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An estimation of conditions inside construction works during a fire

with the use of Computational Fluid Dynamics
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Abstract. The aim of this paper is to present the application of Computational Fluid Dynamics (CFD) to the assessment of conditions inside

construction works during a fire. The CFD method is now commonly used to support the design process of fire safety in construction works.

This method is very useful at the preliminary stage of design because it is possible to check the internal environment during a fire and

evaluate whether requirements of fire safety are met.
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1. Introduction

Fire is the uncontrolled combustion of flammable materials

within an area, which results in change of internal environ-

ment of construction works. This change causes the fire to

have a direct influence on people and to impact the struc-

ture. Both of these interactions constitute fire safety in build-

ings as stated in European Communities Council Directive

89/106/EEC [1]. The requirements are to provide an adequate

level of safety, reflected in national technical codes, according

to which the building and equipment associated with it should

be designed and constructed in such a way that in case of fire:

a) the load-bearing capacity of the construction is assured for

a specific period of time,

b) the spread of fire and fire gases in the building is limited,

c) the spread of the fire to neighbouring construction works

is limited,

d) evacuation is possible,

and the safety of rescue teams is also taken into account.

There are two broad standards for design methods asso-

ciated with fire safety in construction works: prescriptive and

performance.

The design recommendations in prescriptive method are

mainly based on experience with identical or similar stan-

dard fire tests. For example, in this concept the volume flow

rate of smoke ventilation systems depends on the cubature of

the analysed space in the building and not the predicted heat

release rate and smoke production of the fire. For these rea-

sons, prescriptive designs have been evolving for many years

towards performance-based designs.

In the prescriptive method the design of smoke ventilation

systems based on assumptions ensures via the Required Safe

Egress Time (RSET), acceptable conditions for the evacuation

of people. Using the Computational Fluid Dynamics (CFD)

method gives a possibility to assess development of the con-

ditions present along of on evacuation routes over time. The

time needed for acceptable conditions ensuring the smoke

ventilation system (ASET – Available Safe Egress Time) is

compared to the RSET. When the ASET multiplied by the

safety coefficient, which is typically 1.20, is higher than the

RSET, then the fire safety conditions are met.

The first application of the CFD method is dated on 1989

[2]. Since then the CFD method has become widely used in

the design of fire safety in construction works.

2. Computational Fluid Dynamics (CFD)

Solving problems of fluid mechanics using CFD methods is

a solution that involves differential equations describing the

phenomenon analysed. The basic equations that are solved for

all tasks connected to the equation describing the pressure and

velocity field (continuity equation) and Navier-Stokes equa-

tions. For the analysis of fire safety, especially for problems

involving the spread of smoke and heat spreading, additional

equations need to be solved regarding: energy and the trans-

port of smoke.

For solving the previously presented set of differential

equations describing the phenomena analysed in fluid mechan-

ics, the following methods are used: finite difference method

(FM), the finite element method (FEM) and the finite volume

method (FVM). The most commonly used method in fire safe-

ty problems is the FVM, which are presented in this paper.

A detailed description of FVM can be found in [3–8].

In order to solve the set of equations that describe the

phenomenon analysed, it is necessary to carry out the dis-

cretization of the area of interest using a numerical grid di-

vided into finite numbers of control volumes. In each of the

control volumes equations are solved describing the analysed

problem. Depending on the method of solution, the veloci-

ty is determined first, and then on the basis of the velocity

the pressure and other parameters are determined (segregated

method) or - as in the case of the coupled method – the ve-
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locity and pressure are determined first, and then the values

of other parameters are calculated.

The results of calculations can be presented in the form

of the distribution of the velocity field, pressure field and

scalar size distributions of the analysed issue. In the case of

the spread of smoke, important parameters analysed are the

temperature and mass concentration of the smoke, whose dis-

tributions can be determined at any moment.

Problems related to fire safety are characterized by flows

with high turbulence. It is necessary to choose a method

of modelling the flow. For the modelling of turbulent flows

the following methods are used: Reynolds Averaged Navier-

Stokes (RANS), Direct Navier-Stokes (DNS), Large Eddy

Simulation (LES) and Discrete Vortex Methods (DVM). In

fire safety the most commonly used is the RANS method us-

ing the standard k-ε turbulence model.

The set of differential equations describing the turbulent

flow of incompressible fluid using the standard k-ε model

consists of the following equations:

– continuity equation

∂ui

∂xi

= 0, (1)

– momentum conversation equation

ρ
dui

dt
= −

∂p

∂xi

+ 2
∂

∂xm

[(µ + µt) sij ] , (2)

– turbulence kinetic energy equation

ρ
dk

dt
=

∂

∂xm

[(

µ +
µt

σk

)

∂k

∂xm

]

+ 2µtsijsij − ρε, (3)

– dissipation of turbulence kinetic energy equation

ρ
dε

dt
=

∂

∂xm

[(

µ +
µt

σε

)

∂ε

∂xm

]

+2Cε1µtsijsij

ε

k
− ρCε2

ε2

k
,

(4)

– turbulent viscosity equation

µt = ρCµ

k2

ε
, (5)

where: ui- time-averaged value of the velocity vector compo-

nents, p – time-averaged value of the pressure, µ – dynam-

ics viscosity, µt – turbulent dynamics viscosity, sij – rate of

deformation tensor, k – turbulence kinetic energy, ρ – den-

sity of fluid, ε – dissipation of turbulence kinetic energy, σk

– Schmidt number for the turbulence kinetic energy, σε –

Schmidt number for the dissipation of turbulence kinetic en-

ergy, Cε1, Cε2, Cµ – coefficient of standard k-ε turbulence

model.

