and 2 m (CSN) above the floor. The smoke layer interface using the ISO
technique was located at 1.95 m and the floor. Using the fire models, the smoke layer interface ranged
from 0.55 m (FDS) to 1.41 m (CFAST). In the case of the experimental measurements, there was also
an indication of smoke on the thermocouples at 1 m above the floor.

The evaluation of the deviations between the techniques by the RMSE method (see Figure 8 and
Figure 9) shows the "degree of difference" of each technique from the chosen benchmark, which was
the ISO calculation technique. The deviations between the NFPA, ISO and CSN calculation
techniques, the CFAST and FDS fire models and the implemented experiment ranged from 0.05 to
2.41. The smallest deviation was between the CSN and ISO calculation techniques and was 0.05. This
result is predictable because the CSN technique was derived from the ISO technique. The deviation
between the CSN and NFPA calculation techniques was 0.5. The deviation is small and shows a very
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good correlation between all the CSN, ISO and NFPA calculation techniques used. The deviation
between the CSN calculation technique and the CFAST fire model was 0.36. This can be considered
a very good correlation. The deviation between the CSN calculation technique and the FDS fire model
was 0.91 - 1.11 (the smoke layer interface was measured separately at the right and left chain locations
during the experiment, where the thermocouples were placed). The deviation between the CSN
calculation technique and the FDS fire model is larger than in the previous cases. This can probably
be explained by the more accurate calculation technique of the FDS model. The deviation between
the CSN calculation technique and Experiment 1 of the high-dimensional experiment was 1.79 to 1.85,
and between the CSN calculation technique and Experiment 2 of the large-scale experiment was 2.71
to 2.41. The deviations are significantly larger than in all previous cases. The magnitude of the
deviations can be partly explained by some delay in the thermocouple response. At the same time, in
most cases, thermocouples located in lower parts of the space (especially at the level of 1 to 2 m and
the floor) react faster. It is likely that some of the lower thermocouples were raised in temperature by
radiant heat flux from the fire (thermocouples were placed on chains 1.5 m away from the centre of
the fire).

The evaluation of the smoke layer interface in a confined space without smoke extraction to the
outside environment in relation to the safe evacuation of occupants has been the subject of long-term
research by a number of experts dealing with the evacuation of people during fires [48]. Based on the
comparison of the deviations between the newly developed CSN calculation technique and other
calculation techniques, selected fire models and the real experiment, the CSN calculation technique
can be considered as promising. In general, it can be assumed that simple calculation techniques will
continue to find application in the future.

5. Conclusions

Fires are a significant threat to the people, property, and environment. An important
requirement in case of fires is to ensure the safe evacuation of people. One of the important factors
affecting the evacuation of occupants inside building is the level of smoke layer interface that
accumulates under the ceiling structure and gradually fills the entire space. Polymers play a
significant role in the amount and composition of smoke. The smoke layer interface can be evaluated
by calculations, fire models or experimentally. The aim of this paper was to present the results of the
validation of the newly developed CSN calculation technique. The CSN calculation technique was
compared with the ISO and NFPA calculation techniques, the CFAST and FDS fire models, and a
large-scale experiment. The deviations obtained by the different techniques were compared using the
RMSE method. The deviations were in the range of 0.05 to 2.41. The smallest deviations were achieved
when comparing the CSN calculation technique with other ISO calculation techniques, NFPA and
the CFAST fire model. The largest deviations of 1.71 to 2.41 were achieved when comparing the CSN
calculation technique with the large-scale experiment. The newly-derived calculation technique can
be considered promising. The creation of CSN calculation technique for assessing the smoke layer
interface will lead to changes in the standards for assessing fire safety in the Czech Republic. The use
of new calculation technique can also be expected in other countries that use similar values as the
Czech Republic in terms of fire safety for the design of buildings (e.g., the Slovak Republic, Poland).
As the CSN calculation technique for the smoke layer interface assessment is based on the
internationally recognised ISO calculation technique, further investigations will also contribute to the
possible further development of the ISO technique, which is used worldwide.
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Legend of Symbols

A floor area of enclosure (m?)

ASET available Safe Egress Time (min)

D diameter of the fire (m)

E etalon value (-)

H height of enclosure (m)

Hn standard calorific value of petrol (M].kg)
Hest effective combustion coefficient (-)

L¢ mean flame height (m)

P value of assessed model (-)

RHR¢ maximum heat release rate (kW.m?)
RSET required Safe Egress Time (min)

Q heat release rate (kW)

Q heat flux per unit area (kW.m2)

S area of the fire (m2)

T ambient temperature (°C)

a coefficient expressing the combustion rate from the perspective of the character of the flammable

materials (-)
j summation index (-)

—

k number of samples (-)

m mass burning rate per unit area (kg.m2min?)

me total amount of liquid burnt off during the experiment (1)

n n-th power (-), n =2 for a t-quadratic fire

P fire loading (kg.m?)

p average fire loading (kg.m2)

pn ambient pressure (kPa)

p1 probability of the occurrence and the spread of the fire (-)

t fire growth time (s)

tg time needed to reach reference rate (the reference flow is understood to be the value of thermal 1055
kW) (s)

t@) time of the reaching a level of smoke 2.5 m and the floor space (min)
z interface height above the base of fire source (m)

a fire growth rate (kW.s?)

c fraction of heat released that is emitted as thermal radiation (-)

o) relative humidity (%)

I's smoke density (kg.m)
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