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List of symbols and notations

1ZM:
27M.
As:

A
Afi max :
He,net :
Hc’erff .
m:
m; :
My :
Méic :
Mox-
Mox,ini-
Mox,in:
Moy, out:
Of k -

Oid -
RHR:

RHR: :
ts:

my & mg,
Ty & Ty,
Vu & Vi,
Eu & EL,
rg&r,
c(T),
co(T),

[m?]
[m?]
[m?]
[Jkg]
[Yka]
(]

[kg/s]
[kg]
[kq]
[kq]
[kg]
[kq]
[kq]
[J/m?]
[J/m?]
[W]
[W/m?]
[S]

[kg]
[K]
[m?]

[J]
[kg/m?]

[]

[]

[]
[kg]
[K]
[J]
[kg/m?]
[m?]
[Pal
[kg]
[kq]
[kg]
[kg]
[kg]
[kq]

One zone mode

Two zone model

Floor area of a compartment

horizontal burning area of fuel

maximum horizontal burning area of fuel

complete combustion heat of fuel (obtained in bomb cal orimeter)
effective combustion heat of fuel (in rea fire)

combustion efficiency factor

pyrolisisrate

total mass of fuel

total mass of fuel in the compartment

mass of oxygen in the compartment

mass of oxygen in the compartment at initial time

mass of oxygen coming in the compartment through vents

mass of oxygen going out of the compartment through vents
characterigtic fire load density per unit floor area of compartment
design fire load density per unit floor area of compartment

Rate of Heat Release

Rate of Heat Release per unit floor area of compartment

Time of switch from the 2ZM to the 1ZM

mass of the gas of, respectively, the upper and lower layer (2ZM)
temperatures of the gas of, respectively, the upper and lower layer (2ZM)
volumes of, respectively, the upper and lower layer (2ZM)

internal energies of, respectively, the upper and lower layer (2ZM);
gas densities of, respectively, the upper (U) and lower (L) layer (2ZM)
the specific heat of the gas in the compartment at constant volume
the specific heat of the gas in the compartment at constant pressure
the universal gas constant

the ratio of specific heat

indiciaequa to U for upper layer, to L for lower layer and g for 1ZM
mass of the gas in the compartment (1ZM)

temperature of the gas (1ZM)

internal energy (1ZM)

gas density (1ZM)

volume of the compartment (constant)

absolute pressure in the compartment considered as a whole.

mass of gas coming in the compartment through vertical vents
mass of gas going out of the compartment through vertical vents
mass of gas coming in the upper layer through vertical vents

mass of gas going out of the upper layer through vertical vents
mass of gas coming in the lower layer through vertical vents

mass of gas going out of the lower layer through vertical vents



a Université de Liege, département M& S, Rapport interne SPEC/2001_01

MEy,in:
MFv,out:
MEvuin:
MFv,U out:
M ey Lin:
Mev,Lout:
M Hy,in:
MHv,out:
M Hv,U,in:
M Hv,u,out:
MAv,Lin:
M Hv,L out:

qwiin.

g w,out:
qw.,uiin:
g w.,U,out:
gw.Lin:
g w.L,out
g FVin:

g FV,out-
g FvU,n:
g Fv,U,out:
g Fv.Lin-
g Fv,Lout:
g HV,in:

g HV,out:
g HV,U,in-
g HV,U,out:
g HV.L,in:
g HV.L,out

[kg]
[kg]
[kg]
[kg]
[kg]
[kg]
[ka]
[kg]
[kg]
[kg]
[kg]
[kq]

[kq]
[kg]
[kq]
[kq]
[kq]
[kq]
[kd]
[kq]
[kq]
[kq]
[kq]
[kg]
[kq]
[kq]
[kq]
[kq]
[kd]
[kq]

mass of gas coming in the compartment through forced vents
mass of gas going out of the compartment through forced vents
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energy coming in the compartment through vertical vents
energy going out of the compartment through vertical vents
energy coming in the upper layer through vertical vents
energy going out of the upper layer through vertical vents
energy coming in the lower layer through vertical vents
energy going out of the lower layer through vertical vents
energy coming in the compartment through forced vents
energy going out of the compartment through forced vents
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energy coming in the lower layer through horizontal vents
energy going out of the lower layer through horizontal vents



a Université de Liege, département M& S, Rapport interne SPEC/2001_01

1 Introduction

In the previous ECSC Research "Competitive Steel Buildings through Natural fire Safety
Concept" [], t

Zone models are numerical tools commonly used for the evaluation of the temperature
development of the gases within a compartment during the course of afire. Based on a limited
number of hypotheses, they are easy to use and provide a good evaluation of the situation
provided they are used within their real field of application. Since the first numerical one zone
models have been made by Petersson, major developments of the numerica fire modelling
have been done. Among other things, multi-zones, multi-compartment and computational
field dynamics models have been developed. Although zone models are the less sophisticated
numerical fire model, they have their own field of application and thus are essentia tool in
fire safety engineering applications.

The main hypothesis in zone models is that the compartments is divided in zones in which the
temperature distribution is uniform at any time. In one zone models, the temperature is
considered to be uniform within the whole compartment. This type of model is thus valid in
case of fully developed fires, contrary to two zones models which are valid in case of
localised fires. In this last type of model there are a hotter layer which is close to the ceiling
and a cooler layer which is close to the floor.

The aim of this paper is to present on one hand a new compartment fire model called
“OZone” and on the other hand its validation on full scale fire tests. This zone model has been
developed in the scoop of the ECCS researches “ Natural Fire Safety Concept” (NFSC1) and
"Natural Fire Safety Concept - Full Scale Tests, Implementation in the Eurocodes and
Development of an User Friendly design tool” (NFSC2). The probabilistic approach to define
the action of fire developed in the scoop of NFSC 1 have been included in the code.

OZone V2 is a code which includes a two zones and a one zone models with a possible switch
from two to one zone if some criteria are encountered. It thus deals with localised and fully
engulfed fires. OZone V2 is an improvement o OZone V1 which was a one zone model
developed in the NFSC1 research.

In OZone several improvements on existing zone models have been made. The wall model is
made by the finite element method and is implicit. And finally different combustion models
have been developed to cover different situations of use of the code.

Within the same researches a database of natural fire tests has been created (see NFSC 1998)
and full scale fire tests have been carried on. The code has been validated on XX tests of these
tests and a comparison of the one zone model of OZone and another one zone model NAT has
been made.

A Graphic User Interface has been devel oped to define the input data.
2 Zone model formulation

The fundamentals of the two and one zone models of OZone are presented in this section.
Figure 1 and Figure 2 show schematic views of the two models.
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Figure 1 Schematic view of two zone model and associated submodels
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Figure 2 Schematic view of one zone model and associated submodels

2.1 Two zones model

Numerical two zone models are normally based on eleven physical variables. These variables
are linked by seven constraints and four differential equations describing the mass and the
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energy balances in each zones. The time integration of these differential equations alows to
calculate the evolution of the variables describing the gas in each zones. The mass balance
equation expresses the fact that, at any moment, the variation of the mass of the gas of a zone
is equal to the mass of combustion gases created by the fire, plus the mass coming into the
compartment through the vents minus the mass going out of the compartment through the
vents. The energy balance equation expresses the fact that, at any moment, there is a balance
between, on one hand, the energy which is produced in the compartment by the combustion
and, on the other hand, the way in which this energy is consumed: by the heating of the gases
in the compartment, by the mass loss of hot air through the openings (including a negative
term accounting for the energy of incoming air), by the radiation loss through the openings
and, finaly, by the heating of the partitions. It has to be mentioned that the term "partition™ is
used here to represent al the solid surfaces of the enclosure of the compartment, namely the
vertical walls, the floor and the ceiling.

The eleven variables which are considered to describe the gas in the compartment are: my and
my, the mass of the gas of respectively the upper and lower layer; Ty and T, the temperatures
of the gas, Vy and V., the volumes, Ey and E, the internal energies; ry and r(, the gas
densities of respectively the upper (U) and lower (L) layer and finaly p, the absolute pressure
in the compartment considered as a whole.

The seven constraints are:

ro=1
Vi

E =c (T)mT,
p=rRT, (1)
V=V, +V,
i=U, L
with  ¢c(T), the specific heat of the gas in the compartment;

R the universal gas constant
I equal U for upper layer & L for lower layer

The specific heat of the gas at constant volume and at constant pressure, the universal gas
constant R and the ratio of specific heat are related by :

R=c,(T)- ¢(T)
c, (T) (2)
9(M) =—"=
¢, (T}
The variation of the specific heat of the gas with the temperature is taken into account by the
following relation :
Co(T) = 0187 T + 952 [J/(kg K)] (3)

This law is obtained by a linear regression on the point by point law given in the NFPE
Handbook of Fire Protection Engineering.