To solve the presented set of equation it is necessary to

define the correct initial and boundary conditions.

The modelling of a fire’s growth and the spread of its

smoke and heat in construction works requires a definition of

the source of fire for the CFD model. There are two main

methods, i.e. the volumetric heat and smoke source model, or

a description of the chemical reaction that causes the com-

bustion process.

Chemical reactions are ignored in the volumetric model

of the combustion. The heat and smoke are released from the

assumed volume. The heat release rate (HRR) and the smoke

are released in accordance with previously adopted fire curves

(see Fig. 1). Smoke production depends on the momentum of

the total HRR, the effective heat of combustion of the fuel,

and the soot yield.

Therefore the rate of smoke production can be defined as

follows:

msmoke = ysoot

Q

∆Heff
c

, (6)

where msmoke – rate of smoke generation, kg/s, ysoot – soot

yield, kg/kg, Q – total heat release rate, kW and ∆Heff
c –

effective heat of combustion of the fuel, kJ/kg.

In this approach, the smoke is modelled as an ideal gas,

and has the same properties as air with the exception of its

heat capacity, which is taken to be fixed at 1.00 kJ/kg.

Models using a description of the chemical reaction caus-

ing the combustion process take a one step combustion reac-

tion in accordance with a pre-defined equation [9] and [10],

or multi-stage chemical reactions whose stoichiometry and ki-

netics depend on the fuel and oxygen concentrations present

[11].

The volumetric model of the heat and smoke source is

widely used in fire safety for construction works for well-

ventilated fires [12–17].

Models using a description of the source of fire as a chem-

ical reaction are still being developed and require much more

research and verification. Currently they are used for studies

on fire when the combustion kinetics is well known.

The numerical calculations for the spread of smoke and

heat beyond the definition of the fire source model require a

complete system of differential equations describing the flow

of an incompressible turbulent fluid, using the following equa-

tions:

– energy balance equation,

∂

∂t
(ρE) +

∂

∂xi

[(ρE + p)ui]

=
∂

∂xj

[

(ktc + kt,tc)
∂T

xj

+
(

τ ij + τ∗

ij

)

ui

]

+ Sh,

(7)

where E is the total energy dependence described, ktc – ther-

mal conductivity, kt,tc – turbulent thermal conductivity, Sh

– source term, τ ij and τ∗

ij are the stresses occurring in the

fluid:

τ ij = µ

(

∂uj

∂xi

+
∂ui

∂xj

−

2

3

∂ui

∂xi

δij

)

, (8)

τ∗

ij = −ρu′

iu
′

m, (9)

– smoke transport equation,

∂

∂t
(ρY ) +

∂

∂xj

(ρujY ) = ui

∂p

∂xi

+2µtµtsijsij +
∂

∂xi

[(

Dc +
µt

Sct

)

∂Y

∂xi

]

,

(10)
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where Y is the mass fraction of smoke, Dc – diffusion coef-

ficient and Sct – Schmidt number is related to the turbulent

flow and the rate is 0.70.

The source term Sh in the equation of energy balance is

taken into thermal radiation from the source of fire.

3. Assessment criteria

The one of the most important parts of fire safety design

for a smoke ventilation system is based on the performance

method and involves the assessment of the efficiency of the

system. There are two important criteria for the assessment

of the ASET time. One of them is the temperature of the air

in the first 2.00 m above the floor. This temperature cannot

be higher than 60◦C for dry air; when the humidity of the air

is about 100% the acceptable temperature along the escape

routes should not exceed 50◦C. In Figs. 1–3 the contours of

temperature distribution in an underground car park during

the combustion of one passenger car are presented.

Fig. 1. Predicted temperature distribution (20–100◦C and higher) at

a height of 1.80 m above the floor at 5 minutes after the fire starts

Fig. 2. Predicted temperature distribution (20–100◦C and higher) at

a height of 1.80 m above the floor at 10 minutes after the fire starts

Fig. 3. Predicted temperature distribution (20–100◦C and higher) at

a height of 1.80 m above the floor at 15 minutes after the fire starts

The second criterion is the visibility of evacuations signs.

All calculations of visibility rely on the theory that the visi-

bility through a path of smoke diminishes in accordance with

Bouguer’s Law:

I = Ioe
−KL, (11)

where I is the intensity of light at certain point from the

source, Io – intensity of light at the source, K – extinction

coefficient and L distance from the source to the point of

interest.

