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DEVELOPMENT OF DESIGN RULES FOR STEEL STRUCTURES
SUBJECTED TO NATURAL FIRES IN LARGE COMPARTMENTS

C.E.C. Agreement N° 7210-SA/210,317,517,619,932

FINAL REPORT
RPS Report n°26

SUMMARY

The aim of this research is to point out that, in view of the fire conditions for large
compartments, the present fire regulations are too severe and to define new
requirements which correspond in a better way to the real fire effect. These new
requirements should be expressed in terms of fire load [ MJ/m?], fire size [ m?] and
Rate of Heat Release [kW]. The procedure developed in the scope of this research
allows indeed to predict that a structure can survive the required fire defined by its
size and its Rate of Heat Release. The ISO requirement F30, F60, F90, F120
should be replaced by the requirement “No failure at all”, which demonstrates
an increase of SAFETY.

A procedure has been developed to check whether the fire remains localized and to
calculate the temperature field in a steel structure in that case.

This procedure implies first a calculation of the air temperature based on the
assumption of an upper hot layer, and a lower cold layer. A simplified method and
several 2 zone models have been analysed. An important parameter of a 2 zone
calculation is the rate of Air Entrainment which has been studied in detail. In a
second step, the peak of temperatures produced by the localised fire has been
modelised by the Hasemi’s method which provides the heat flux distribution. Based
on these heat fluxes, the ENV 1993-1-2 allows to deduce the steel temperature. The
validity of the Eurocode formulae has been checked in case of localised fire by
comparing the calculated temperatures with the temperatures obtained in different
tests.

Knowing this steel temperature field, the mechanical behaviour is analysed by using
the Fire part of Eurocode 3. A new formula has been developed for a column situated
in a 2 Zone environment.

We have developed a new design tool called TEFINAF (TEmperature Fleld
under NAtural Fire) providing the steel temperature field of floor beams for any
type of localized fire .



DEVELOPPEMENT DE REGLES DE DIMENSIONNEMENT
POUR LES STRUCTURES EN ACIER SOUMISES
A DES FEUX NATURELS
DANS LES GRANDS COMPARTIMENTS

Agrément C.C.E. N° 7210-SA/210,317,517,619,932

RAPPORT FINAL
Rapport RPS n° 26

RESUME

Le but de cette recherche est de montrer que, vu les conditions réelles d’incendie dans
les grands compartiments, les réglementations actuellement en vigueur en matiére de
résistance au feu sont trop séveéres et de définir de nouvelles exigences qui
correspondent mieux a la réalité. Ces nouvelles exigences devraient €tre exprimées en
termes de charge au feu [MJ/m?], de taille du feu [m?] et de Taux de Chaleur Dégagée
[kW]. La procédure développée dans le cadre de cette recherche permet précisément
d’étudier la stabilité d’une structure soumise a un feu défini par sa taille et son Taux
de Chaleur Dégagée. L’exigence au feu ISO F30, F60, F90, F120 est a remplacer
par D’exigence “Pas de Ruine lors de I’Incendie”, ce qui implique un
accroissement de SECURITE.

Une procédure a été développée pour vérifier si le feu reste localis€ et pour calculer le
champ de températures dans la structure en acier dans ce cas.

Cette procédure implique tout d’abord un calcul de la température de I’air basé sur
I’hypothése d’une stratification des gaz en une zone chaude supérieure et froide
inférieure. Une méthode simplifiée et des modeles 2 Zones ont été analysés. Un
paramétre important de cette approche a 2 zones est le taux d’Air Entrainé qui a été
étudié en détail. Ensuite les pics de température provoqués par le feu localisé ont été
modélisés par la méthode d’Hasemi qui fournit la distribution des flux de chaleur. A
partir de ces flux de chaleur, la méthode comprise dans la ENV 1993-1-2 permet de
déduire la température de ’acier. La validité des formules de I’Eurocode 3 a été
vérifiée en cas de feu localisé, en comparant les températures calculées a celles
obtenues lors de différents essais.

Connaissant le champ de températures dans 1’acier, le comportement mécanique est
analysé en utilisant la Partie Feu de I’Eurocode 3. Une nouvelle formule a été
développée pour des colonnes situées dans un environnement a 2 Zones.

Nous avons développé un nouvel outil de dimensionnement appelé TEFINAF
(TEmperature Fleld under NAtural Fire) donnant le champ des températures
dans P’acier des poutrelles de plancher pour tout type de feu localisé !
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1. INTRODUCTION

The present standards concerning the fire resistance are always based on an uniform
fire temperature in the considered compartment given by the ISO curve. R30, 60, 90,
120 or 180 can be required and mean that the structure submitted to the ISO curve
shouldn't fail before respectively 30, 60, 90, 120 or 180 minutes of ISO fire.

The following assumptions are thus adopted by the standards:

1) The temperature of the hot gases produced by the fire rises continuously up to the
ISO curve up to required fire resistance time.

2) This temperature is uniform in the considered fire compartment of the building.

However both assumptions are quite unrealistic and uneconomical in the case of
buildings containing very large volumes.

Indeed, on one hand, the fire loads of this type of construction (station hall, atrium of
office building, shopping gallery, sport hall, multi-use hall, ...) are generally rather
small so that it is not possible to reach the high temperatures of the ISO curve.
Moreover a large amount of air is available, which is a second factor reducing the
temperature.

On the other hand it is obvious that the temperature of the air in a large compartment
in fire differs from one point to another. For instance a 10 m high column in a station
hall in fire is not subjected to a same temperature field at its top and at its bottom
part.

It is expected to be possible to define for the large volumes much less severe and
much more economical fire conditions by considering real natural fire curves and
real non-uniform temperature field in the considered compartment.

The following partners have participated in the research:

- ProfilARBED, Luxembourg, leader of the research
- University of Liege, Belgium

- CTICM, France

- TNO, The Netherlands

- LABEIN and ENSIDESA, Spain.

The complete address of the partners are given in Annex 1.

The technical coordination is handled by Profil ARBED Department "Recherches et
Promotion technique Structure (RPS)".



A first meeting was held in Esch/Alzette the 8™ of September 1993; the second one in
Paris the 20™ of January 1994; the third one in Esch/Alzette the 5" and 6™ of July
1994; the fourth one in Maizi¢res-les-Metz the 19" and 20™ of January 1995; the
fifth one in Delft the 4th and 5th of May 1995; the sixth one in Maiziéres-les-Metz
the 21st and 22nd of September 1995; the seventh one in Esch/Alzette the 16th and
17th of November 1995; the eight one in Bilbao the 28th and 29th of February 1996;
the nineth one in Delft the 20th and 21st of June 1996; the tenth one in Paris the
14th and 15th of November 96; the last meeting in Esch/Alzette the 27th and 28th of
February 1997.

Amongst these meetings, five meetings (written in Bold hereabove) have involved the
Advisory Committee which was composed of

BELGIUM: Major HERREMAN
Service d’Incendie de I’Agglomération de Bruxelles

Mr. P. HOURLAY
Ministere de I'Intérieur

FRANCE: Mr. H. TEPHANY
Ministére de I'Intérieur

THE NETHERLANDS: Mr. G. BIJLSMA
Brandweer Amsterdam

Mr. H.C. DE BEER
Brandweer Utrecht

Mr. A. Van SCHAGEN
Brandweer Amersfoort

SPAIN: Mr. José POSADA ESCOBAR
Dir. Gral. Arquitectura y Vivienda
M.O.P.T.

Thanks to these meetings, the experts were able to give their comments and to guide
the research in a satisfactory way for their point of view.

Only one ECSC report including the work description of all partners has been
written by Profil ARBED. Contributions were provided by Mr Franssen of the
University of Liege, Mr Twilt and Mr Van Oerle of TNO, Mr Kruppa and Mr Joyeux
of CTICM and Mr Aurtenetxe of LABEIN.






2) The second step is to determine the height of the zone without smoke and also the
average temperature of the upper layer. The temperature of the upper layer needs to
be less than 500°C to ensure that the fire remains localised and that no Flashover
occurs. The height of the layer without smoke needs to be known so that we can
check that there is no danger of ignition of combustible material in the hot zone (see
figure 2.1) and that we are dealing with a two zone phenomenom. Both these values
(temperature and thickness of the hot zone) can be extracted by hand by the simple
solution of several equations (see Annex 5) or from more sophisticated programs
(Two-Zone model)

When we are sure that the fire is localised (step3), the fire definition is used together
with the dimensions of the compartment to find the temperature in the air by using
zone models. The calculations used in order to obtain the distribution of the heat flux
to steel structure may be obtained by the Hasemi’s method adapted by the University
of Liége. It is the fourth step. In the following steps (5 and 6), the structure
temperature field and the structural behaviour are calculated by applying ENV 1993-
1-2 (Simplified method or advanced calculation model). In the last step (7), the
compartment itself has to be checked.
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Building

TOOLS|

- Tests (see Annex 8).
- Annex A and B of NBN §21-208
CEN/TC191/WGS5 (see Annex 3 and 4).