The mass balance equations have the general form of equations (4) and (5) in which a doted
variable X means the derivative of x with respect to time. Equations (4) et (5) states that the
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variation of gaseous mass in each zones is made of the mass exchanges of one zone with the
fire, with the other zone, and with the external world trough the different vent types (see 85).

rnJ = n’]J,\/Vout + mJHVin + rTEJHVou'[ + rnUFVin + I’TEJFVou'[ + me+ mfi (4)
rnL = rT‘I.J,Win-'- r‘rl_,\/Vin + rTﬂ,\/Vout + rTll_HVin +rn_HVout + rT"I_FV'Ln +rn_FVout - r‘ne (5)

The energy balance equations have the general form of equations (6) and (7) stating that the
variation of energy in each zones is made of the energy exchanges of one zone with the fire,
with the other zone, with the surrounding partitions and with the external world trough vents.

qU = q.Jrad + q.Jv,vaII +qJ,Wout + 0l.J,HV,in +q.JHVout

. . . (6)
+ qJ JFAVin + qJFVout +Cp O_L)mentTL +O7RHR
.= Gad T Owan T Lyvin T Govvin t Aoy o
+ qLHVLn + qL,Hvout + qLFVin + q'LFVout - qenl

()

In these balances, mass or energy rate corresponding to a decrease of mass or energy in the
compartment are negatives.

Four basic variables have to be chosen to describe the system. Provided that the zones
temperatures Ty and Ty, the altitude of separation of zones Zs and the difference of pressure
from the initial time Dp are chosen, equations (4) to (7) can be transformed in the system of
ordinary differential equations (ODE) formed by equations (8) to (11). [FORNEY 1994]

op= 021 ®)

T, :mg%u- c,(T,)m, T, +V, Dp? ©
T'Lzmg%L- ,(T) m T.+V, ng (10))
Z,= WI)PA@E@JUL) -1)4-V, p? (11)

2.2 One zones model

In case of a one zone model, the number of variables which is reduce to six, describing the
gas in the compartment as awhole. i.e. my, the mass of the gas; Ty, the temperature of the gas,
V, the volume of the compartment (constant); Eg, the internal energy; p, the pressure in the

compartment; r 4, the gas density.

The number of constraints is reduce to 4:
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_m
Y/
E, =G (T)mT, (12)
p: r QRTQ
V=cs

r

The mass balance is expressed now by equation (13):
n"]g =m, + m, +m (13)
And the energy balance is expressed by equation (14):
qU = qrad + c‘Iwall +Cp (Tg) rhoutTg + Cp (Tout)mnTout + RH R (14)

In these balances, mass or energy rate corresponding to a decrease of mass or energy in the
compartment are negatives.

Four basic variables have to be chosen to describe the system. Provided that the zone
temperature T and the difference of pressure from the initial time Dp are chosen, equations
(13) and (14)can be transformed in the system of ordinary differential equations formed by
equations (15) and (16).

. 1 . _ _
T —W(Q' C,(T,)m, T, +V Dp) (16)

2.3 Time integration

As said before, the systems of equations (8) to (11) (2ZM) and of equations (15) and (16)
(1ZM) are to be solved to know the gas characteristics of zores at each time. These systems
of ODE are stiff. A physical, although not rigorous from a mathematical point of view,
interpretation of stiffness is that the time constant relative to the pressure variation is much
shorter than the time constant of the temperature variation. It is therefore usual to rely on a
specialised library solver specifically written for this kind of problem. In the code OZone, the
solver DEBDF is used.

3 Partition model

During the development of the OZone V1 (one zone) code in Liege, it was decided that the
partition model should be such that the energy balance is fully respected which was not the
case in existing zone model. That is only possible if the wall temperatures are solved
implicitly.

Usually the partition models of zone model are based on finite difference. This method does
not allow to solve the equation implicitly and therefor to fully coupled the zone and the
partition models. This problem can be solved model by using the finite element method and
by modifying the usua finite element formulation. To fully respect the energy balance in case
of one zone model, partitions have to be modelled by one dimensiona finite elements and in
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case of two zone model have to be modelled by two dimensiona finite elements because
vertical fluxes exist in vertical partitions.

Even if OZone V2 includes atwo zone and a one zone, a one dimension partition model have
been included in it. Some preliminary work on two zone model with a two dimensional
partition model have been made and has shown that partition model based on one dimension
finite elementsis a good approximation of the one based on two dimension. In most cases, the
two dimensional phenomenon are negligible. The increases of the computing time and of the
difficulties to define the compartment are quite big and are useless in most cases.

Partitions can be divided in three types. The upper horizontal partition, the ceiling; the lower
horizontal partition, the floor; and finally the vertical partitions, the walls. The basic finite
element formulation is the same for the three types of partitions but the boundary conditions
are different.

3.1 Partition model formulation

First of al, a partition is discretised by a single dimension finite element model as depicted in
Figure 3. With this discretisation, the temperature is computed at the interface between the
different layers, or elements, and the hypothesis is made of a linear temperature variation on
the thickness of each layer.

T

wi T T

Tw4 Twn+1

w2 wa

éwall \ QOU[

—> T —>
O o 0 o o ©
Ll L

— e — e — > —>

Figure 3 one dimensional finite elements discretisation of partitions

With this discretisation and this hypothesis on the field of temperature, well known
developments show that the equilibrium of each finite element i is described by the following
equation:

Kei Ty + Cyq, Te;|,i = e (17)
. i T, G
with T, = i-"y (18)
' ’|\Tw,i+lg
é1 -1
Kai = %é 1 1(1 (19)
i € u
@5 O0u
C = c¢cr. L a ” 20
d,i (IR I—| SO OSH ( )

10
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1 G U 100 1040
md gel,l =1 a”g; gel,z to gel,n—l :10 ; gel,n :1 . (21)
| |

Equations 12 and 13 ae in fact simplified expressions because the material properties have
been considered as constant in each element, allowing to take them as constant multipliers out
of the matrix. The temperature dependency in the element could also be taken into account,
owing to the well known numerical integration techniques of Gauss. Equation (20) is
furthermore the diagonalised version of the complete matrix, having a value of 1/3 for the
diagonal terms and 1/6 for the off diagona terms. The advantage of the diagonal form is first
that it smooth the spatial oscillations which could arise in the solution if too thick elements
are used in the discretisation. Another advantage is related to the computing strategy, as will
be explained in the formulation of equation XX.

The assembly of the N equations of type (17) which can be written for each of the N finite
element making the partition produce the system of equations (22) in which the size of the
vectorsis N+1 and (N+1) x (N+1) for the matrices.

KT, +CT, =g (22)

1 Gy U

i

I'ol

. bt
with g=i vy (23)

Fol

III . III

f G

The energy transmitted at the partition interface results from heat transfer by convection and
radiation between zones and the partition and between the fire and the partition. The energy
transmitted at the interface between the outside world and the partition is due to heat transfer
by convection and radiation. The evaluation of these termsis explained in 83.2.

We note Ty, the inside partition surface temperature and Ty n+1 the outside partition surface
temperature. T, is the gas temperature of the zone in contact with the partition inside surface,
i.e. T,=Tyor T incaseof 2ZM or T, = Tg in case of 1ZM.

From the system of equations (22), it is very easy to obtain the system of equations (24),
efficiently computed owing to the diagonal nature of C.

T,=C' (g- K T,) (24)

This system of equations is a set of N differential equations for the N temperatures of the
partition. The temperature of the compartment is only present in the first term of the load
vector, see equations XX and XX. It has a similar form as the system of equations(8) to (11)
(2ZM) and of equations (15) and (16) (1ZM) established for the variables of the gas zones and
could be written in the following way.

11
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Tw,l = gl(T ’Tw,l’TW,Z)

TW,Z = gZ(Tw,l’Tw,Z ’Tw,3)

B (25)
Tw,i = gi(Tw,i-l'Tw,i ’Tw,i+1)

TW,N+1 = gN (TW,N 7TW,N+17T0ut)
3.2 Connection of the zone and the partition models

3.2.1 Two zone model

In 2ZM, the ceiling is aways connected to the upper layer and the floor to the fire and to the
lower layer. Vertical partitions are divided in two part, an upper one, connected to the upper
layer and a lower one connected to the fire and to the lower layer (Figure 4). The area of each
part are calculated by multiplying the length of the wall by its height which is varying with
time and is function of the altitude of separation of the zones, Zs. The area of openings
included in each partition are of course subtracted. The finite element discretisations of the
two parts are identical, only the boundary conditions are different.

AZ -
Ceiling
—+H
| Upper layer ‘Upper wall

A

L ower layer Lower wall
17

Floor

Figure4

The system of equations (24) has to be build once for the ceiling and once for the for the
floor. If the enclosure has M different types of walls, it has to be build 2M times. If Neg,c and
Neqt the number of node of the ceiling and of the floor, and Neg; the number of node of the
wall n°i, the total set of partition equations contains Neqw differential equations, given by
equation (26).

M
Neqw = Neq,f+ Neqc+ é 2Neqi (26)
i=1l

Equations (8) to (11) and equations (24) form a set of Neqwt4 differential equations which
can be passed on to the numerical solver. This one will integrate the equations taking into
account the coupling between the compartment and the partition and solving the Neqgwt4
variables which are the pressure variation, the temperature in the upper zone, the temperature

in the upper zone and the atitude of the zone interface, plus the temperatures at each node of
the partitions.

It has been said in the introduction of this chapter that the effect of vertical fluxesis weak.