The distance at which signs are no longer visible depends

on the intensity of light emitted from the sign and the ex-

tinction coefficient of the medium. Based on the extensive

experimental research of Jin [18] – the SFPE Handbook of

Fire Protection Engineering [19] – recommends the follow-

ing approximations for light extinction: the distance S is the

distance at which a sign is assumed to be no longer visible.

For light emitting evacuation a sign the distance S is define

as below:

S =
8

K
(12)

and for light reflecting signs and building components that

reflect light it is:

S =
3

K
. (13)

The extinction coefficient Kdepends on the concentrations

of the air and smoke components. We can generally assume

that air has a negligible extinction coefficient over the dis-

tances involved – we do not normally expect visibility to be

impaired by clean air. Therefore the extinction coefficient is

purely based on the concentration of smoke. Based on the

SFPE Handbook the following equation can be used:

K = Km · ρCsmoke, (14)

where Km is the extinction coefficient per unit of mass den-

sity and ρCsmoke is the smoke density (the product of the

smoke mass fraction and the density of the gas mixture).

The above theory is common to all approaches and is laid

out in the SFPE Handbook, however, it is the implementa-
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tion of this theory that gives rise to the various methods for

calculating visibility.

Historically, visibility calculations were done as hand cal-

culations to yield an approximate average visibility. The use

of averaging with CFD takes the hand calculation approach a

step further. Instead of taking a room’s average smoke den-

sity, an average gas density is typically calculated at a given

viewing level, i.e. at a known height using the local mass

contraction of smoke.

A more accurate means of determining actual optical visi-

bility is to perform some means of ray tracing. The rays being

traced would be emanated from important locations within the

room, for example from a sign or from the assumed position

of an occupant. Using the information stored at each compu-

tational cell in the domain the extinction of light is calculated

at a number of discrete steps along the path of the ray.

Based on the regulations stated in Eqs. (12) and (13) the

following percentages can be inferred as the limits of visibility

for this approach:

– for light reflecting signs

I

Io

= 5%, (15)

– for light emitting signs

I

Io

= 0.05%. (16)

This approach makes use of all of the available informa-

tion, whereas averaging techniques do not. As with the other

methods the calculation is based on the theory of light ex-

tinction and the limits are based on the recommendations of

the SFPE Handbook. However in this approach the full three-

dimensional variation in smoke concentration is taken into

account.

In Figs. 4–6 the predicted visibility using the local mass

concentration of smoke at a height of 1.80 m above the floor

are presented. The results of calculating the distances at which

a sign is assumed to be no longer visible using the ray tracing

method are shown in Figs. 7 and 9.

Fig. 4. Predicted visibility (0–10 m and higher) using the local mass

concentration of smoke at a height of 1.80 m above the floor at 5

minutes after the fire starts

Fig. 5. Predicted visibility (0–10 m and higher) using the local mass

concentration of smoke at a height of 1.80 m above the floor at 10

minutes after the fire starts

Fig. 6. Predicted visibility (0–10 m and higher) using the local mass

concentration of smoke at a height of 1.80 m above the floor at 15

minutes after the fire starts

Fig. 7. Predicted distances (m) at which a sign is assumed to be no

longer visible using the ray tracing method from location I
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Fig. 8. Predicted distances (m)at which a sign is assumed to be no

longer visible using the ray tracing method from location II

Fig. 9. Predicted distances at which a sign is assumed to be no longer

visible using the ray tracing method from location III

4. Application of CFD methods

The Fire Research Department of the Building Research In-

stitute (ITB) has been researching the applications of CFD

methods as a tool for analysing the spread of fire, smoke and

heat within fire ventilation systems of differing types of con-

struction works for over 11 years.

In Figs. 10 and 11 the predicted temperatures close to the

glass roof of a shopping centre are presented as an exam-

ple. The designers and fire experts have been supported by

these results in defining the fire resistance class of the roof

glass.

Fig. 10. Predicted temperature distribution (20–100◦C and higher)

close to the glass roof of a shopping centre at 5 minutes after the

fire starts

Fig. 11. Predicted temperature distribution (20–100◦C and higher)

close to the glass roof of a shopping centre at 15 minutes after the

fire starts

5. Conclusions

The increasing requirements for fire safety for construction

projects, including ventilation systems, necessitate the use of

CFD methods to analyse spread of smoke and heat in build-

ings. The CFD applications allow us during the design phase

to compare many different kinds of fire scenarios in a relative-

ly short time and to choose those most appropriate to protect

people and their property. In comparison, analysing particular

ventilation systems of existing constructions in a full scale

would be very expensive and time-consuming.

Almost all new construction projects such as car parks,

shopping centres, tunnels, and airport terminals – are analysed

using CFD applications, which allows us to foresee the man-

ner in which smoke and heat spread. The use of these methods

has led to the improvement of fire safety systems in buildings.
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