N Design Fire
and Fire Scenario

- Height of the
-Ventilation Compartment -F e Size (Area Ag [m?],
Conditions . . Perimeter W, i [m],
- Dimensions Fire Level HS [m])
of the Beam

-RHR kW]

- Position of the Fire

‘TOOLSI

Simplified Calculation Method
(see Annex 5)

2¢

A %4

, or
Zone Model (Argos, Hazard, Fastlite)

Y

- Height of the Zone without smoke Y {m]
- Uniform Temperature of the Hot Zone Layer ®g["C]

Fully engulfed 3 Y
Fire Compartment ‘
and Uniform
Temperature
. Conclusions : Fire remains LOCALISED
see ECSC research NoO ©e :nsdoo ¢
7210 SA/125,126,213, No danger of ignition - Two Zone Phenomenom ) 4
214,323,423,522,623, of combustible
839,937. -No ﬂash—over
"Natural Fire Safety
Concept"

see Fig 2
- Air Temperature Field Calculation
- Thermo-Mechanical Calculation
of the Structure

Fig 2.2
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4 TOOLS
' ® - Hasemi's Method
= - CFD
\ 4

Gas Temperature Field &; (x,y,z,t)
(or Heat Flux q" Field)
S [rooLs

& ENV1993-1-2

Y

Temperature Field in the Structure
- (X,y,2,t)

6 [TtooLs

3 ENV1993-1-2

Thermo-mechanical Calculation of the Structure

- For simple structure like isostatic
structure, simplified method
®a (X,y,Z,t=O —=X) < G-')a, cr (x,y,z)
see 4.2.4 (2) of ENV 1993-1-2:1995
- if x minutes is required
O xy,2) € O, o (x,y.2)
see 4.2.4 (2) of ENV 1993-1-2:1995
if "No failure" is required
or
- Complete analysis of the Structure

subjected to the
Temperature Field @, (x,y,z,t)

Return to Fig 1

A No

Check of the
compartment

OK

Fig 2.3
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3. DOES THE FIRE REMAIN LOCALIZED OR NOT ?

3.1 Fire Definition

Generally it is possible to imagine the most severe fire scenarios and to define
the fire size. For instance in an exhibition hall, the fire size corresponds to the
dimensions of a “’stand”.

Otherwise some guidance on the fire characteristics are given by the Pr EN 12101-5
“Smoke and Heat Control Systems - Part5 : Functional Requirements and Calculation
methods for Smoke and Heat Exhaust Systems”, working draft of the 7-06-1996 [1],
which gives the fire area, the fire perimeter and the Rate of Heat Release as a
function of the building occupancies (see table herebeneath of Pr EN 12101-5). Italic
characters have been used for occupancy type which doesn’t correspond to a large
compartment. This EN document is still a draft and the final version should contain a
much more complete classification. A well-documented source of information is the
NBN S21-208 [2], which gives a design fire for a very detailed list of building
occupancies (see Annex 3) and a table for storage building (see Annex 4).

Occupancy Fire area (Ag) Fire perimeter (W) Heat release rate
[m?] [m] (RHR) [kW]

Retail areas

(normal response 10 12 6250

sprinklers)

Retail areas

(fast response 5 9 3125

sprinklers)

Retail areas entire room width of opening 1200 x Af

(no sprinklers) A= Af

Offices

(normal response 16 14 3600

sprinklers)

Offices

(no sprinklers, fuel 47 24 12000

bed controlled)

Offices

(no sprinklers, full

involvement in fire is entire room width of opening 255 x Af

predicted for fuel-bed Af=Af

controlled fire)

Hotel bedroom 2 6 500

(sprinklered)

Hotel bedroom entire room width of opening 100x A 7

(unsprinklered) Af=Af

Table 3.1 : Design Fires according to [1]

13



In the domain of Large Compartment, the following table is proposed in the
framework of this research, in the case where the data are not sufficient to define the
real fire ( see also [2] [3] [4] [5]).

Occupancy Fire area Fire perimeter Heat release rate
(Ag) (Wg) (RHRg)
[m?] [m] per fire area

[kW/m?]

Atrium in Office Building

Hotel Reception Hall

Picture Gallery 9 12 250

Station Hall

Aerogare Hall

Sport Hall

Church

Multi-use hall 20 18 250

Restaurant Room

Supermarket

Shopping Gallery 36 24 250

Offices (Large Area)

Exhibition Hall 36 24 500

“Do it yourself”’ center

Industrial Hall case by case case by case See Annex 4

Table 3.2 : Design Fires for Large Compartment

The above-mentioned tables give the maximum value of the Rate of Heat Release,
RHRmMax,

RHR A 70 % of the fire load
has completely burnt
max
RHR [20]
>
time

Figure 3.1 : RHR curve
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In order to define the whole RHR curve, the growth phase and the decay phase have
to be specified.

The growth phase can be simulated by the equation from [3]:

RHR [kW] = 1000 (t/ty)* with t the time in seconds and ty deduced from the
following table :

Building use Fire growth rate Time ty for RHR = 1000kW
[s]
Picture Gallery Slow 600
Dwelling, Office, Hotel Medium 300
Shop Fast 150
Industrial Storage Ultra-fast 75

Knowing the Rate of Heat Release curve, the fire load ([MJ/m?] or kg of wood /m?)
enables us to define the duration of the fire. The Swiss document SIA 81 [4] and the
CIB W14 document “Design Guide Structural Fire Safety” [S] are the most
completed papers dealing with a fire load classication according to the building
occupancy. The decay phase can be assumed to be linear and starts when 70% of the
fire load has burnt.

3.2 Model of the Rate of Air Entrainment and Application Field.

In order to know whether the fire will remain localized, the thickness and the
temperature of the smoke layer have to be calculated. The different ways to make this
calculation (Simplified formulae like the ones described in the NBN 208 [2] and in
the Pr EN 12101-5 [1], or Zone Models) assume a plume model which defines the
amount of air entrained by the fire. This amount of air depends on the fire size, the
Rate of Heat Release, the distance between the fire and the smoke layer...

The plume model has a big influence on the smoke layer thickness and, of course, on
the fact whether the fire remains localized.

LABEIN has analysed and checked the available models (Delichatsios, UK Fire
Research Station (FRS), NFPA 204 M, Mac Caffrey, Zukosky, Mitler, Heskestad,
Thomas) and has defined the corresponding application field (see Annex 2).

The CFD program FLUENT has been used as the testing tool for this models. This

has involved a special effort with the object of fitting the standard K-epsilon
turbulence model to the modeled phenomenon.

15



LABEIN has created some table advising which of the model to use in different
situations. In order to achieve this goal, FLUENT has been used to model different
fires with different characteristics ( RHR, Diameter, Confined : presence of a ceiling
or Unconfined : no ceiling ...) and compare the obtained entrainment rates to those
provided by each of empirical correlations.

Confinement has an important influence on the models agreement. Most
expressions studied here apply for unconfined fires. Their application for confined
situations implies a lost of accuracy.

F.R.S. and N.F.P.A. are specially defined for confined fires. These expressions
show the best agreement and the widest range of application in confined fires.

Heskestad presents the best approximation for unconfined cases in the
considered range. In confined cases accuracy decreases but it remains close to FRS
and NFPA accuracy.

Delichatsios presents good approximation but its accuracy decreases for large
diameters. ’

Although Zukoski models give more regular approximation in the considered
range than Dalichatsios model, its accuracy is worse, particularly for confined fires.
Further more, its use requires an intensive effort due to its difficult application.

Mc Caffrey (1) and (2) give good approximation for cases with low heat
release rate, but they don't fit large heat release rate fires.

Mc Caffrey (3) is valid up to the flame tip. The lower the flame is, the worse
accuracy Mc Caffrey (3) arises. The accuracy of Mc Caffrey (3) and Mc Caffrey (4)
models is not good enough but for the largest heat release rates.

Mitler expression is similar to Zukoski (CTT) model. Nevertheless, Mitler
presents worse results even than Zukoski (CTT) model. So, it could be discarded.

Finally, Thomas expression has application on some specific cases in
unconfined fires. So, it must be discarded as a general expression.