12
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Using one dimension partition model in two zone model lead to artificialy create or suppress
some energy in the wall. Considering an increasing upper layer thickness (Figure 5), if the
height separation between the zones is Zs at time t and Zst+ DZs at time t+Dt, a wall of height
DZs is transformed from lower wall to upper wall. As the temperature of lower wall are
generaly lower then the ones of upper wall, some energy is created (XX). On the contrary if
the upper layer thickness is decreasing, some erergy are lost. The only way to be rigorous
when modelling walls in 2ZM, is to make a single two dimensional partition model which
would take into account vertical fluxes. The variation of Zs has to be taken into account in the
boundary condition of the two dimensional elements.

AZ - AZ .
Celiling Ceiling

4 H 1 H

Upper layer U wall

| Upper layer pper

4 7 '

L ower layer +z+D7 Lower wall

Lower layer

+7 +%

Floor Floor

timet time t+Dt

Figure5

Boundary conditions

For al type of partitions, the energy transmitted at the interface between the outside world
and the partition is due to heat transfer by convection and radiation and is given by equation
(27).

qpput = h(Tout - TWN+1) +te*s (Tout4 - TWN+14) (27)

The upper layer is composed of a mixture of combustion products and fresh air entrained by
the plume from the lower layer. It is considered to be opaque and radiation between partitions
connected to it are neglected. The energy transmitted between the inside surfaces of upper
partition and the upper layer results from heat transfer by convection and radiation.

Quanu = h(Tu - Tm) te’s (Tu4 - Tw14) (28)
The lower layer is composed essentially of fresh air with only few combustion products, so its
relative emissivity is considered to be nil. The energy transmitted between the inside surfaces
of lower partitions and the lower layer results only from heat transfer by convection. The
radiation from the fire is represented by the g w term.

Ovani L = h(TL - Tma) T w (29)

0w [W/m?] is obtained by dividing 30% of the rate of heat release by the total area of lower
partition, including the opening area (see also 8XX).
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3.2.2 One zone model

When considering a one zone model during a whole simulation, a vertical partition is divided
two parts connected to the single zone (Figure 6). The finite element discretisations of the two
parts and the boundary conditions are identical. Therefor the temperatures distribution in the
partitions and the flux densities on the bounders are the same in the two parts. Indeed in a one
zone mode a vertical wall would normally not be divided into two. The results obtained with
two partition models for a single wall are identical then those which would be obtained with
only one partition model for the same single wall. The consequence of this procedure is only
to increase the number of equation to be solved and therefor the computing time. Anyway this

have been done in order to enable the combination of 2ZM and 1ZM as explained in detail in
84.1.2.

AZ -
Ceiling

‘Upperwdl

L H |
ONE ZONE
Lower wall

12,

Floor

Figure6

Again, in one zone model, the system of equations (24) has to be build one time for the
ceiling and one time for the for the floor. If the enclosure has M different types of walls, it has
to be build 2M times If Neg,c and Nes the number of node of the ceiling and of the floor, and
Negi the number of node of the wall n°i, the total set of partition equations contains Neq,w
differential equations, also given by equation (26).

Equations (15), (16) and equations (24) build Negw times form a set of Negwt 2 differential
equations which can be passed on to the numerical solver. This one will integrate the
equations taking into account the coupling between the compartment and the partitions and
will solve the Negwt 2 variables which are the pressure variation and the temperature in the
compartment, plus the temperatures at every node of the partitions.

For 1ZM, if one considers that the usual procedure sets the limits of the compartment on the
inside surface of the wall and adds a wall sub-model on top of it, the proposed procedure
amounts in fact to set the limit of the compartment on the outside surface of the wall. Because
al the equations are solved simultaneously with an implicit procedure, the energy balance
between the gas and the wall is totally respected.

Boundary conditions

For the three types of partitions, the energy transmitted at the interface between the outside
world and the partition is due to heat transfer by convection and radiation and is given by
equation (30).

qpput = h(Tout - TwN+1) +e*s (Tout4 - Tva+14) (30)

14
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The energy transmitted at the inside partition interfaces results from heat transfer by
convection and radiation between the zone and the partitions.

G =h(T, - ) +e*s (T, T,,%) (31)

4 Switch from two zones to one zone model

If some criteria are encountered during a two zone simulation, the code will automatically
switch to a one zone simulation, which suits better to the situation inside the compartment at
this moment. The simulation will continue to the end of the fire considering a one zone
model. The criteria of switch will be explained in 88. The aim of this paragraph is to set how
OZone dedls with the basic variables of the zone models, how it sets the one zone initia
conditions and how it deals with partitions models.

4.1.1 Zone models formulation

tsis the time at which the switch from the 2ZM to the 1ZM happens. The values of the eleven
basic variables describing the gas in the two zones are known until ts thanks to the time
integration of equations (8) to (11) and considering the constraints (1). To continue the
simulation with a one zone model, it is possible to begin to solve the equations (15) and (16)
associated to initial conditions representing the situation at that time. The point is to set the
1ZM initid values (at time t).

In one zone model there are six variables describing the gas in the compartment as a whole,
linked by four constraints. We then need 2 new constraints to fix the new initial conditions.

One obtain these two additional condition by setting that during the transition from 2 zones to
1 zone, the total mass of gas and the total energy in the compartment are conserved.

m, (t) = m, (&) +m, (t) (32)
Eg (ts) = EU (ts) + EL (ts) (33)

The initial (at time ts) one zone temperature Ty(ts) and one zone pressure p(ts) can be deduce
from equations (32), (33) and (12).

Afterward the one zone model runs with its associated sub-models for calculating exchanges
of energy and mass through the vents. The partition models formulation and their initial
values are explained at §4.1.2.

Comments - temperatures diminuent +autres options possibles
4.1.2 Wall model formulation

The partition temperatures at time ts are obtained by integrating the set of equations (24)
coupled to the 2 zone basic equations (8) to (11). At this time, the height of the lower and
upper walls (vertical partitions) are respectively Zs(t) and H-Zg(ty). From the time of
trangition ts to the end of the calculation the one zone modd is linked to the lower and upper
walls which keep the dimension they had at time ts, i.e. ZS(tg) and H-Zg(ts). During the
transgtion no modification of partition temperatures of wall dimension is made, only the

15
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boundary conditions are modified. This way to proceed enables to fully respect the
conservation of energy during the transition from the two zones to the one zone model.

If a one zone model simulation is set from the beginning of the calculation, the dimension of
the lower and upper walls are the initia dimensions, deduced from the initial atitude of
separation of zones, until the end of the calculations.

It means that during a one zone simulation (one zone as well as combination strategy) a wall
is represented by two identical partitions which see the same boundary conditions at each
time.

AZ . AZ
Ceiling Ceiling

4 H 1H

Upper layer | |Upper wall
T —y ONE ZONE

L ower layer Lower wall
A 1z

timets time ts until end
Figure7

With a two zone model, lower walls are heated directly by radiation from the fire, and they
give back energy to the lower layer by convection. If the switch encountered, they exchange
energy by radiation and convection with the single zone.

5 Exchanges through the vents

Three types of vent models have been introduced in OZone V2.0: vertical vents, horizontal
vents and forced vents.

5.1 Pressure

Although the pressure is uniform in the compartment when solving the basic equations of the
problem, the pressure is not uniform in the compartment when calculating the mass flow
trough the openings. In this case, the variation is exponential with the atitude (Z), equation
(34).

_9(z-2)

p(Z) = pe °7 (34)

Zo : floor leve

5.2 Vertical vents (vv indicia)

5.2.1 Convective exchanges

The mass flow through vents is calculated by integrating the Bernoulli’'s law on each
openings.

16
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Dp:%rv2 (35)
Mews = Kb(Tor t)zé)PA—(Z) 2RT, a1- PB—(Z)gdz (36)
IR, P25

With Aindicia: variable at origin of the flux
Bindicia: variable at destination of the flux
Z'& Z": bounds of integration on altitude Z

b: width of vertical vent

a: U if the integration is made in the upper layer, L if the integration is made in
the lower layer and g in case of one zone model.

b: in if gas goes in the compartment, out if gas goes out of the compartment

If the atitude where the pressure inside the compartment is equal to the pressure outside of
the compartment is in a vertical vent, the vertical vents is divided in two parts, one where the
mass flow goes inside the compartment and another one where the mass flow goes outside.
This atitude is called the neutral plane altitude. Moreover in a two zone model, if the atitude
of separation between the zone is in the opening, another subdivision in two encountered. In
1ZM, three possibilities exist following the neutral level position. In 2ZM, 10 possibilities
exist following the neutral level and the zone separation altitude positions. For each vertical
vent, equation (36) is the solved 1 or 3 times with the appropriate bounds of integration on the
atitude (Z' & Z" can be the sill of the vent, the soffit of the vent, the neutral plane altitude or
the separation between the zone dtitude). Figure 8 shows in case of 2ZM and 1ZM one
possible situation of relative position of Zgj, Zp, Zs and Zgyfit.

