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1. 	 Introduction

One of the most important requirements of buildings, 
from a  fire safety point of view, is to ensure safe evacuation 
of occupants. Safe evacuation is usually established by the 
comparison of the required safe evacuation time (RSET) and 
the available safe evacuation time (ASET) [1], [2], [3], [4], 
[5]. Safe evacuation conditions and sufficient evacuation time 
are particularly important in cases with challenging conditions 
such as high-rise buildings, assembly spaces, occupants with 
impairments, etc. [6]. 

The primary factor affecting the ASET is the threat resulting 
from the descending layer of smoke in an enclosure or the 
availability of a smoke-free clear layer at low level. The clear layer 
in an enclosure is considered safe until the smoke layer descends 
to 2.5 m above the floor, i.e. the smoke-free layer is 2.5 m high 
and smoke is above the heads of the occupants. The clear layer 
height criterion depends on the type of occupancy within the 
building; for example, in public buildings it is 3 m above the floor 
and in car parks 80 % of their total clear height. Given the average 
construction and clear height of a storey, 2.5 m may be considered 
as a representative value for typical situations [7].

A number of methods have been derived for the determination 
of smoke filling and layer descent in an enclosure (e.g. [7], [8], 
[9]). The methods derived by foreign authors employ variables, 
which the standardised design calculation in the Czech Republic 
and Slovak Republic usually do  not utilize (e.g. fire growth 
coefficient). This limits the applicability of the smoke calculation 
methods in the national fire safety design frameworks.

The aim of this paper is to present a set of modified equations 
from ISO 16735 [8] for the descending smoke layer, which have 
been derived so that they utilize the variables contained in the 
fire safety design standards in the Czech Republic and Slovak 
Republic. A  comparison with the CFAST zone computer fire 
model was carried out to evaluate the validity and applicability of 
the derived equations.

2. 	Smoke spread in an enclosure

Fire growth is usually represented by a localised fire, which is 
a fire on a limited area, resulting in burning of a limited amount 
of fuel (fire load) [10]. One of the characteristic accompanying 
phenomenon is the formation of a vertical plume of combustion 
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in the fire safety engineering standards from International 
Organization for Standardization (ISO) [8]:
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where	
z	 Interface height above the base of fire source (m)
χ	 Fraction of heat released that is emitted as thermal radiation 

(-)
α	 Fire growth rate (kW.s-2)
ρ

s	
Smoke density (kg.m-3)

A	 Floor area of enclosure (m2)
n	 n-th power (-)
H	 Height of enclosure (m).

Equation (1) provides valid results only in case that the 
distance between the fire and the bottom of the smoke layer is 
greater than the average flame height [7]. 

Fire dynamics in Equation (1) is taken into account through 
the fire growth rate α, i.e. the equation describes a fire that grows 
with time. The fire growth rate α, however, does not have a direct 
connection to the national fire safety design standards in the 
Czech Republic and Slovak Republic.

Analytical work, analysing the localised fire was, undertaken 
during 2016 and 2017. Possible connections between the fire 
growth rate α and selected design values describing fire growth 
in national standards were analysed. As a  result the following 
equation was derived to calculate the fire growth rate α, using the 
national design parameters [13]:

products (fire plume). The fire plume is a representation of mass 
and energy transport from the fire into the enclosure. 

With the progressing fire growth, the temperature of smoky 
gases (combustion products) raises, resulting in increased 
buoyancy. When the temperature difference is sufficient the fire 
plume reaches the ceiling of the enclosure and a ceiling jet (radial 
smoke spread) is formed.

Smoky gases spread radially under the ceiling in a relatively 
thin layer from the plume centreline until they reach the enclosure 
bounding constructions. Once the radially spreading thin smoke 
layer reaches the enclosure boundaries the layer starts descending. 
This is known as smoke filling, when more hot smoky gases enter 
the layer through the plume, thereby increasing its volume and 
temperature. Due to the decrease of the smoke layer height, the 
distance between the fire source and the bottom of the layer is 
reduced, resulting in less ambient air entraining into the plume 
and a  further increase in smoke layer temperature [1], [11], 
[12]. The layer descends until it fills the enclosure completely or 
reaches an opening with sufficient discharge capacity. 