The Comité Européen de Normalisation (C.E.N.) proposes two different

models to be applied depending on the geometric characteristics : Heskestad model
for small fires (Y>10A1/2) and Thomas expression for large fires (Y<10Al/2),

16



All unconfined cases carried out here are defined as small fires under C.E.N.
definition. For these cases, Heskestad model has been chosen as the best model in
agreement with C.E.N. (see fig. 3.2.1).

For confined fires, only four cases satisfies the C.E.N. restrictions for large
fires (Thomas expression). In these four cases, the present study suggests that FRS,

NFPA and Heskestad models are better than Thomas expression.

In short, we suggest to give in the future the preference to the Heskestad
model. For simplified method, the simple expression of Thomas may be used.

17
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3.3 Conditions for a localized fire

3.3.1 Temperature of the hot zone

The flash-over is assumed if the average temperature of the smoke layer reaches
500 °C. This average temperature can be calculated by simplified formulae
(see Annex 5) (Pr EN 12101-5) [1] or Zone Models.

3.3.2 Thickness of the smoke layer

The thickness of the smoke layer must be such that there is no danger of ignition of
combustible material in the hot zone (Temperature of the hot zone < 160°C).
Simplified formulae (see Annex 5) like the ones described in the NBN 208 [2] and
in the Pr EN 12101-5 [1] or Zone Models can provide the thickness of the hot zone.
For the safety of people a minimum clear height Y without smoke above escape
routes has to be guaranted. The following table is given in PrEN 12101-5 [1].

Type of building Minimum height
¥)
Public buildings (e.g. single-storey malls, exhibition halls). 3,0m
Non-public building (e.g. offices, appartments, prisons). 25m
Car parks. 2,5mor 0,8 Hy
(whichever is the
smaller)

Minimum clear height Y without smoke above escape routes
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4. TEMPERATURE OF STEEL ELEMENTS
IN CASE OF LOCALIZED FIRE

4.1 Introduction

When a large compartment is submitted to a localised fire, the temperature
distribution in the compartment may be estimated by a 2 layers zone model assuming
that the gases are separated in 2 horizontal layers : 1 upper layer containing hot gases
and 1 lower layer containing cold gases. This is also the case in a car park in which
only 1 or a limited number of cars are engulfed in fire.

In this model of the 2 layers separation, the temperature in each layer is calculated
with the hypothesis that the temperature of the gases is uniform in each layer. The
calculated temperature is therefore an average in each zone of the 3D temperature
distribution that could be calculated by a more sophisticated model, like a CFD model
for example. This average temperature in the hot zone is generally sufficiently
accurate as far as global phenomenon are considered : quantity of smoke to be
extracted from the compartment, likelihood of flash-over, total collapse of the roof or
ceiling, etc.

When it comes to estimating the local behaviour of a structural element located just
above the fire, the hypothesis of a uniform temperature may be unsafe because this
element is very close to the fire source and therefore much more subjected to the
effect of the fire than the average of the hot zone. It is desirable to have a simple tool
enabling to estimate and to quantify the local effect of the fire on adjacent elements.
The method described hereafter and named as Hasemi's method is a simple tool for

the evaluation of the localised effect of a fire on horizontal elements located above
the fire.

4.2 Background of the method.

The background of the method is experimental and based on tests made by Hasemi at
the Building Research Institute in Tsukuba, Japan [6]. A porous gas burner has been
placed under an unconfined flat ceiling in the presence, or not, of an unprotected steel
beam.

The ceiling is a 1.82 m square consisting of 2 layers of 12 mm mineral fibre
reinforced cement boards. Height of the ceiling was adjusted in each test to a value in
the range 0.40 to 1.20 m.

0.30 m and 0.50 m diameter round propane burners were used as well as a 1.00 m
square burner.

The Rate of Heat Release of the burner was constant in each test, with a value in the
range 100 to 700 kW.

The heat flux to the ceiling surface and temperature in the steel beam were recorded.
The size of the apparatus and the range of the heat release rate are smaller than real
fires in a building. The results of the tests have been described in term of non
dimensional parameters which should allow to use them for larger configuration.
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4.3 Description of the method.

The data are (see Fig. 4.3.1);

Q
Hf
D
Hs
Hp

Rate of Heat Release of the fire [W],

Height between floor and ceiling [m],

Diameter ( or characteristic length ) of the fire [m],
vertical distance between the floor and the fire source [m].
Depth of a beam, see Fig. 4.3.3 [m]

i r
—
!
i ceiling
¥ i
|
!
H; H !
Q
) 4 - =
Hs |—burner |
4_D_, fioor

Fig. 4.3.1 - Parameters for the flux at the ceiling

The variables are

Distance between the fire source and the ceiling (or the beam) [m],
Non dimensional Rate of Heat Release [-],

Non dimensional Rate of Heat Release [-],

vertical position of the virtual heat source, with respect to the fire
source [m],

Horizontal length of the flame on the ceiling [m],

Horizontal distance, at the ceiling, from the centre of the fire [m]

24



The procedure for the ceiling is :

Calculate H H = Hp-H, (1)

Calculate Q* 0 = 1—1—1;%5— 2

Calculate Q*H Oy = TH;1%6—;123 3)

24 D( 0% - Q*%j 0" < 100
Calculate z' ) 4
24 D( 100 - Q%j o' > 100

N-
Il

N-
I

Calculate (Lyy+H)/H (Ly+H)/H = 290 Q5 (5)

Calculate Ly from the value calculated in the previous equation and
from the value of H.

Calculate the value of the flux q” in kW/m? at a distance r, according to

g" = 100 v <0.30
g" = 13630-12100y 030<y<1.00 (6)
g" = 15y77 1.00<y
r+H+z'
where y = ——F
LH+H+Z'

Eq. 1 is purely geometrical.

Eq. 2 and 3 are non dimensional parameters based on the laws of physics.

Eq. 4, 5 and 6 are analytical expressions giving a best fit with the experimental
observations.

The flux q" received by the ceiling decreases as a function of the ratio y and increases
as a function of Q (see fig4.3.2)

q" [kW/m?] o q" [KW/m?]
100 H=5m 100 -
80 D=3m 80 L
60 60 +
40 40 |
20 // 20
04 . 0 ‘
0 2 4 6 8 10 0 02 04 06 08 1 12 14 16 18 2
Q [MW] y

Fig. 4.3.2 - g” as a function of y and Q
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Procedure for the beam.

The same as for the ceiling with the exceptions that :

1. H is calculated as H = H;-H;-H, @)

‘ —

i Hy J

!

H; H '
e

-—

D

4>

Fig. 4.3.3 - Parameters for the flux at the beam

2. The flux q" has to be multiplied by a conventional value of 0.85 to account for the fact
that the flame is deviated under the beam.

This model takes into account in a quantitative manner several parameters that the common
sense can confirm in the case of a real fire:

e the flux received by the ceiling is less important if the height of the compartment is
higher,

¢ the received flux is maximum just above the fire and decreases when the distance from
the fire increases,

e the flux received by the ceiling depends on the severity of the fire, but not linearly. There
is a limit when an additional increase of the fire have no influence on the received flux
and there is a limit in the temperature that a steel element can experiment,

e the flux is more important if the fire source is above the floor than if it is on the floor,

e the dimension of the source has an influence on the spatial distribution of the flux.
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4.4 Application and verification for the large compartment
“Parc de la Villette”

The example is taken from [7] and [10] describing fire tests in the large compartment
“Parc de la Villette” in Paris. There are 2 differences between the tests made in Paris and the
Japanese experiments.

1. The French tests are full scale tests, whereas the Japanese tests were reduced scale tests.
It is interesting to see whether the model developed on base of small scale tests works
properly when applied in a real building.

2. The Rate of Heat Release was not constant in the Paris tests. It is interesting to see if the
method can be extended to this case.

Four full scale tests have been made.
The zone of the fire source is rectangular, b x B m?. We transform it into an equivalent

\ f 468 ,see table 4.4.1.
T

The total amount of energy E is calculated in the paper based on the values; 12 MJ/kg of
wood ( all tests ) and 40 MJ/kg of polystyrene ( test 4 ).

From figure 3.2.1 of the paper [7] and [10] giving the evolution of the temperature in the air,
we assume that the evolution of the R.H.R. was triangular, characterised by the time at the
maximum t,,, and the time of extinction t,,, . We then can calculate the maximum value of
the RHR,,

Umax =2 E/ tigy.

For test 4, it is assumed that the R.H.R. curve is made of the addition of 2 triangular curves,
one of them corresponding to the wood, one of them corresponding to the polystyrene.