5 ﬂ/ 5
TZuffit B S T > T TZafit B S
g 8o
o8 o8
1 7 z4d 47 z8
........ - . ZS
-
T Tout
- -
T, T
—+Zsi -+ s
{ — —
— —

(a) (b)
Figure 8 Exchanges through vertical ventsin (a) 2ZM and (b) 1ZM

The energies of this mass fluxes are calculated by equation (37) in case of 2ZM and by
equation (38) in case of 1ZM.
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qu,\/v,out = Cp(-IIJ )mJ,VVoutTU
qU,\/Vin = Cp(Tout)rnJ,VVinTout

(37)
QL,\/vout = Cp (TL) rn_,VVoutTL
qL,VV,i n = Cp (Tout )mLVVoutTout
qWout = CD(TQ) rT1/VoutTg (38)

qwin = Cp(Tout)rnNinTout

5.2.2 Radiative exchanges

The radiation through the windows is taken into account by the Stefan-Boltzmann law. One
consider that the radiation exists only bellow the altitude where the pressure inside the
compartment is equal b the pressure outside the compartment. Above this level the gases
goes out of the compartment and the temperature outside (in the plume) is assumed to be
equal to the temperature in the compartment and thus it is considered that the net radiation
flux is equa to zero (Figure 8).

If the windows is closed no mass exchange exists through it. The glazing can be assumed to
be adiabatic and thus no radiation through it is considered. If radiation is considered through
the glazing, it is evaluated by the stephan-boltzman law.

. — * 4 4
qgl;ad - egl S (Tz - TOUT) (39)
—Z offit —Z offit
_________ - Zs - Zs
T A To
T, Tom
—Zscll —Zsill
— —

(a) (b)
Figure 9 Radiative exchanges through closed vertical ventsin (a) 2ZM and (b) 1ZM

e;l is a parameter which include the relative emissivities of the gazes and include also the

part of energy which is reflected on the interfaces between gas and glass and absorbed by the
glazing material. It is highly dependent on the nature of the glazing material.
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5.3 Horizontal vents (hv indicia)

Gas flow through an horizontal celling vent is not always driven by the single pressure
difference, buoyancy can also have a significant effect. These forces may lead to bi-
directiona exchange flow through the vent. Therefor it is not appropriate to unconditionally
use Bernoulli's equation to model flow through horizontal vent.

Cooper has established a model for calculating flows through circular, shallow (i.e. small
depth to diameter ratio), horizontal vents. This model calculated the flow considering the
pressure driven forces and when appropriated the combined pressure and buoyancy effects.
The Cooper model is described in COOPER 95, COOPER 97

5.4 Forced vents (fvindicia)

Forced vent model is build to represent the effect of mechanical ventilation. The forced vents
are defined by the volume rate flow that they induced, VFV, their height Zry and their
diameter Dev

When the zone interface is above the forced vent elevation + 1.5 Dry, the exhausted gas is
lower-layer air only. When the zone interface is below the forced vent elevation - 1.5 Dgy, the
exhausted gas is upper-layer air only. When the zone interface is between Zs + 1.5 Dry and
Zs - 1.5 Dry, the mass of extracted air from each layer is proportional to the distance between
Zs and Zgy and 3Dry. (Figure 10).

If the forced vent is in the ceiling the interpolation is made as shown in Figure 11. When the
zone interface is above the forced vent elevation - Dry, the exhausted gas is lower-layer air
only. When the zone interface is below the forced vent elevation - 2 Dry, the exhausted gasis
upper-layer air only. When the zone interface is between Zs-Dry and Zs-2Dry, the mass of
extracted air from each layer is proportional to the distance between Zs and Zr-Dry and 2Dgv.

m:v =T gasVFV (40)
Upper layer Dry
Ceiling i Fan
a3Dg
T2 - Z :
&l ° _aD[ _ A L~
IDF\/ T ZFV DFV bDFV ,'/ \\ S
b3D
£ - ‘ Lower layer
Lower layer Wal
Figure 10 Figurell
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5.5 Opening size variation (glazing breakage)

During the course of afire the number of vent which are opened can vary. Their size can also
be modified. This can be the result of glazing breakage, automatic opening or firemen
arrival... In OZone, the opened vent size can be defined to be a function of the temperature of
the zone in contact with the glass (Tz) or to be a function of time. Criteria function of zone
temperature can represent breakage due to therma action. Criteria function of time can

represent the firemen arrival. Four variation types exist :

a one step variation with

temperature, a stepwise variation with zone temperature, a linear variation with zone

temperature and a variation with time.

A broken glazing can not be closed afterward. So the percentage of broken glass is either

increasing, either constant but never decreasing.

% of broken glass

100% 4
after
Tbreake
0% until Tyreax >
0 Thoreax T,

Figure 12 Temper atur e dependent

% of broken glass
A

100% at Tbreak,2

X2% at Torea 1

X1% at 20°C

20°C Torek1 Torekz Tz

Figure 14 Temperature dependent
Linear variation

% of broken glass
A

100% after Tbreak,2

X% after Tireax1

Xl% until Tbreak,l

- : >
20°C Toreakr Toreakz Tz

Figure 13 Temperature dependent
Stepwise variation

% of broken glass

A
100%
after
tbreake
0% until threak 'V
0 Threak time

Figure 15 Time dependent
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Figure 16 Elevation view of vertical vent

The size variation of a vertical vent is modelled by a variation of its width b. The size
variation of an horizontal vent is modelled by a variation of its area Ayy.

6 Fire source model - Input of heat and of combustion products in the
compartment

To represent the fire, the basic inputs zone models need are the heat release rate RHR(t) [W],
the pyrolisisrate My (t) [kg/s| and the fire area As(t) function of time. The pyrolisis rate is
taken into account in mass balances and the heat release rate in energy balances. This chapter
explains the physical parameters used to define the fire source, how they are related and how
OZone dedls with them in function of the oxygen available in the compartment. The strategy
of calculations may also influence these inputs as explained in §8.

6.1 Basic parameters

Rate of Heat Release - RHR

The rate of heat release is the quantity of energy which is released by the fire per second. The
RHR depends on the type and quantity of fuel present in the compartment, on the quantity of
oxygen available in the compartment, on phase of the fire (rising, stationary, decreasing)...

Pyrolisis Rate - M;

The pyrolisis rate M; is the quantity of mass of solid fuel which is transformed into
combustible gases per second. It is indeed the mass loss rate of fuel.

Combustion Heat of Fuel - H

The energy released by the combustion of one unit of mass of fuel in an oxygen bomb
calorimeter under high pressure and in pure oxygen is Hc net, the complete (or net) combustion
heat of the fuel. Under these conditions nearly al the fuel is burnt, leaving no residue and
releasing all its potential energy. In real fires the energy that the same unity of massis able to
release is lower then Hcne. Usually about 80% of the complete combustion heat is released. A
part of the combustible is not pyrolised leaving some soot and not all of the volatile produced
by pyrolisis is converted in heat. The effective combustion heat of fuel is defined as the ratio
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between the rate of heat release during a rea fire and the rate of mass of fuel loss during this
red fire.

RHR(t)
Iﬂ'nfi (t)

Hceff (t) = (41)

The efficiency of the combustion is represented by the combustion efficiency factor m, ratio
between the effective and the complete combustion heat of the fuel:

H ceff (t)

Hc,netf

m(t) = (42)

The values of the effective combustion heat and therefor of the combustion efficiency factor
depend on many parameters, the temperature in the compartment, the way of storage of fuel...
and are actualy varying with time. Nevertheless, in most cases it is assumed to be constant.

Fire Area - As(t)

The fire area is the burning area of fudl. In redl fires, it is usualy varying with time. In some
cases (ex. pool fire tests), the fire area can be constant. The maximum fire area in a
compartment is the floor area on which combustible is present. In most case the maximum
fire area is equal to the floor area. The pyroliss rate and the heat release rate are of course
linked to the fire area (see next paragraphs). Moreover, some air entrained models (87)
depend on the fire diameter and therefor on the fire area.

Heat release rate Pyrolisis rate
4-
3.5 1 0.25 1 .
3 RHR(®) ) = RHR(t) _ RHR(t)
0.2 - H ceff mH ¢ net
25
g 2 ;@ 015
15 4 01 4
14
05 4 0.05
0 : : : 0 : : . .
0 ta 1000 2000 3000 4000 0 1000 2000 3000 4000
time [s] time [s]
Figure 17 Input Rate of Heat Release Curve Figure 18 Input Pyrolisis Rate Curve

In OZone, the fire source is defined by three parameters, the pyrolisis rate, the heat release
rate and the fire area. They can be linked (as shown on Figure 17 and Figure 18) or defined
independently ones of the others. This will be discussed in the following paragraphs.

6.2 Combustion chemistry

The following chemical reaction is considered :
1kg of fud + 127 kg of 0, = 2.27 kg of combustion products + H . MJ 43)
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6.3 Oxygen balance

The mass of oxygen in the compartment is calculated at each time by integrating the oxygen
balance:

r.nox = r‘.noxjn + r:nox,out - 127mf| (44)

The initial mass of oxygen in the compartment is considered to be 23% of the initial mass of
gas, supposed to be freshair. The mass of oxygen coming in the compartment is considered to
be 23% of the mass of gas coming in the compartment through vents, supposed to be fresh air.
The mass of oxygen going out of the compartment is considered to be Xox % of the mass of
gas going out of the compartment. Xox is the concentration of oxygen in the gas inside the
compartment and is calculated by equations (45).