The process of smoke filling in an enclosure is shown in 
Figure 1.

3.	  Methodology

National and international technical standards play an 
important role in building quality and fire safety design [14]. 
One of the possibilities for the determination of smoke filling in 
enclosures without smoke management measures, is described 

Figure 1 Schematic depiction of enclosure smoke filling (adapted from [13])
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The modelling equations used in CFAST take the 
mathematical form of an initial value problem for a  system of 
ordinary differential equations (ODEs).  These equations are 
derived using the conservation of mass, the conservation of 
energy (equivalent to the first law of thermodynamics), the ideal 
gas law and relations for density and internal energy. These 
equations predict as functions of time quantities such as pressure, 
layer height and temperatures given the accumulation of mass and 
enthalpy in the two layers. The CFAST model then consists of 
a set of ODEs to compute the environment in each compartment 
and a collection of algorithms to compute the mass and enthalpy 
source terms required by the ODEs, [17], [18].

The zone fire model is considered as an adequate tool for 
the assessment of accuracy of the derived equations in relation 
to the spatial descent of smoke layer, since local deviations are 
not significant in general ASET determination. In addition, 
CFAST was used within the limits stated in the accompanying 
documentation [17], [18] and the cases modelled were simple 
smoke-filling scenarios without complex flows and geometry. It is 
therefore reasonable to accept the results as generally valid for the 
purposes of this research.

4.2 Compartment geometry and ventilation

The derived equations were evaluated against the results from 
the CFAST zone computer fire model in two model cases. The 
first one was a sports hall with a low variable fire load and slow 
fire growth rate coefficient (lower a

n
) and the second one was 

a shopping centre with a significantly greater variable fire load and 
fire growth rate coefficient (greater a

n
). The base input parameters 

are listed in Table 1.
In both model cases the floor area was varied from 100 up to 

2500 m2 and the clear height from 3 up to 12 m. 
There were no ventilation openings assumed in the enclosure 

apart from an opening (1 m wide and 2 m high) at the floor level 
to allow free air circulation and avoid pressure build-up in the 
enclosure. This opening had no effect on the smoke layer itself as 
its soffit was below the critical smoke layer height of 2.5 m.

4.3 Fire scenarios and fuel properties

Fires are usually described by a time-temperature relation or   
heat release rate. The basic assumption employed in this study 

a p
2560

2 $
a = 	 (2)

where	
a	 fire growth rate coefficient (-)
p	 fire load (kg.m-2).

Equations for the determination of the time for smoke layer 
descent to 2.5 m above floor level in non-industrial and industrial 
occupancies were derived by substituting Equation (2) into 
Equation (1) and subsequent mathematical adjustments.

The time for smoke layer descent to 2.5 m above the floor level 
in non-industrial occupancies can be determined by the following 
equation:

.t
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where
t	 time for smoke layer descent to 2.5 m above floor level (s).

The time for smoke layer descent to 2.5 m above floor level 
in industrial occupancies can be determined by the following 
equation:
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where
p 	 average fuel load (kg.m-2).

Further details regarding the determination of fuel load p , 
fire growth rate coefficient a, and average fuel load p   may be 
found in [15], [16].

4. 	Model description

A set of rectangular-geometry compartments of varying area 
and height was modelled in CFAST, a zone computer model.

4.1 Consolidated Model of Fire and Smoke Transport 
(CFAST)

CFAST is a two-zone fire model used to calculate the evolving 
distribution of smoke, fire gases and temperature throughout 
compartments of a building during a fire. These can range from 
very small containment vessels, of the order of 1 m3 to large 
spaces of the order of 1000 m3, [17], [18].