The level of the heat source is estimated to be 0.4 m

circular zone of diameter D =

Test
1 2 3 4
Wood Polyst.

b  Width of the zone [m] 5.8 5.8 11.6 5.8 5.8
B (Length of the zone [m] 10 6.7 13 10 10

D [Diameter of the eq. source {m) 8.59 7.03 13.86 8.59 8.59
E |Burnt energy [GJ] 234 234 46.4 12.2 9.2
ttot |total duration of the fire [min.] 60 50 50 40 5
tmax [Time at the max. temperature 25 15 15 52 2

Qmax [Maximum R.H.R. [MW] 13.0 15.6 30.9 10.2 61.3
H, |[Level of the fire source [m] 0.4 0.4 0.4 0.4 4
Hy, |Depth of the beams [m] 0.5 0.5 0.5 0.5 5
H; |Height of the compartment [m] 10 10 10 10 10
1 |rin vertical 1 [m] 0 0 2.9 0 0
r2 |rin vertical 2 [m] 2.9 29 0 29 2.9

Table 4.4.1 : parameters of the tests

The application of Hasemi's formula allows the estimation of the flux received by the
inferior surface of the lower flange of the beam of the structure ( H= 10 m ), juste above the
middle of the fire (r = 0 m ) and on the edge of the fire ( r = 2.9 m ). The maximum value,
obtained after the time t,, is given in table II.
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Test 1 2 3 4
q" nax =0) [KW/m?] 17 21 34 50
9" max (r=2.9) [(kW/m’] 7 8 17 35

Table 4.4.2 : maximum flux received by the flange.

The beam was an IPE 500. We assume that the lower surface and the lateral surfaces of the
lower flange receive q", whereas the upper surface receives 0.50 q". Given the geometrical
properties of the flange, B =200 mm and e = 16 mm, the average flux received by the lower
flange is given by;

. 100 (200+2x16) + 050x200 « "
= = 077 8
dav. 2x(200+16) 1 1 ®

We assume that the heat flux received by the beam is proportional to the R.H.R. This is very
close to reality for test 1, 2 and 4. This slightly underestimate the flux for test 3.

The net heat flux entering the flange is calculated according to
Qner = q;V_—25(95—293)-0.500(9;‘-2934) )

with 6 steel temperature.

N.B. Because the heat flux received by a surface is limited to 100 kW/m? see Eq. (6),
Eq. (9) means that steel temperature cannot exceed 1 005 °C, see Fig. 4.4.1.

Heat flux [kW/m?]
100 ! ‘ /
90 | | | | /
80 - Flux lost by steel g = 25 (T,-293) - 0.5 5 (T,*-293% [kW/m?] i V4

70 T
o /
50

/

40 ‘ A
30 ; /
20 ! : -
—
10
0 100 200 300 400 500 600 700 800 900 1000

Steel temperature [°C]

Fig. 4.4.1 : Heat flux lost by a surface as a function of its temperature.
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For test 2 and 3, we have also calculated the evolution of the temperature in steel at
different locations, from just above the fire up to a distance of 13 m from the fire.
Fig. 4.4.3 shows how the maximum temperature experienced in the beam as a
function of the distance from the fire. The calculated temperature is correctly
predicted just above the fire, but the temperature predicted in sections far away from
the fire are too low when compared with the measured temperatures. This is because
Hasemi's model has been established in unconfined spaces whereas the tests in Paris
have been made in a compartment in which a 2 layers stratification has been created
with an accumulation of hot gases in the upper zone. That’s why it is proposed to
combine Hasemi's model with the calculation of the average temperature in the upper
zone and to adopt the maximum of the 2 models as shown on Fig. 4.4.4, the local
Hasemi's model and the global zone model.

La Villette

450 o< -
400 J[ DAY —&— Hasemi 2
350 o N m Test2
300 I N —~ 0 — Hasemi 3
250 +
200 +
150 +
100 "'
50 +
0 : : : ; } .
0 2 4 6 8 10 12 14

Maximum steel temperature
[°C]

Distance from the source [m]

Fig. 4.4.3 : decrease of the temperature with the distance from the fire.

Global Zone Model

< mode\

s
\oc3 \,\ase\‘\“‘ .E

Fig. 4.4.4 : maximum of the 2 models.
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This procedure defined in figure 4.4.4 has been applied to the tests of “Parc de la
Villette” (figure 4.4.3). The mean temperature of the hot zone has been caculated by
the simplified formula (see Annex 5):
0=20°C+(0,8Q)/ M,
with M., = 0,188 W H*” according to Thoma’s formula (see Annex 5)

Test2 | Wg=nx 774 | Quu=15600kW | Y=2m[7] | ©=629,9°C
=38,48 m? Y =4m [7] 0 =235,6 °C

Test3 | Wg=nx13,9%4 | Qua=30900kW | Y=2m[7] | 6=3264°C
=151,75 m? Y=4m[7] | 6=1283°C

The above-mentioned data have been extracted from the table 4.4.1. Concerning the
height Y of the free zone, the report [7] indicates a value between 2 and 4 m
according to visual observations made during the tests. The fig 4.4.5 show how the
fig 4.4.3 is changed if the procedure is applied.

Maximum steel temperature La Villette
[°c] 600 T Test 2 calculation: H = 4m
B Test2
st | Test 3 calculation : H = 2m
™ — — — Test 3 calculation : H=4m
400 T "~ o Test3
o] et T T T T
300 l\ ~.
~ )
~ O
200 T ~ - - - fo)
~ e e e e e e .
100 +
0 —+ :
0 2 4 6 8 10 12 14

Distance from the source [m]

Fig. 4.4.5 : decrease of the temperature with the distance from the fire
- final procedure combining global 2 Zone Model and Hasemi’s model

4.5 Application and verification for car fire tests

Nine tests have been made in Maizi¢res-lez-Metz by CTICM on one or two burning
cars in a small compartment see [9,19]. In the test 4 [9,19], the car was a small car. A
steel beam was placed above the car and the temperatures were measured during the
fire in the steel flange. The Rate of Heat Release was also measured. The maximum
value was more than 2 MW, but it occurred only during a short period of time as
shown on Fig. 4.5.1 where the measured RHR curve has been schematised.

31



250 1 ] | ?

RHR/10 [KW] |

200 ~ |
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Time [min.]

Fig. 4.5.1
Hasemi's method has been applied to this scenario and the temperatures in the lower
flange of the HEB300 have been calculated. In order to apply the model, the
following hypothesis have been made to represent the burning car:
o vertical position of the fire source Hs = 0.60 m
e characteristic length of the fire source D = 3.91 m ( surface = 12 m?)
Fig. 4.5.1 shows the evolution of the flux received by the lower surface of the lower
flange. It can be seen that it follows the evolution of the R.H.R. but that the
relationship is not linear.
The evolution of the temperature in the lower flange of the steel beam is plotted on
Fig. 4.5.2. The shape of the calculated curve is similar to the shape of the measured
curve, but the calculated values are somewhat higher. This could be due to the
presence of a dark layer of smoke in the upper zone of the compartment. This shows
that, in some cases, the fact to take the maximum of the 2 models, see Fig. 4.4.4, is on
the safe side, at least in the vicinity of the fire.
Less severe results could also be obtained if the elevation of the fire source would be
decreased. Additional comparisons for the other tests have be made and point out a
same accurancy between calculated and measured steel temperature (see [9]).

°oC Temperature in the lower flange of the HEB 300
TEST 4
700 T
600 // S ——HASEMI
500 e ° \ ® Test
¢ *® ® .
400 //. * g <
300 v L. \\
L 4

100 ‘

o 22 | il

0 10 20 30 40 50 60 70 80 min
Fig. 4.5.2
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4.6 Application and Verification for the Large Compartment
“Parc des Expositions, Paris” [16,17]

4.6.1 Introduction

Two consecutive tests have been realised in a exposition hall, the "Parc des
Expositions" (Paris) ; the first on May 18th 1994, and the second on May
20th 1994, The aim of these tests is to determinate the gas and structure
temperatures in different zones, the gases composition and velocity in
horizontal openings during fire.

The hall 1B volume is the following : 144 x 65 x 28 m (L x | x h). Around
this volume, the first 14 meters of height were not closed, and were adjacent
with a volume extension, not exterior but sufficiently large to consider it as
such.

The roof truss was separated from the hall by a horizontal screen situated at a
height of 26 meters. The screen was composed with some plates without
thermal isolation, and some roastings. Horizontal openings enables to
evacuate smoke.

4.6.2 Burning load and fire conditions

The burning load consisted of wood pallets
(Europ type, dimensions 1200 x 800 x 130 mm (L x 1 x h), about 30 kg/pallet).

A. Test1

The load mass was 3458 kg with 133 pallets and was distributed in 8 packs. These
packs were grouped by 2, and the four groups were separated by partition walls.
These partition walls made of wood, of the same type of those used in the separation
of exposition stands (height of 2.5 m).