X, :% (2ZM)

m,+m (45)
Xox :ﬂ (1Z|\/|)

m

The concentration of oxygen in the compartment is supposed to be uniform in the

compartment. Even if this assumption is only obvious in case of 1ZM, it has been extended to
2ZM.

6.4 Combustion models

Users of OZone have to choose between the three different combustion models. Each of them
has been designed to represent a different Situation of utilisation of the code. With "no
combustion model”, the preserce of oxygen in the compartment does not influence the rate of
heat release. When no more oxygen is avalable insde the compartment, the "external
flaming" combustion model limit the amount of energy release inside the compartment and
the "extended fire duration” combustion model limit the amount energy release inside the
compartment and extend the initial fire duration.

6.4.1 No combustion model

Choosing this model, the user consider that the pyrolisis rate and the rate of heat release set in
the data have to be considered in the mass and energy balances. No control by the ventilation
will encountered. At each time, the following equations will be satisfied:

M (1) = My gaa(t)

(46)
RHR(t) = H_IRdata (t)

This case corresponds to the simulation of tests where the mass loss and the rate of heat
release have been measured. It suits also to situations where the pyrolisis rate is known and
where the fire is assumed to be fuel controlled.
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Figure 19 Rate of Heat Release Curve Figure 20 Pyrolisis Rate Curve

6.4.2 External flaming Combustion model

In this model external combustion is assumed, al the fire load is transformed into gases in the
compartment but only a part of it delivers energy in the compartment. The rate of heat
released by the fire may be limited by the quantity of oxygen available in the compartment,
the pyrolisis rate remaining unchanged.

When the mass of oxygen in the compartment is higher than Okg, the fire is fuel controlled
and all the mass loss of fuel delivers energy into the compartment.

m; (t) = mf,data(t)

. (47)
RHR(t) = RHR . (t) = M, ()H ; o

If al the oxygen in the compartment is consumed, the fire is ventilation controlled and the
combustion is not complete. The energy released is governed by the mass of oxygen coming
in the compartment through vents:
My (t) = M goea(t)
My i (1) (48)
127 "

RHR(t) =

When oxygen is again available in the compartment, the fire is coming back to fuel controlled
regime and equation 41 goverrs the pyrolisis and the heat release rates.
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6.4.3 Extended fire duration combustion model

This model supposes that the release of mass may be limited by the quantity of oxygen
available in the compartment. The total mass of fuel is burnt inside the compartment (safe
procedure) then the fire duration is increased compared to the input one.

When the mass of oxygen in the compartment is higher than Okg, the fire is fuel controlled
and all the mass loss of fuel delivers energy into the compartment.

My (1) =M, g (1)

: (49)
RAR() = RAR o (1) = M (OH ¢
If the mass of oxygen in the compartment is Okg, the fire is ventilation controlled. In this case,
the mass lost by the fire is governed by the mass of oxygen coming in the compartment and
all the pyrolised mass is transformed into energy:

. r.hoxin(t)
0=
' . (50)
_ _ rT‘Bx,in(t)
RHR(t) - mf (t)H feff — 1 27 f eff

The linear decreasing phase begins when 70% of the total fire load is consumed.
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In this model no external combustion is assumed, al the fire load delivers its energy into the
compartment. If the fire is ventilation controlled, the pyrolysis rate is proportiona to the
oxygen coming in the compartment. This model is not a physical model because pyrolise is
not directly dependant on oxygen concentration. It has been established for design procedures,
in order to avoid uncertainties on the maximum pyrolisis rate per unit floor area and therefor
to be on the safe side concerning the fire duration.
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Figure 24 Oxygen mass curve
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6.5 Natural Fire Safety Concept Design Fire

6.5.1 Definitions

Fire Load Density - g

The characteristic fire load density gq considered in the NFSC Design Fire is the 80% fractile
of the fire load distribution obtained by survey in real compartments. Data are available for
different types of occupancies of compartments. In order to obtain these data's, the mass of
combustible present in compartments has been measured and then multiplied by the
combustion heat of the fuel and divided by the floor area of the compartment. The complete

combustion heat has been considered in these evaluations. (51)
mfi
qf,k = chet K (51)
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The design fire load density is given by :
Ut g :gqlngé Oni M Qs (52

Maximum Fire Area - Afi max

The maximum fire area is the maximum burning area of fuel, i.e. the maximum area of floor
on which combustible is present. In most case the maximum fire area is equal to the floor
area.

Maximum Rate of Heat Release per Unit Area of Fire- RHR

RHR is the maximum quantity of energy which can be released by unit area of fire in steady
state situation with no ventilation controlled. This quantity, RHR;, is given in the literature for
different type of compartment occupancies. The values of RHR; are for rea fires and take into
account the incomplete combustion. The mass |oss per unit area corresponding to this energy
release is then obtained from :

RHR; =m;  Hegp = mH, My (59)

Fire Growth Rate- t,

The rising phase of fire is characterised by fire growth rate t,. It is the time at which the fire
area A has grown to a value leading to an effective rate of heat release of IMW.

.2
RHR() =10°E 2 = A0 RHR, (54)
a @
2
G&t 0
Q__
. RHR(t RHR(t t,
iy (=T = RO € 0 (55)
ceff cnet c,net

Decreasing phase

The decreasing phase of the fire begins when 70% of the design fire load is consumed. This
phase is considered to be linear.

RHR(t) Pyrolisis rate
Steady state
4 - phase :
Afi RHR¢ )
35 dQHR(t) =07 qf | Afi 0.25 1 _ RHR‘t) _ H"th}
34 ' mf (t) - -
0.2 4 H ceff mMH ¢ net
25
g 5 2 0154
= 2 Decreasing phase g
1.5 1 011
1 » ising phase
05 0.05
0 S . . 0
0 ta 1000 2000 3000 4000 0 1000 2000 3000 4000
time [s] time [s]
Figure27 NFSC Rate of Heat Release Curve Figure28 NFSC Pyrolisis Rate Curve
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6.5.2 Parameters values

In the research NFSC1 1998, the design fires are given function of the parameters defined in
86.5.1. The tables hereafter shows the values of these parameters included in OZone V2.

The fire growth rate, the maximum rate of heat release per unit area of fire and the fire load
density are given in table 1 in function of the type of building occupancy.

Tablel:ty, RHR, Ork

Occupancy ta RHRs Of k
I [KW/m?] [MJIm?]
Dwelling Medium 250 948
Hospital Medium 250 280
Hotel (room) Medium 250 377
Library Fast 500 1824
Office Medium 250 511
School Medium 250 347
Shopping Centre Fast 250 730
Theatre (movie/cinema) Fast 500 365
Transport (public space) Slow 250 122

The influence of active measure is taken into account by g,; factors given in table 2.
Table2: g,;

Active measures Oni
Automatic Water Extinguishing System 0.61
Independent Water Supplies 1 0.87
Independent Water Supplies 2 0.7
Automatic Fire Detection by Heat 0.87
Automatic Fire Detection by Smoke 0.73
Automatic Alarm Transmission to Fire Brigade 0.87
Work Fire Brigade 0.61
Off Site Fire Brigade 0.78

The influence of the compartment area is taken into account by the factor gy 1 factor. The
values of gy,1 are approximated by the formula of equation (56). This law has been obtain by a
fit on tabulated value.

g, =0.1688In(Af) + 0.5752 (56)

The influence of the danger of fire activation is taken into account by gy factors given in
table 2.
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Table3: g;»

Danger of fireactivation G2
Low 0.85
Medium 1
High 1.2
Very high 1.4
Ultra high 16

6.6 User defined fire

It is possible to define any fire curve by using the option user defined fire. The rate of heat
release (RHR(t)), the pyrolisis rate (M; (t)) and the fire area (As(t)) can be defined function of
time,

If RHR(t) or M (t) is not known, the combustion heat Hc et and the combustion efficiency

factor m have to be provided by the user. RHR(t) and m;(t) are related at each time by
equation (57)

RHR(t) = mH .,y (1) (57)
If Ar(t) is not known, the maximum fire area As,max have to be defined. Ag(t) is then deduced
from equation (58). The hypothesis is made that the maximum value of the fire area arrives
when the rate of heat release is maximum. If the fire is defined by the pyrolisis rate, the RHR
isfirst deduced by equation (57).

RHR(t)

Afi (t) = Aﬁ,max W (58)

max

The combined model (see 8) can be used if the fire is defined point by point. In this case
only a switch to the one zone model is done without modification of the rate of heat release.

6.6.1 RHR(t) and M (t) and Ag(t) are given

When the fire is completely known, the user can define the three parameters RHR(t), M (t)

and As(t) point by point function of time. This case correspond to tests where the mass lost
and the rate of heat release inside the compartment have been measured. The fire area is aso
known at each time. For example, this situation could arrive when modelling a full scale pool
fire test with two zone phenomena with mass loss measurement and RHR measurement by
oxygen depletion in the upper layer gases extraction device (Figure A FAIRE). In this
situation it is not possible to use any combustion model, cf. §86.6.5.
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6.6.2 RHR(t) and My (t) and Afmax are given

This case correspond to tests where the mass lost and the rate of heat release inside the
compartment have been measured. The fire area is not known and is assumed to be
proportional to the heat release rate and evaluated by equation (58). In this situation it is not
possible to use any combustion model, cf. 86.6.5.