Table 1 Input variables for model cases

Type of use CSN  
730802

Annex A

Variable fire load

pn
 (kg.m-2)

Fixed fire load

p
s
 (kg.m-2)

Coefficient

 a
n
 (-)

Coefficient

 a
s
 (-)

Sport hall item 5.1 15 6.2 0.8 0.9

Shopping centre item 6.2.5 90 6.2 1.1 0.9
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where
Q	 Heat release rate (kW).

Since the incubation time – the period from ignition to 
sustained growth – is rather variable, ranging from 0 to 100’s of 
seconds, it was not included in the simulation. The HRR grows 
from t = 0 s without any delay. Once again, this errs on the side 
of safety and allows for a wide application of the obtained results.

It is not necessary to consider the detailed fuel composition 
and combustion chemistry, see for example [21], since the cut-off 
criterion (the smoke layer 2.5 m above floor level) is set such that 
no occupant exposure is expected. This allows for a more general 
application of results, which are primarily dependent on the 
geometry of the enclosure and the heat output of the fire.

The fire burning duration in all simulated cases was set to 
600 s. 

is that only the growth phase of a fire is considered relevant to 
evacuation. The tenability limits are far exceeded by the time the 
fire reaches flashover, therefore, it is not necessary to consider the 
phase of fully developed fire when evaluating the safe available 
evacuation time in the room of fire origin.

During the growth phase, the fire is fuel-bed controlled 
(well ventilated) and its heat output grows with time. For this 
purpose the t2 – fire model was used in this paper to prescribe 
the development of the heat release rate (HRR) with time. This 
model is well established widely used in the fire safety engineering 
field, see e.g. [19], [20]. Based on the previous work [13] and in 
relation to the standards [15], [16], a  modified version of this 
equation was employed:

Q
p a t
2560

2 2$ $
= 	 (5)
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a) CFAST simulation results
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b) Modified ISO Equation (3)
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c) ISO Equation (1) - no flame height criterion
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Figure 2 Available safe evacuation time for the sports hall model (each curve represents a different enclosure height)
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The x-axes of the graphs represent the variable floor area and 
y-axes the available safe evacuation time, i.e. the time in which 
the smoke layer descended to 2.5 m above the floor level and 
each curve in the series represents a different clear height of the 
enclosure.

The curves resulting from the application of Equation (1) and 
Equation (3) are shown partially in solid and partially in dashed 
line. The continuous line indicates the range in which the average 
flame height is lower than the smoke layer height, i.e. the range in 
which the equations are valid. The dashed line indicates the range 
in which the average flame height exceeds the smoke layer height, 
i.e. the range in which the equations are invalid.

The differences between the results from equations described 
above and the benchmark CFAST simulations were summarised 
in Table 2. The differences within the valid and invalid ranges are 
indicated for comparison.

4.4 Tenability criteria

The decrease of the smoke layer height to 2.5 m above the 
floor was considered as the tenability cut-off criterion. The time of 
smoke layer descent to this height was considered as the available 
safe evacuation time.

5. 	Results

For each of the evaluated building use types, i.e. a  sports 
hall (Figure 2) and a  shopping centre (Figure 3), a  series of 
graphs were produced, showing the dependency of the ASET 
on the enclosure floor area and height, in relation to the 
calculation approach employed. The CFAST simulation results 
were considered as benchmark to which the other calculation 
approaches were compared.
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Figure 3 Available safe evacuation time for the shopping centre model (each curve represents a different enclosure height)
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•	 shopping centre (greater fire growth rate) – equation is valid 
for ASET values below 300 seconds.
The above validity limits are relevant for the entire range of 

enclosure floor areas and heights evaluated. This may appear 
contradictory with regard to the enclosure height. However, 
a greater height results in a greater air entrainment, resulting in 
a greater volume of smoky gases filling the smoke reservoir.

The above is also confirmed by the results from Table 2, which 
states differences for the modified ISO Equation (3) of 8.1 % and 
8.7 %, for the sports hall and shopping centre respectively. Based 
on these values, the application of the modified ISO Equation 
(3) yields relevant results within the stated validity limits and is 
acceptable. 