Two compartments were ignited firstly, and the fire has been propagated to the two
other compartments in a natural way. The compartmentation wall failed 6 minutes
after ignition.

B. Test2

The load mass was 3562 kg with 120 pallets and was assessed in 10 packs, uniformly

on burning surface. The load mass loss was measured by weighing. All packs were
ignited at the same time.
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4.6.3 Results

All results will not be shown in this report. During tests, temperatures were measured
by thermocouples. About 50 thermocouples were placed in the hall, at 4 sections of
the hall. These sections are shown in figure 1 of Annex 6. The position and
numeration of thermocouples are indicated in figure 2 of Annex 6.

A. Test1

Some temperature results are shown in figures 3, 4 and 5 of Annex 6. We can notice
the failure of the compartmentation wall, and the ignition of the two others packs
(no ignited at the beginning) giving the second peak of temperature. Radiative fluxes
were measured at a distance of 9.5 and 15 meters of the load centre. These fluxes are
shown in figure 6 of Annex 6.

B. Test2

Temperatures are shown in figures 7 to 21 of Annex 6. Radiative fluxes were
measured at distances of § and 6.5 meters of the load centre. These fluxes are shown
in figure 22 of Annex 6. Velocity at horizontal openings was measured with pitot
anemometer, but results are not easily improvable. The load mass was measured by
weighing. The temporal evolution of this mass is shown in figure 23 of Annex 6.
The load mass evolution stopped 10 minutes after ignition, because a part of the load
fell out of the weighing plateform.

In this test, it seems that the hot layer was homogeneous. The results of
thermocouples show an homogeneity of temperatures at 22 meters height and in the
plenum, despite a superiority in the plenum just above the fire and certain
irregularities in temporal evolution. It seems that these irregularities proceeded from
circulation zones and fresh air incomes for the fire development, especially during the
maximum pyrolysis rate. The neutral surface height seemed to be equal to 20 or 21
meters. Indeed, the temperature at 22 meters was always close to the hot layer
temperature. However, below (for example thermocouple n°13 at 18 meters), the
temperature was much more lower. So the hot layer thickness was about 7 meters.

So, the test of the Parc des Expositions is a case which corresponds well to the use of
the 2 Zone program FIRST [11].

The details and the measurements (Temperatures in the air and in the structure, mass
lost, heat flux) for these two tests are given in Annex 6.
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4.6.4 Test simulation

The second test has been analyzed by using the Hasemi’s method with the following
data :

e Rate of Heat Release (see Annex 6 figure 25).

RHR [MW]
57,5

0 5 10 15 17 26
Time [min]
e Diameter of the fire : D=4 m

e Height of the fire : H;=0,84 m
e Height of the compartment Hf= 26 m

The air temperature of the following figure is in fact the steel temperature of a profile
with a very small section factor. In that way, the Hasemi’s method gives a good
approximation of the air temperature.

Temperature [*C]
120 T

100 T

Calculated temperature (= Hasemi)

L1 - Measured temperature

60 +

40 A

20 1

0 5 10 15 20 25 30

Time [min]
Fig 4.6.1 : Calculated and measured air temperature at the ceiling just above
the fire
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At 24 m from the fire the mean temperature given by the 2 Zone model FIRST is
higher than the temperature given by Hasemi’s method. The FIRST result is
compared to the measured values in the following figure:

I = - = Measured temperature : r= 24 m
680 -
ot ‘ —— Measured termperature - 1= 24m
.\
ol — Calculated temperature (= Two-Zone Mode! : FIRST [11])

Temperature {°C)
8

10+

0 5 10 15 2 25 30

Time [min]

Fig 4.6.2 : Calculated and meas;ured temperature at the ceiling 24 m away from
the fire

The figures 4.6.1 and 4.6.2 show again a good correspondence between measured and
calculated values. Again the Hasemi’s model provides the higher values and has to be
chosen just above the fire while a two zone model approach is better far away from
the fire. This justifies again the procedure of figure 4.4.4.

4.7 Application and Verification for the simulation 3X

A benchmark for the available air temperature calculation methods consisting of a
localised heat source in the centre of a square compartment 30m x 30m with a height
of 2,5 m and two small openings (100 cm x 20 cm) per wall has been performed by
using the available computer programs (see Annex 7).
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The following diagram shows the comparison at 1200 seconds between the CFD
programs (FLUENT from LABEIN and VESTA from TNO) and Hasemi’s method
combined with the two Zone Model ARGOS [12] according to the figure 4.4.4.

Temperature [°C].

900

800 +Labein=1200

700 T

600 T —o—TNO=1200

500 T

400 ——Hasemi + Argos =1200
300 T

200 T

100 +

0
0 2 4 6 8 10 12 14 16

Distance from fire [m]
Again the procedure combining Hasemi’s model and a Zone Model provides results
closed to the reality that CFD results are supposed to represent. It has to be added that

the Argos model gives very often rather low temperature compared to other Zone
models [13].

4.8 Conclusion

The method originally established by Hasemi takes into account the localised
character of the fire and allows a simple evaluation of the flux received by an
horizontal surface exposed to the fire.

In the present study, we have;

e slightly modified some equations ( namely Eq. 6 ) of the model in order to have a
best fit with the experimental results obtained by Hasemi,

e derived a practical way to apply the method and to obtain the average flux received
by the lower flange of a beam,

e established the way how a burning car must be modelled in the method,

e described how the model must be combined with the results of a global 2 Zone
model in order to take into account the heat accumulation in case of small
openings in the compartment,

o verified the model when it is applied to a large compartment and in a transient
situation.

Hasemi’s model has been combined with 3 different 2 Zone Model : Simplified
formula [2] in 4.4, FIRST [11] in 4.6 and Argos [12] in 4.7. Given the comparisons
made up to now, this model seems particularly well appropriate to evaluate the
localised effects of a fire on horizontal surfaces.
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5. TEMPERATURE FIELD IN THE STRUCTURE

5.1 Temperature Field of a Column subjected to a Two-Zone

Environment

5.1.1 1D Modelling of a Column in a Two-Zone Model

In order to study the effect of a two zone temperature distribution on a column,
a 1D model has been established using finite differences. The column is
infinite, one part of it is heated and the other one is in the air at constant

temperature (20°C).

Geometry
ZONE 1

T,

ZONE 2

T, = 20°C

Figure 5.1

Parameters involved in the model

e T1=20°C + grad(°C/min)*t(min)

e U/F(@m-1).

e The arrows in the figure 5.1 represent the heat flux.

Results

Evolution of temperatures along the column with time(s). U/F=200m",

Grad=60°/min.

(T-20)(T pnax-20).

1
=3
N T
0¥l
¥
06 W

0.

05 ]

04
0.3 L
02 [\
01l

0

t=300s
— — —t=600s

-0.5 -0.3

0.5 0.7 09

Figure 5.2
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Evolution of temperatures along the column with time(s). U/F=200m™",
Grad=30°/min.

. —_t=300s
S — — _t=600s
x ey t=900s
E VN t=1200s
£ — t=1500s
s t=1800s
) . t=2100s
05 0.3 0.3 0.5 0.7
Figure 5.3
For the following figures, T is limited to Tax
Effect of maximal temperature on the shape of curve of temperature in
the column (U/F=200). Steady state situation.
— 1
g Qgg B Tmax = 600°C |
é o7 e Tmax = 700°C
E 987 Tmax = 800°C
= 8% Tmax = 900°C |
S 05 Trmax = 1000°C|
L 0.1
5 - : : —
0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
X {m)
Figure 5.4

Evolution of temperatures along the column in function of U/F(m).
Steady state situation (T ., = 600°C)

Temperature (°C).

o060

ﬁzﬁ;—

300
200 1
1001
05 -04 -03 -02 01 0 01 02 03 04 05 06 07 08 09 1
X (m).
Figure 5.5
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Flux (W/m?).

Evolution of the flux crossing the separation between the zones.

U/F=100 m-1
........... U/F=200 mA-1

0 900 1800 2700 3600

Time (s).

Figure 5.6

Figures 5.2 and 5.3 show the influence of the external temperature gradient on
the temperature profile in the column. For a smaller gradient, the transient
zone in the column is greater. Nevertheless the length of the transient zone is
very small (<30cm).

Figure 5.4 shows the weak influence of the temperature of the hot zone when
the steady state situation is reached. The influence of U/F is shown in
figure 5.5.

The flux crossing the separation between the zones is not dependent of U/F of
the profile (figure 5.6) when the steady state situation is reached. The only
parameter is the temperature of the hot zone.