6.6.3 RHR(t) or M (t) and H¢net and m and Ag(t) are given

This case correspond to tests where the mass lost or the rate of heat release inside the
compartment have been measured. The unknown quantity is deduced from equation (36). The
fire areais known at each time.

6.6.4 RHR(t) or M, (t) and Hcnet and m and Asi max are given

This case correspond to tests where the mass lost or the rate of heat release inside the
compartment have been measured. The fire area is not known and is assumed to be

proportional to the heat release rate. The unknown quantity of RHR(t) or M (t) is deduced
from equation (36) and the fire areais evaluated by equation (58).

Other design fires then NFSC ones can also be defined by this procedure. The combustion
models can be used or not.

6.6.5 Comments on the use of combustion models

It has been stated in 80 & 86.6.2 that combustion model n°2 can not be used if RHR(t) and
m;; (t) are both given. This is due to the fact that combustion model are based on the

assumption that the effective combustion heat is constant which, a priori, is not the case if
these to variables are given. If they are both known and combustion model have to be used, a
value of the effective combustion heat has to be fixed and only one variable must be given as
data. The effective combustion heat is normally different at each time so the mean vaue or
the maximum value (or any other reasonable value) has to be considered. This choice has, of
course, adirect impact on the results.

7 Entrained air and plume model

When a mass of hot gases is surrounded by colder gases, the hotter and less dense, mass will
rise upward due to the density difference, or rather, due to buoyancy. This phenomenon
happens above a burning fuel source. The buoyant flow is referred to as a fire plume. Cold air
is entrained by the rising hot gases, causing a hot layer of hot gases to be formed below the
ceiling. Different analytical expressions of the properties of fire plume have been proposed by
several authors. Four of them have been implemented in OZone.

It should be mentioned that some of these empirical formulas have been obtained by fit on the
total energy release rate Q and others on the convective part of it Q.. In OZone, it is assumed
that Q; isequa to 0.7 Q.
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7.1 Heskestad

The model of Heskestad is the default plume model in OZone. It is the model with the less
assumption. It has been shown in "Development of design rules for steel structures
subjected to natural fires in Closed Car Parks. February 97." that it is the model which best

fit to CFD plume simulations.
The virtual origin of the plume s at the dtitude z, :
z,=0.083Q%° - 1.02D

The flame height Ly is given by :
L, =0.235Q%°- 1.02D

The plume mass flow rate above the flame height (z> L¢,) is given by :
m, =0.071Q;” (z- z)”°+1.92 10°Q,

The plume mass flow rate below or at the flame height (z< Lg,) isgiven by :

4
m, =0.0056Q, —

fl

7.2 Zukoski
a 2 61/3
m, =0.21 C*‘Tg ; QPP
p¥ Qg
7.3 Mac Caffrey
®z g y4
m =0011Q———= for 0<—<0.08
g 6Q"' 5 Q*
® 7 60.909 7
m, =0.026 Q¢c—57+ for 0.08<—;<0.20
€Q @
&z 5 y4
m,=0124Q———= for 0.20<—-
° §Q% 5 Q*

7.4 Thomas

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

The Thomas plume model is intended for entrainment in the near field or flame region, when
the mean flame height is considerably smaller then the fire diameter. In this region, the
entrained air is less influenced by the heat release rate then by the fire perimeter, and therefor

the fire diameter.

m, =0.59 D z*'*

(67)
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8 Combination strategy

Two zone and one zone models are based on different hypothesis and one can not say that
there is a better model then the other. Indeed they correspond to different types of fires or
different stages of the same fire. They simply have different application domain and in fact
they are complementary. When modelling a fire in a given compartment, it is important to
know whether a two zone model or a one zone model is appropriated.

The fire load can be considered to be uniformly distributed if the real combustible material is
present more or less on the whole floor surface of the fire compartment and when the real fire
load density (quantity of fuel per floor area) is more or less uniform. By opposition, the fire
load is localised if the combustible material is concentrated on quite small surface compared
to the floor area, the rest of the floor area being free of fuel.

Firesignitions are in most cases localised and therefor a fire remains localised during a certain
amount of time. If temperatures are sufficiently high to provoke spontaneous ignition of all
the combustible present in the compartment, a flashover occurs. Generally two zone models
are valid in case of localised fires or pre-flashover fires and one zone models are valid in case
of fully engulfed fires or post-flashover fires. Also if the thickness of the lower layer is weak
compared to the height of the compartment, the two zone assumption is not applicable
anymore and a one zone model is more appropriated. Moreover if the fire area is big
compared to the floor area, the one zone model assumption is better then the two zone one.

These considerations implies that to model fires in a compartment with uniformly distributed
fire load, a two zone modd is well adapted for the first stages of the fire and then a one zone
model can be a better assumption if some conditions on temperatures, fire area and smoke
layer thickness encountered. In many cases, it is difficult to know a priori if afire will remain
localised during its entire course, if flashover will happen etc. and in genera to known
whether atwo or a one zone(s) model is appropriated.

One can imagine to make a manua combination strategy. It implies to make first a two zone
model simulation, to check until when it isvalid (i.e. to find the time of transition from two to
one zone) and then to restart a one zone model simulation with new initial condition obtained
from the results of the first two zone simulation at transition time. The last step is particularly
difficult, especialy concerning the initial partition temperatures, and not permitted by existing
one zone models.

That's why an automatic combination strategy is proposed. With this strategy, the simulation
always begin with the two zone model assumption and if one of the above described condition
encountered, the ssimulation will leave two zones model to go to one zone model and/or will
modify the mass and energy released by the fire. One of these two modifications can arrive
alone along the fire duration or they can arrive successively or simultaneously.

The modification of the main variables and of the basic equations when the one zone model
switch occurs has been presented in 80. The criteria of the transition from two to one zone and
the consequences on the fire source model are discussed in §8.2.

In case of localised fire load, when the upper layer temperature is sufficiently high to ignite
the fuel by radiation; the complete fire area dart to burn and the rate of heat release is
modified. In this case the fire stay localised and a two zone phenomenon is continuing and so
atwo zone model is still appropriated. A one zone model can be more appropriated then a two
zone one if the upper layer thickness is big compared to the compartment height.
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It is aso ill possible to choose to follow a two zones or a one zone strategy for the entire
duration of afire. With these strategies, the whole simulation is made considering two or one
zones, from the initial time to the end of the calculation. No modification of the rate of heat
release is made by the code, except from combustion models (see 86.3).

8.1 Fully developed fire

If afireis modelled by the plain curve of the Figure 29. The growing phase, represented here
by at? curve, is reaching a maximum at the time at which all the fuel has been ignited. If the
fuel ignition happens only by flame spread the maximum is reached without modification of
the initial t2 curve. If the temperatures of hot gases of the upper layer of a fire reach a
sufficiently high temperature (about 500°C to 600°C), the radiative flux between the hot gas
and the non burning combustible materials can be as high as to ignite the fuel. At this moment
there is a very fast increased of the energy release rate. This phenomenon is called flashover.
This modification is made by modifying the initial heat release rate curve as indicated by the
doted line in Figure 29. At the flashover time, the RHR curve is left and goes to its maximum
value equal to the maximum fire area multiplied by the heat release rate density RHR.

If the gases in contact with the fuel reach a temperature of about 300°C, the fuel aso ignites
and the rate of heat release increases as stated for the flashover phenomena.

RHRdata(t) & RHRdata,mod(t)
Steady state
4 - phase :
35 A fi max RHR;
° RHR() =074, A
2.5 - >
g 2 T ""0
= : ., Decreasing phase
1.5 - : Fully developed ‘&
14 fire ’~.u
0.5 - Rising phase "’«..
0 T T T ! y
0 ta 1000 2000 3000 4000
time [s]

Figure 29 Modification of RHR(t) in case of flashover.

8.2 Criteria of transition from two to one zone model
and/or of modification of the input of energy

The aim of this chapter is to describe the criteria of the transition from two to one zone and/or
of modification of the fire source mode.

Criterion 1 (C1) : Ty > TrL
High temperature of the upper layer gases, composed of combustion products and
entrained air, leads to a flashover. All the fuel in the compartment is ignited by
radiative flux from the upper layer. The flashover temperature (Tg,) is set to 500°C.
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Criterion 2 (C2) : Zs< Zy and Tz > Tignition

If the gases in contact with the fuel have a higher temperature than the ignition
temperature of fuel (Tignition), the propagation of fire to all the combustible of the
compartment will occur by convective ignition. The gases in contact (at temperature
T7) can either belong to the lower layer of atwo zone, the upper layer (if the decrease
of the interface height Zs) leads to put combustible in the smoke layer - Z; is the
maximum height of the combustible material) or the unique zone of one zone models.
Tignition IS assumed to be 300°C.

Criterion 3 (C3) : Zs<0.2H
The interface height goes down and leads to a very small lower layer thickness, which
IS not representative of two zone phenomenon.

Criterion 4 (C4) : As > 0.25 A¢
The fire area is too high compared to the floor surface of the compartment to consider
alocalised fire.