However, outside the valid range the difference of the 
modified ISO equation results and simulation results increase 
significantly, to almost 40 % for the shopping centre, and its use 
is not recommended. Above the validity limits, it is necessary 
to employ a  more detailed evaluation method which takes into 
account the effect of flames projecting into the smoke layer. 

Figure 2 and Figure 3 also confirm that the differences 
between results from Equation (1) and Equation (3) (subfigures 
b) and c) are negligible, less than 3 %, which confirms that 
Equation (3) was derived correctly. 

Due to the to the fact that Equation (3) and Equation (4) 
are practically identical, it is expected that the above results and 
limitations established for the application of Equation (3) would 
be the same for Equation (4), as well.

7. 	 Conclusions

The paper describes a newly developed method for determining 
the available safe evacuation time (ASET). The calculation 
method was derived by modifying the ISO 16735 calculation 
procedure for enclosure smoke filling and implementation of 
the latest research results. To assess the validity of the proposed 
calculation method, a  comparison was made with the CFAST 
zone model for a  wide range of enclosure geometries and two 
types of building occupancy – sports hall (low fire load and fire 
growth) and shopping centre (high fire load and fire growth).

The proposed calculation method has been shown to produce 
results correlating well with the zone fire model simulation 
results. Within the identified ranges of validity, the results are 
of a comparable accuracy when compared to simulation results, 

It is expected that similar differences in results would be 
obtained when using Equation (4) for industrial buildings due to 
the significance of the flame height. 

6. 	Discussion

The developed method (derived Equation (3) and Equation 
(4)) for determination of the available safe evacuation time 
(ASET) was based on the descending smoke layer in an enclosure 
without smoke ventilation openings. It was validated against two 
model cases: a sports hall and a shopping centre. These building 
use types represent two ends of the spectrum from the variable 
fire load (p) and the burning rate coefficient (a) points of view 
(high and low values characterising the fire dynamics). These 
variables also represent important input for the application of the 
devised method.

The selected geometry parameters of the model cases, the 
floor areas 100 – 2500 m2 and heights 3 – 12 m, cover a significant 
range of the enclosures in real buildings of these types. The 
maximal floor area of the evaluated enclosures also corresponds 
with the standard spatial limits of smoke sections used in smoke 
management system design [7].

Equation (5) was used to establish the heat output of the 
design fires, which creates a connection to the input values used 
in building fire safety design in the Czech Republic and Slovak 
Republic.

The results of the modelled cases are shown in Figure 2 and 
Figure 3 and the average differences (in %), resulting from the 
comparison of the application of Equation (1) and Equation 
(3) and the zone fire model CFAST, are listed in Table 2. The 
differences were established for the range in which the average 
flame height is lower than the smoke layer height, i.e. the range 
in which the equations are valid, as well as the range in which the 
average flame height exceeds the smoke layer height, i.e. the range 
in which the equations are invalid.

As expected there is a  strong dependence of the equation 
validity range on the fire growth rate expressed through Equation 
(2). Since the height of the flame is proportional to the heat 
output of the fire, the slower the fire growth is the greater the 
range in which Equations (3) and (4) remain valid. Overall, for 
the valid range for Equation (3) are as follows:
•	 sports hall (lower fire growth rate) – equation is valid for 

ASET values below 800 seconds;

Table 2 Differences between simulation and calculation results

Type of use Average difference from simulation results (%)

Equation (1) Equation (3)

Valid range Invalid range Valid range Invalid range

Sports hall 9 22.6 8.1 19.9

Shopping centre 11.6 38.7 8.7 33.8
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meaning that the proposed simple calculation method may be 
used when establishing ASET from the national fire safety design 
parameters for the given occupancy types.

It may be concluded that this initial investigation into the 
utility of the proposed calculation methods yielded positive 
results, established the range of their validity, and identified areas 
for their further refinement.
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