Conclusions

e The temperatures along an unprotected column in a two-zone model can be
assumed to be constant in the different zones.

e The flux crossing the separation between the two zones is weak and can be
neglected.

e In order to determine the temperature field in a cross section of a column
subjected to a 2 Zone Air temperature field, a 2 D temperature calculation is
sufficient.




5.1.2 3D MODELLING OF A COLUMN CROSSING A CONCRETE
PLATE

A column (HEA280) crossing a concrete slab (15cm of thickness) is modelled with
SAFIR finite elements code developed by the ULg. The influence of the column on
temperatures in the slab and of the slab on temperatures in the column are shown.

Geometry

COLUMN: HEA280.
CONCRETE: 150mm of thickness.

HEA280
Z 5 /
« 7
20°C
L, X 15 cm
ISO fire
Figure 5.7
Modelling
¢ 3D modelling by SAFIR.
e Double symmetry (axis of the column).
e EC4 material models.
e [SO 834 fire.
e The origin of the co-ordinate axes is the centre of symetry of the HEA280
Results
Evolution of temperature at mid level in the concrete slab along
x-axis, y=0, z=0.
15 min
30 min
600 .
& 500 | —— . ———— 45 min
";' 400 L2 lee- 60 min
3300 T e 75 min
§ 200 f \L\I.'.:.'_:_'_:.‘.:.‘.:.‘.:.‘.::,::_ .... - 90 min
£ 100 AN
e 0 : :
0 0.2 0.4 0.6 0.8
x (m).
Figure 5.8
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ISOTHERMS ON THE UPPER FACE OF THE CONCRETE SLAB
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W 15?
- 700
B

Figure 5.9
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Evolution of temperature along the column in the flange (b/4) of the

Temperature (°C) HEA280 (y = bi/4)
1200 — — — 15 min
1000 _".':'."_".'"_".":'."_Z':‘.':'."'_".'Z_"_".':‘.L‘N\ 30 min
800 45 min
600 “_—____-*_ﬁ‘\"\ ————— 60 min
400 7 Nl e 75 min
200 T 90 min
0 1.0 08 -06 -04 -0.2 04 06 08 1.0
z (m).
Figure 5.10
Evolution of temperature along the column, centre of symetry of the
Temperature (°C) HEA280 (x,y=0)
1200 15 min
1000 ) 30 min
800 T ) 45 min
6007 \\ ~—7"60 min
4007 AN | R 75 min
2007 W 90 min
! I { : ! &:}'\.4_" s 4 L
0 10 -08 06 04 02 0 02 04 06 08 10
z (m).
Figure 5.11
Conclusion

The influenced zone in the column is short (about 200mm) (see figure 5.10 & 5.11).
The same conclusion can be done for the concrete slab (see figure 5.8 & 5.9). These
conclusions are in accordance with results obtained with the 1D model of a beam
crossing a two zone model of temperature.
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Comparison between test results and SAFIR calculations.

T(0).

Evolution of temperature along the beam in the middle of the lower
flange (point 36).
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Figure 5.14

Evolution of temperature along the beam in the beam reinforcement
(point 37).
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Figure 5.15

T(C).

Evolution of temperature along the beam at the middle of the upper
flange (point 42).
500 l
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300 L Safir 120 min

Q ° 200 { ¢ Test 120min

07 -06 05 -04 03 -02 01 0 01 02 03 04 05
X (m). (0 corresponds to point B of figure 5.12)

Figure 5.16
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Evolution of temperature along the beam in a reinforcement above the
profile (point 45).
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Figure 5.17

Evolution of temperature along the beam in an upper reinforcement
(point 48).
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Figure 5.18
Conclusions

There is a good agreement between test and calculated results in the part of the beam
where a 2D field of temperature is found (area not influenced by the cantilever), this
corresponds to x < -0.7m. Differences obtained in the zone near the support may be
due to the fact that temperature are lower in a corner of the compartment then in the
centre. It is therefore only slightly conservative to design the beam as if it was totally
engulfed in the fire on itsfull central span. There is no need to consider the effects of
the fire in the unexposed span.

5.3 Conclusion

In order to determine the structure temperature field it is sufficient to make a 2 D calculation
of the cross section and it is justified to neglect the heat flux in the longitudinal direction of
the element in case of localised heating.

The methods to calculate the steel temperature of Eurocode 3 part 1.2 [8] (ENV 1993-1-3 :
chapter 4.2.5) are still valid in case of localised heating.




5.4 Design graphs

The whole procedure to obtain the steel temperature consist of 3 steps:
1) to define the fire characteristics : fire size and Rate of Heat Release Curve.

2) to calculate the air temperature around the steel element or the heat flux received
by the steel element by using the Hasemi’s method combined with a 2 Zone Model

3) to calculate the steel temperature by using the ENV 1993-1-2 [8].

By using this procedure, it is possible to produce design graphs showing the
temperature field of a beam at the ceiling of the compartment.

When applying the procedure, the fire sizes and the constant values of Rate of Heat
Release defined in table 3.2. have been considered. Building Category i refers to the
ith line of the table 3.2. Graphs are given for the first three lines. The fire is supposed
at ground level. As a steady state situation is considered (RHR = constant), the steel
temperature doesn’t depend on the profile. The following graphs show the steel
temperature of the beam as a function of the Height of the building and the Radial
distance R from the fire. These graphs based on a very conservative assumption
(Steady State) enable us to determine very quickly the heating of a horizontal beam
element at the ceiling level.
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6. THERMO-MECHANICAL BEHAVIOUR: COLUMN IN A
TWO-ZONE ENVIRONMENT

6.1 Introduction

As can be seen from the graphs found overleaf a study has been carried out
concerning the behaviour of columns in a two zone environment. Indeed, there are
methods to calculate columns at room temperature or at elevated temperature but no
simplified method exists for a column partially engulfed in a hot zone.

From the graphs it is possible to deduce the ultimate load of a certain column
exposed to two zone condition. The symbol alpha defines this two zone condition.
o = 0 means that there is no hot zone and that therefore the interface layer between
the lower cold layer and the upper hotter layer is at the ceiling. o = 1 indicates the
opposite, that there is no cold zone and that therefore the level of the interface is at
the floor, the whole of the column being heated to the specified maximum
temperature taken as 500 °C in this study (fig 6.1).

\

\ (=] /I\ "
Ly | \
| NN
L L o =|500°C Ly \\ | ©=300"C
& 4 NN
= =L =L =1
a=0 o4 h/L o }}/L

Fig 6.1

An HEB 300 has been analysed under different end fixing conditions and with
different lengths. The dimensions of the columns are identified by the non-
dimensional slenderness ratio, . A = 0.4; 0,8 and 1,2 has been considered. The end
conditions that were analysed can be seen on the figure 6.2.2.

The results have been provided by the program SAFIR. An initial imperfection of the

column equal to L/1000 and a residual stresses distribution with a maximum residual
stress equal to 0,5 x fy (20°C) have been assumed. Steel S 235 has been considered.
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6.2 Results

For a column there are two limits which play a role in determining the failure load.
The first is the crushing load and the second is the buckling load. These limits can be
obtained by using the following equations.

e At room temperature

Ns < Npuckling = Nb = A.fy.x < Afy

¢ In two zone environment

In the cold zone, Ng < A.fy = Npl (20°C)

In the 500°C zone, Ny < A.fy.ky (500°C)= Np] (500°C)

For the whole column, Ng < Np, fj

where: A =area of the section
fy = yield strength
ky = yield strength reduction factor, for 8 = 500°C, ky=0,78
¥, = buckling coefficient
Np1(®) = plastic load at the temperature 6
Np, fi = buckling load in case of fire

The ultimate load has also been provided by the computer program SAFIR
(see pages 47 to 56).

On each of the graphs (see pages 47 to 56) is marked the line that indicates the
plastic limit of the section at 500 °C, Np] (500°C). For the first series of graphs
(see pages 47 to 49) where the end condition of the upper joint is pinned or free, it
can be seen that, whenever the ultimate load for o = 0 and for a given slenderness is
below this line then the decrease is a relatively gradual one throughout the values of
alpha. However if the ultimate load is above this line under cold conditions then as
soon as the heating occurs it can be seen that this value drops rapidly to this value for
the plastic limit at 500 °C (Np] (500°C)).

This is explained by the fact that when the ultimate load for a = 0 is less than
Np1 (500°C) then the column will fail by buckling. However, if the ultimate load for
o = 0 is above the Npl (500°C), when heating occurs then the heated region will
become the point at which failure by crushing will occur, irrelative of how small this
heated region as this becomes the lower limit for column failure due to the local
weakening of the column (Ng > Npl (500°C)).