Criteria 1 or 2 lead necessarily to a modification of the rate of hest release as specified in
88.1. If the fire load is localised the ssimulation will continue using a 2ZM and if the fire load

is uniformly distributed, a 1ZM will be considered. If one of the criteria C3 or C4 is fulfilled,

the code will switch to a one zone model but the RHR will not be modified, except if criterion

C1 or C2 happens simultaneoudly. The Table 4 and Figure 31 summarise the four criteria.

Table4
CRITERIA : EFFECT
LOCALISED o DISTRIBUTED ¢
C1: Ty >500°C Ati = Afi max 1ZM + Asi = Afimax
C2: Zs< Hqand Ty > Tignition (2ZM) Afi = Afi max 1ZM + Asi = Afimax

or Zs> Hqand T, > Tignition (2ZM)
or T > Tignition (1ZM)

C3:Z<H

1ZM

M

C4 . A > 0.25% A¢

ZM

If the fire load is localised, five different paths are possible :

PATH 1 - None criterion are encountered then the model will remain with two zones and

the RHR curve will not be modified until the end of the fire.

PATH 2 - Criterion C1 or C2 is first encountered, leading to a RHR modification.
Criterion C3 is not encountered, the model remains a two zones one.

PATH 3 - Criterion C1 or C2 isfirst encountered, leading to a RHR modification.
Criterion C3 is encountered, the model switch from atwo zones to a one zone.

PATH 4 - Criterion C3 is first encountered, the model switch from atwo zones to a one

zone. The criteria C1 and C2 are not encountered, leading to no RHR modification.

PATH 5 - Criterion C3 is first encountered, the model switch from a two zones to a one

zone. The criterion C1 or C2 is then encountered, leading to a RHR modification.

If the fire load is uniformly distributed, three different paths are possible :
PATH 6 - Criterion C1 or C2 is encountered, leading to a RHR modification and a
simultaneous switch from a two zones to a one zone model.
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PATH 7 - Criterion C3 or C4 isfirst encountered, the model switch from atwo zonesto a
one zone. The criterion C1 and C2 are not encountered, leading to no RHR modification.
PATH 8 - Criterion C3 or C4 isfirst encountered, the model switch from atwo zonesto a
one zone. Criterion C1 or C2 is then encountered, leading to a RHR modification.

As the definition of the limit between uniformly and localised fire load is base on the criterion
C4, it is obvious that criterion C4 never arrives in case of locaised fire load. For the same
reason, in case of uniformly distributed fire load, criteria C4 will always be fulfilled and
therefor a simulation with uniformly distributed fire load will always switch to one zone
model.

FIRE LOAD DISTRIBUTION = ?
y v

A < 25% A, A > 25% A
LOCALISED FIRE LOAD DISTRIBUTED FIRE LOAD
2ZM 2ZM
v v v
ClorC2 C3 ClorC2 C3orC4
A = Afi max 1ZM Asi = Afi max 1ZM
+
v y oM y
C3 ClorC2 ClorC2
1ZM At = Afi max Asi = Afi max
PATHN® |1 2 3 4 5 6 7 8
v v v \4 v \ 4 v

TEMPERATURE-TIME CURVE

Figure 30 Organisation chart of the combination strategy
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Criterion :  Ty>Tg °C

Flash Over

gﬂnmm

Criterion Zq >Z TU>Tignition

S R

Criterion ZS< oH

Criterion _: A; > 0.2%

Figure 31 Four criteriato switch from two zone to one zone model and/or modify the heat releaserate

9 Heating of steel profile.

The temperature which is calculated for the hot zone in a two zone fire situation can be
considered as the average vaue of the temperature field in the air. In fact, the thermal impact
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of alocalised fire can be much more severe on structural elements located in the vicinity of
the flames than the impact coming from the air at the average temperature. For example, if the
failure of the structural elements located close to a fire may be critical for the stability of the

whole structure, then the average temperature is no more sufficient and the localised effect of

the fire must be taken into account. The Hazemi model represents this local effect (Figure
32).

A

Two zone model

concrete slab

4 o e« ., & ., o L, o0 ., o o, 4 [:ffe
& B .

59
139
o,
o,
£,
2
2.

~IPE 600

g .
Y = Height
of the
free zonqg
Fire v

Figure32

9.1 Non dimensional model of Hazemi for localised fires

The model is based on non dimensional coefficients. Hasemi uses the Froude number, given
by equation (68).

Q = Q
ry CpT¥ g

(68)
172 572

Introducing in equation (68) the appropriate values for the specific mass, pecific heat and
room temperature of air as well as the acceleration of the gravity leads to the more convenient
form of equation (69).
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Q=2
111 x 108 D>/ 2

(69)

with Q Rate of Heat Release of the burner,
D diameter or characteristic length of the burner.

This variable is used to estimate the vertical position of the virtual source with respect to the
surface of the burner. This position is the one where a virtua point source would produce the
same effects as the rea burner. The position of the virtual source Z' is calculated according to
equation (70).

Z * * *
—=24 (@#*-Q%)  for Q£1
. (70)
Z * *
— =24 (1-Q?° for >1
=24 (1- Q™) Q
r 'I
Ly g

= % >

Z'+H+r
H-H

fi

virtual saurce lavel 7' ]

Figure 33 Horizontal flame length

When the flame impinges on the ceiling, it is deviated and develops horizontally on a distance
Ly, see Figure 33. Whereas the position of the heat virtua source has to do with the
dimension of the burner, " D " in equation (69), the relative length of the flame with respect to
the compartment is linked to the vertical distance between the burrer and the ceiling, " H " on
Fig. 2. The Froude number that gives indications on the length of the flame is therefore
calculated according to equation (71), very similar to equation (69).

Q= Q
H 111 x 10° H*

(71)

with H-Hs; Vertical distance between the burner and the ceiling.

It is observed during the tests that the ratio of the length of the flame from the burner,
H + Ly , and the burner to ceiling distance H is proportiona to the Froude number with the
exponent 1/3. Thisfact is reflected in equation (72).

L, +H

=290 Q° (72)
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y isthe non dimensional ratio between the distance from the virtual source, ' + H + r, and the
total length of theflame, 2 + H + Ly .

q" =100 for 'y £ 0.30
q" =136.3 - 121y for 0.30<y £ 1.00 (73)
q"=15 y* for 1.00<y

The net heat flux at the boundaries of a steel profile gnet, taking into account the flux lost due
to the temperature of the section, is given by equation (74).

O =" h(T,- 293)- s e’ (T} - 293") (74)

with h Coefficient of convection (25 W/mK),

Ts Temperature of the section (inK ),

s Constant of Stefan-Boltzman (5.67 10°%),
e Relative emissivity ( 0.50).

It is possible to deduce afictive local temperature which has the same effect then the net heat
flux calculated with this method. It is indeed the temperature of stedl profile with a very high
massivity. This stedl profile has a temperature which is very closed to the gas temperature,
thuswe have : Tioc = Ts. Tiocs 1S then obtained by solving equation (75)

q"- h (T, - 298)- s €' (T¢, - 293') =0 (75)

loc

9.2 Heating

The heating of unprotected or protected steel profile is then calculated by considering the
ENV 1993-1-2 methods. The gas temperature is either the upper zone temperature, the fictive
local temperature obtained by Hasemi's method or the maximum of these two temperature.

The evolution of steel temperature is computed using equation (4.21) for an unprotected steel
Cross-section:

Am !V .
C Oat= c hnet,th (4-21)
a

Na

or, equation (4.22) for a protected steel cross-section

_IpAp/V (gt - dat)  _ (/20 .
Dl dpcalay (1 + /3) o - (¢ 1)Dagr but Doar * 0 (4.22)
with:
r
=2 2g AN
Cal o

where qg: — the ambient gas temperature is either the hot zone temperature, the localised fire
temperature, or the maximum between the two previous values.
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10 Fire Resistance

The fire resistance of members is determined based on the assumptions stated in ENV 1993-
1-2, 8§ 2.4.4 - Member analysis using the equation (2.2) :

Efi ERidt (2.2)

where;

Efig is the design effect of actions for the fire dStuation, determined in
accordance with ENV 1991-2-2;

Riqat isthe corresponding design resistance at elevated temperatures.
OZone implements the calculation of fire resistance for:
Tension members (4.2.3.1)
Compression members with Class 1, Class 2 or Class 3 cross-section (4.2.3.2)

Beams with Class 1, Class 2 or Class 3 cross-section (4.2.3.3 and 4.2.3.4)
10.1 Tension Members (4.2.3.1)

For tension members the user must input the design axial load for the fire situation N ¢ and
the steel grade. The stedl profile is described in a previous step of the smulation (Steel Profile
window).

OZone will then incrementaly compute the design resistance of the tension member Nyi grd at
the uniform temperature g, ; ga +Dga and check this resistance against the design axial load
Nsi ¢ The design resistace of the tension member is computed using equation 4.4 :

Nfi g,Rd = Ky,gNRa[Gv,1/Gw i] (4.4
* Element ISE
Ele Tools View Help
Analysis: | Tension |
Nominal Steel Grade: |52 =
Section: HD 2603 54.1
Fire Design Load
{ N

(] 4 I Cancel Help
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10.2 Compression members with Class 1, Class 2 or Class 3 cross-section
(4.2.3.2)

For compression members the user must input the design axial load for the fire situation Nf; g,
the steel grade and the buckling lengths about the mgor and minor axis (for the fire design
situation). The steel profile is described in a previous step of the simulation (Steel Profile
window).