For varying end conditions this phenomena is seen to change when dealing with
starting values lower than the plastic limit where this time one can also see sharp
drops at the start of the graphs (see pages 50 to 53). This can be explained by the fact
that if the upper end of the column is fixed then as soon as heating commences, this
region begins to react similar to a pinned joint thus resulting in the quick drop of the
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ultimate load from the buckling load of a column with a upper fixed end condition to
the ultimate load corresponding to a pinned one.

Over the final few pages of this chapter (see pages 54 to 56) there can be seen three
graphs, each of which shows all the results gathered together for each slenderness
ratios.

On these graphs it is also possible to see a line describing the path of an equation
defined to represent the buckling load for columns in a two zone environment. The
equation that has been defined is shown below:

N’ = min [Ny’(20°C); Np] (500°C)] =2 Ny, (500° C)

for0<a<0,5 N =4 (N’- Ny, (500°C)) a2 - 4 o (N’-Ny, (500°C)) + N’

fora > 0,5 N =Ny (500°C)

with

Ny’(20°C), the ultimate load at room temperature calculated with a hinge at the top.
Ny (500°C), the ultimate load when the whole column is in a temperature of 500°C
This equation has been deduced from the following assumption :

e for o > 0,5, there is no benefit of the two zone phenomenom. The ultimate load in
two zone_environment is equal to the ultimate load assuming that the whole
column is engulfed by the fire.

e For 0 < a < 0,5, a parabolic curve between N’ and Ny (500°C) shows the
influence of the two zone effect. The parabolic equation is defined by the three
following conditions:

Jina=0,N=N’
Jina=0,5,N=N, (500°C)
) in a = 0,5, the slope of the parabole is equal to 0.

Forany 6 < 500°C

Nl
\ Nu(500°C)

N _— =

o=0 a=0.5 ' o=1
Fig 6.2.1

This procedure could be extended to other temperature 6 < 500°C.
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On the first window you can introduce the name of the profile and the number of
sides exposed to the fire thanks to a “pull down menu”.

For the fire characteristics, you activate the option “see beneath” if your fire is well
defined (Diameter, distance to the floor, RHR). If you are not able to give yourself
the fire characteristics, you can choose the option “unknown” and then the second
window appear. In this second window, a “puil down menu” enables to choose the
building type for which the following data have already been stored:

Af: Fire Area in m?

Wg:  Fire Perimeter inm

RHRf : Rate of Heat Release per m? of fire

te - Time in sec needed to obtain a RHR of 1000kW during the
growth phase.

q: the fire load per m?

and the vertical distance from the floor to the fire.

The library of these data can be easily updated. These data come from
NBN S21-208-1 [2], BSI Standards [3], SIA 81[4] and from discussion between
partners.

A | D | Wg | RHR | to q vert

[m?] | [m] | [m] | [kW/m?]| [s] | [MJ/m?] ]| dist.

1 | Aerogare Hall 9 34| 12 250 300 | 200 0.4
2 | Atrium in Office Building { 9 |34 | 12 250 300 | 200 0.3
3 | Church 20 | 50| 18 250 150 | 300 0.4
4 | Exhibition Hall 36 | 6.8 | 24 500 150 | 400 0.6
5 | “Do it yourself” center 36 | 6.8 | 24 500 150 | 400 0.6
6 | Hotel reception Hall 9 (34| 12 250 300 | 200 0.6
7 | Multi-use hall 20 | 5.0 | 18 250 150 | 300 0.3
8 | Offices (Large Area) 36 | 6.8 24 500 300 600 0.5
9 | Picture gallery 9 |34 12 250 600 | 300 0.7
10 | Restaurant Room 20 |50 ] 18 250 150 | 300 0.4
11 | Shopping Gallery 36 | 6.8 | 24 250 1501 400 0.6
12 | Sport Hall 9 34| 12 250 300 | 200 0.3
13 | Station Hall 9 |34 12 250 300 | 200 0.4
14 | Supermarket 36 | 6.8 | 24 250 150 | 400 0.7

Table 7.1
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Thanks to these data, the RHR curve can be calculated.

RHR [W]
6000000

5000000 1

4000000 1

3000000 - Area = qf X Afj

2000000 1

1000000

0 20 40 60 80 100 120
Time [min]

Figure 7.1.1 RHR with growing phase and limitation with fire load.
The decay phase starts when 70% of the fire has already burnt.

r=0m
—==r=1m
------ r=2m
—-=-r=3m
—-e=r=4m
—r=5m
- =—r=6m

==r=7m
- =~ r=8m

Temperature [°C]

120

Time [min]

Figure 7.1.2 Steel Temperature of the Beam for different radial distance r
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Figure 7.1.3: Steel Temperature of the Beam at different times as a function of
the radial distance r '

The final results are the temperature field in the beam at the ceiling depending on the
time and on the radial distance r from the fire (see figures 7.1.2 and 7.1.3). Moreover
a table provides the temperature and the thickness of the hot zone as a function of the
forced ventilation or of the openings for the inlet and outlet in case of natural
ventilation. This table enables to check the assumption of localized fire and to apply
the procedure of chapter 4.4.

68

Height of |Temperature of Forced Natural ventilation, Openings area (AvCv)
the smoke | the hotzone | ventilation [m2]
layer d
[°C] {m3/h] AV*CV/AI*CI=1 0,8 0,6 04 | 0,2
1 162,75 124518,53 13,58 12,57 111,73 11,08 [ 10,68
2 242,48 95182,50 5,76 538 | 506 | 4,82 | 467
3 432,91 70409,52 2,46 233|222 (214 | 2,09
4 1197,03 51279,10 0,86 083 (0811080 | 0,79
Table 7.1.1




In that way the temperature field in the compartment can be determined and can be
used to perform the thermo-mechanical behaviour of the structure.

The temperature field depends upon the compartment size and the building type,
which enables to define the fire characteristics (Fire loads, Rate of Heat Release, Fire
Size). The heating of the beams is well determined (see the figure 4.4.4 and the
following figure 7.1.4). The figure enables also to define the heating of the columns
which depends upon their position. The top part has a uniform temperature whereas
the remaining part is at ambient temperature. The buckling theory has been adapted
for this case corresponding to a two zone heating.

O,

Two zone model

de\ \

concrete siab
N

R | .egy | | i
/'Y = Height
\ / of the
D free zone
Fire |
Fig. 7.1.4

69



8. DESIGN EXAMPLE

Let us consider the example of the chapiter 7 with the following data :

Building: Height=5m
Occupancy = Multi-Use Hall
Ventilation Condition : Forced Ventilation of 70.000 m3/h.

Structure : Beam : IPE 600 with a not-collaborating concrete slab; 3 sides
are exposed to the fire.
Column : HE 300 A ; 4 sides are exposed to the fire;
height = 5m; situated at 6 m from the center of the fire.

Fire : Design fire area : Afj =20 m?
Design fire perimeter : W =18 m
Rate of Heat Release : RHRf = 250 kW/m?
Fire load : qff = 300 MJ/m?
Vertical Position of the Fire : 0,3 m

The program described in chapter 7 provides the table 7.1.1 giving the height of the
hot layer d and the corresponding temperature :

For 70.000 m3/h 6Mmean = 433°C
d=3m

The mean value of the temperature 6M¢aN has to be combined (see figure 7.1.4)
with the temperature field given by the Hasemi’s model (see figure 7.1.3). The final
temperature field is as follows :

600

500 +
\ t=20'

[ P

[=] Q

o o

1 )
L

N
Q
o

Temperature [C]

r [m]

Figure 8.1
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Structural calculation of the Beam

Knowing the temperature evolution of the yield strength [8], the figure 8.2 can be
deduced from the figure 8.1.

1,00

0,90 +
0,80 +
0,70 £

0,60 +
0,50 +
0,40 -
0,30 -
0,20 +
0,10 +

0,00 : : - : : ;
0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 8,00

fyo ! fy, 20c

r [m]

Figure 8.2 Yield Strength reduction as a function of the radial distance r
for t =20’ corresponding to the maximal temperatures.

This yield strength fy’Q can be used to calculate the Bending Moment Resistance
MR ¢ [8] which has to be compared to the applied bending moment Mg f;.

Structural calculation of the Column

The figure 8.1 enables us to determine the temperature of the top of the column. This
temperature corresponds to the temperature of the column over a length equal to the
hot layer thickness d (d = 3 m). According to the method developed in chapter 6, the
column is heated on more than half of the length (a > 0,5) and the ultimate load is the
ultimate load Ny (6 = 433°C) calculated according to [8] which assumes a uniform
temperature along the length of the column.
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9. CONCLUSIONS

The existing standards concerning the fire resistance are all based on an uniform
fire temperature in the considered compartment given by the ISO curve. R30, 60, 90,
120 or 180 may be required and means that the structure submitted to the ISO curve
shouldn't fail before respectively 30, 60, 90, 120 or 180 minutes of ISO fire.