OZone will then incrementaly compute the design buckling resistance of the compression
member Np fiq,rd 8 the maximum temperature gamax ; Gamax +D0amax @nd check this resistance
against the design axial load Ny ¢ The design buckling resistace of the compression member

is computed using equation 4.5 :
Nofitrd = [Cfi/L,2] A Ky qmaxfy/Ou fi (4.5)
The value of cy is taken as the lesser of the values cy i and c,5 determined as stated in

4.232(2).
* Element ==l E3

File Tools “iew Help

Analyzis: l Compression ;!
Narminal Steel Grade: |5 235 =l
Section: HD 260 % 54.1
— Fire Design Load
M d: I3D kM
— Fire Design Buckling Length
Buckling Length About Major daxis [y -] 300 cm
Buckling Length About Minor &xis [z - 2] IE_UU‘— =]

ok | Cancel | [

10.3 Beams with Class 1, Class 2 or Class 3 cross-section (4.2.3.3 and 4.2.3.4)

For beams the user must input the design bending moment for the fire situation M g, the
design shear force Vi g4 the steel grade, the adaptation factors for nonruniform temperature
distribution ki and ko.
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* Element (=1
File Toole Wiew Help
Analyzis; I Bending ;!
Nominal Steel Grade: |5 235 =l
Section: HD 260 54.1
— Fire Design Load
Mpg:f30 ki Vg0 kim

—&daptation Factors

Mon-uniform Temperature Across the Cross-Section K1Z |1
Mon-uniform Temperature Along the Beam L |1

2

— Lateral Torsional Buckling
Length of the Beam between Points of Lateral Restraint: |1 cm

Loading:  [Mot Defined] Define |

The length of beam between points of lateral restraint as well as the shape of the bending
moment diagram must be given. The steel profile is described in a previous step of the
simulation (Steel Profile window).

* Just a bunch of data ==l B3
File Toolz Miew Help
Load: I End Moment Load j
Bending Moment. Ciagram; IDistlibuted Load Fin Ends j
Bending koment R atio 4. |-.?
Digtance Between Foint of Load .&ppli'cation and Shear Centre: |D mm
Effective Length Factor k: 1.0 -

Y

Ok I Cancel | Help |

OZone will then incrementaly compute the design moment resistance of the beam My grq at
the maximum temperature gamax ; Jamax +Ddamax and the design buckling resistance moment

Mbfi,q,Rd-
The design moment resistance of a Class 1 or Class 2 cross-section member is computed
using equation (4.9) :

Mritrd = Miigra/K1kz (4.9)

or, equation (4.14) for a Class 3 cross-section :
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Mitrd = KygqmaxMra[Ov,1/0w si]/Kikz (4.14)

The design buckling moment resistance of a Class 1 or Class 2 cross-section member is
computed using equation (4.11) :

Mbitrd = [CLTfi/1,2] Whi yKy q.comfy / O i (4.11)
or, equation (4.15) for a Class 3 cross-section :
Mofitrd = [CLTfi/1,2] WetyKy,gcom fy/Qw i (4.15)

Ozone will check the design moment resistance, or the design buckling moment resistance (if

I, > 0.4) against the design bending moment M .

LT,g,com

11 Validation

11.1 Comparison of the one zone model with an existing code (NAT)

In this section, an academic example of application of the OZone code is presented and the
results are compared with those of the one zone model NAT [XX]. This code was made at the
CSTB in France and the calculations presented here were made by Daniel Joyeux from the
CTICM, France.

The compartment has the following dimension: length, 5m; width, 5m; height, 2.5m. There is
one opening of 1.4m large and 1.9m height, the sill is 0.4m height. The wall (ceiling and floor
included) are 20cm thick and made of normal weight concrete. The rate of heat release is
given a the figure n°4 and has a maximum of 4MJ/s.

The temperature and the pressure of the gas in the compartment are given in Figure 34 &
Figure 35. The different terms of the energy balance are shown on Figure 36.



a Université de Liege, département M& S, Rapport interne SPEC/2001_01

1600 T

1400 T

1200 + —+— OZONE
O 1000 1 —— NAT
2. 800 T
= 600

400 A

200 1

O T T T T 1
0 20 40 60 80 Time [min
Time [min] [ ]
Figure 34 Temperature of gas Figure 35 Pressurein the Compartment
4 A WALL: OZONE
—¥— WALL: NAT
3 < OPENING: OZONE
—+—OPENING: NAT

2 O OPENING+WALL: OZONE
E 1 —— OPENING+WALL: NAT
E 0 N ’
W -1 80

-2

-3

" Time [min]

1
N

Figure 36 Energy Balance

A very good agreement is found between the two codes.
11.2 Comparison with Experimental Tests

The data base of experimenta fire tests comprises more than 80 test results, 54 of them
having been analysed up to now. In these tests, the fire load per total area of the enclosure
varied between 37 and 151 MJm?2 whereas the opening factor varied between 0.015 and 0.157
m’™° . Observation of the results showed that some tests lead to a fuel bed control regime
whereas others were clearly ventilation controlled. When the pyrolisis rate or the Rate of Heat
Release — RHR - had been measured during the test, it was introduced in the ssmulation and
combustion model number 1 was activated ; lack of oxygen leads to a reduction of the RHR
but the duration of the fire is not increased, which amount to assume external flaming. When
only the fire load was known, a RHR curve was introduced, based on a t?2 growing phase, a
constant release phase and a linear descending branch starting when 70 % of the fire load has
been consumed. In the later case, the combustion model number 2 of OZone was activated ; a
lack of oxygen leadsto a reduction of the RHR leading to a duration of the fire longer than the
one assumed in the data.

Figure 37 gives a comparison of the maximum gas temperature as measured in the test and
computed by the model. Each point is representative of a test and the oblique line is the
location of the point giving a perfect fit. The doted line is the linear regression among al the
points.
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Figure 37 maximum temperature in the compartment

The maximum gas temperature is yet only a scalar and may not be a sufficiently good
indicator of the good fit between two curves. For each test, the temperature evolution was
computed in atypical unprotected steel section — HEB200, U/F = 147 mi* — first submitted to
the recorded gas temperature, then submitted to the computed gas temperature. This allowed
to draw figure 4 where each test is represented by the maximum temperature in the
unprotected steel section and where the agreement is also rather good.
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Figure 38 maximum temperature in the unprotected steel section

The temperature in an unprotected steel section tends to follow the evolution of the gas

temperature with arather limited delay. The maximum steel temperature is therefore sensitive
to the severity of the fire, much more than to the duration of the fire. With this in mind,
another comparison was made, based on the maximum temperature computed in a protected
steel section. The same section was chosen but supposed to be protected by 20 mm of a dry
material having a specific heat of 1850 JkgK, a specific mass of 300 kg/m3 and a thermal
conductivity of 0.20 W/mK. Figure 5 has been drawn with these values.
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Figure 39 : maximum temperature in the protected steel section
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Although the correlation is till very good, there seems to be a systematic trends for OZone to
underpredict the protected steel temperatures by a factor of approximately 10 %. This was
clearly traced to the fact that the temperature of the gas decrease somewhat faster in the
OZone simulation than in the experimental test. Although this should be confirmed
experimentally, this could be due to the fact that the recorded experimental temperature isin
fact the temperature of thermocouples placed in the compartment and that these
thermocouples are influenced not only by the gas temperature but aso by the radiation flux
that they receive from the walls and the burning combustibles. The walls and the burning
materials, cooling down slower than the gas, would then to some extend delay the cooling
down of the thermocouples.

12 Conclusions

In the new zone model OZone, the variation of the specific heat of the gas in the compartment
is taken into account.

The discretisation of the walls by atraditional finite element approach alows to formulate the
differential equations which govern the heat transfer by conduction within the material. These
equations can be added to the usual set of two differential equations describing the evolution
of dituation within the compartment. These two sets of equations can be solved
simultaneously by the numerical solver. Because the two sets of equations are coupled by the
temperature of the inside surface of the wall, the energy balance between the compartment
and the wall is strictly respected.

This proposed procedure provides an elegant and robust way to account for the heat transfer
to the walls that does not require the introduction of hypotheses on the time evolution of the
interface temperature.

Three different combustion models have been introduced to allow the user to run the code for
different purposes. The combustion models 0 and 1 are designed to model full scale fire tests.
The CM1 can aso be used in a design procedure if the duration of the fire is known or
imposed by the user. The combustion model 2 has to be used in fire safety design procedures.

A combination of atwo and a one zone model is included. The criteria of transition offers to
the user an automatic decision procedure to know whether a two or a one zone modd is
appropriated to the fire stage which is model.

The comparison between OZone and NAT is very good. The agreement between experimental
test results and results computed by a numerical code based on this procedure appears as quite
satisfactory.

A Graphic User Interface has been developed to define the input data.

The code is available for free at the University of Liege for genera public (contact: JF
Cadorin, jf.cadorin@ulg.ac.be or IM Franssen, jm.franssen@ulg.ac.be).
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