The following assumptions are included in the standards:

1) The temperature of the hot gases produced by the fire rises continuously
according to the ISO curve up to the required fire resistance time.

2) This temperature is uniform in the considered fire compartment of the
building, which means that a Post-Flashover situation is always assumed.

However both assumptions are quite unrealistic and uneconomical in the case of
buildings containing very free large volumes inside.

Indeed, on one hand, the fire loads of this type of construction (station hall, atrium of
office building, shopping gallery, sport hall, multi-use hall, ...) are generally rather
small so that it is not possible to reach the high temperatures of the ISO curve.
Moreover a large amount of air is available, which is a second factor reducing the
temperature.

On the other hand it is obvious that the temperature of the air in a large compartment
in fire differs from one point to another. For instance a 10 m high column in a station
hall under fire is not subjected to a same temperature field at its top and at its bottom
part. In a large compartment the fire may remain localised and doesn’t lead to a fully
developed fire so that the regime corresponds to the Pre-Flashover conditions.

In order to determine whether or not the situation corresponds to a large
compartment, it has to be checked that the fire will remain a localised fire.
This implies that :

e the fire load is such that a quick fire spread leading to a fully engulfment of the
whole compartment and, as a consequence, of the whole fire load is not possible.

e no flashover occurs.
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A procedure has been developed to check whether a building fulfills the conditions
which ensure that the fire will remain localised. This procedure consists in defining
the fire (Rate of Heat Release, fire area, fire load), calculating the mean temperature
and the height of the smoke layer and in verifying that the spread of fire is limited
and the flashover is not possible.

Consequently, the mean temperature of the hot gas is rather low (< 500°C).
Nevertheless the peak values of the temperature in the immediate vicinity of the fire
have to be quantified in order to ensure that they don’t damage the structure.

The method to determine the peak values of the temperature field is based on
the Hasemi’s method [6] adapted by the University of Liége. By combining the
Hasemi’s method and the mean temperature of the hot gas layer, the thermal action
on the structure is calculated and the fire part of Eurocode 3 is used to deduce the
temperature of the structure itself and its structural behaviour. Concerning the
heating of the element, the calculation method of EC3 can be used because the heat
loss along the axis of the element may be neglected.

For a column, the fact that a part of it is not submitted to high temperature, has a quite
small influence except if this cold zone extends to more than half of the column. In
the later case, a proposal has been made to quantify this positive effect.

The whole procedure is described in chapter 2 “General Guidelines™ and is available
through the software TEFINAF. It enables to replace the ISO requirement
F30, F60, F90, F120 by the following requirement: the structure shall survive
the realistic fire defined by its size, its Rate of Heat Release and its fire
load.
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10. LIST OF NOTATIONS

Indices

€ TR g o

identifies data about steel

convective component of heat transfer
critical value

design value

related to the floor area Af

identifies values relevant for fire design
related to the element 1 “
characteristic value

radiative component of heat transfer
related to the total area A¢

identifies data about windows

Latin case letters

area of the section

floor area [ m? ]

fire area [ m? ]

width of the fire zone [ m ]

length of the fire zone [ m ]

specific heat of air

empirically derived constant of proportion

depth of layer of hot gases

diameter (or characteristic length) of the fire [ m ]

burnt energy [ GJ ]

yield strength of the steel

yield strength of the steel at the temperature 6

Froude number

acceleration due to the gravity [ m/s2 ]

distance between the fire source and the ceiling or the beam [ m ]
depth of the beam [ m ]

theoretical heat of combustion per fuel unit mass [ J/kg ]
height between floor and ceiling [ m ]

vertical distance between the floor and the fire source [ m ]
radiation intensity

yield strength reduction factor

heated length of the column [ m ]

horizontal length of the flame on the ceiling [ m ]
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Mment  air entrainment rate up to a height z [ kg/s ]

mf combustible mass flow rate [ kg/s ]

MR fi Resistance Bending Moment in case of fire

Ms fi Applied Bending Moment in case of fire

Np,fi buckling load in case of fire

Npl(g) plastic load at temperature 6

Ny(20°c) Ultimate load at room temperature calculated with a hinge at the top.
q fire load per m?

dav average flux received by the lower flange

q” heat flux [kW/m?]

Q Rate of Heat Release of the fire [W]

Q* Non dimensional Rate of Heat Release [-]

Qmax Maximum Rate of Heat Release [kW]

r horizontal distance, at the ceiling, from the center of the fire [ m ]

RHR Rate of Heat Release [kW]

RHRf Rate of Heat Release per m? of fire [kW/m?]

Si thickness of layer I

S the stoichiometric mass air to fuel ratio

tmax time corresponding to the max temperature [ min ]
tiot total duration of the fire [ min ]

T1 steel temperature in Zone 1 corresponding to the hot zone
To steel temperature in Zone 2 corresponding to the cold zone
TS steel temperature

Too ambient air absolute temperature

u moisture content in % by weight

\% air velocity [ m/sec ]

Wg  perimeter of the fire[ m ]
W m,gas temperature dependent weighting functions for the component grey gases
Wm,soot temperature dependent weighting functions for the component grey gases
XA  efficiency of combustion

Xr radiant fraction

Y height of the zone without smoke [ m ]

z distance to the pool surface [ m ]

z vertical position of the virtual heat source, with respect to the fire source[ m ]
Zf visible flame height [ m ]

Zy virtual source origin based on entrainment rates [ m ]

Zy virtual origin [ m ]

75



Greek upper case letters

® temperature [°C]; ©O[°C]=T[K]-273
O, steel temperature

Ocr critical temperature [ °C], relevant for steel
Og uniform temperature of the hot layer [ °C]

Greek lower case letters

o convection coefficient

Om,gas absorption coefficient

Om,soot absorption coefficient

Boo total buoyancy flow

AT temperature rise at the centerline

I'), coefficient that take into account density decrease due to the fact that the
gases are hotter that the ambient

A non dimensional slenderness ratio

A thermal conductivity of layer I [ W/mK ]

Ut turbulent viscosity

Poo ambient air density [ kg/m3]
c Stefan Boltzman constant
cS scattering coefficient

X buckling coefficient

® solid angle
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ANNEX 2 : Analyse of the different models of Fire Plume (Summary)
(The whole Annex 2 is given in pages 84 to 126)

Entrainment models

Model Type of fire | Regions of the fire | Entrainment as a Validation Commentaries
that covers function of range

Delichatsios Open fire flame and plume Froude number Burner diameter The entrainment is a

areas Burner diameter from 1 to 50 cm function of the
Stoichiometric mass Hydrocarbon fuels. | stoichiometric air to fuel
air to fuel ratio Stoichiometric ratio.
ratio > 10 Uses the virtual source
idea.

Heskestad Fire in a flame and plume Q<°/D It is no valid for It is not a function of
compartment areas high-momentum jet | compartment height.
with ceiling discharge. Uses the virtual source

Flame area idea.
D> 0.3m.

Z¢D>0,9 and for

plume just above

the flame

Z¢D> 0.14

Hinkley, Fire in a only gives the Burner perimeter. The formula has For large fires, It is not a

UK Fire compartment entrainment up to Compartment height. been depicted to function of energy

Research with ceiling the hot gases layer assess the roof source.

venting.
Hinkley, Firein a only gives the Energy source. The formula has Entrainment is not a
NFPA 204M compartment entrainment up to Compartment height. been depicted to function of rate of heat

with ceiling

the hot gases layer

assess the roof
venting.

release.
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Model Type of fire | Regions of the fire | Entrainment as a Validation Commentaries
that covers function of range
McCaffrey(1) | Open fire flame and plume Q4/>/D Experimental data It is not a function of the
areas obtained with burner geometry.
natural gas and rates | Based on Cox and
from 150 to 600 Chitty data
KW/m2.
McCaffrey(2) | Open fire flame and plume Q<°/D Experimental data | It is not a function of the
areas obtained with burner geometry.
natural gas and rates | Based on McCaffrey
from 150 to 600 data.
KW/m2,
McCaffrey(3) | Open fire flame area Q<°/D [t is not a function of the
burner geometry.
Uses a mathematical
model to asses v, with
buoyancy = 0.9
McCaffrey(4) | Open fire flame and plume Q4°/D [t is not a function of the

arcas

burner geometry.
Uses least squares fit
for v,




£8

Model Type of fire | Regions of the fire | Entrainment as a Validation Commentaries
that covers function of range
Zukoski CTT | Open fire plume area Energy source. Needs a model for Z
Burner diameter virtual
Zukoski Open fire flame and plume Energy source. Burner from 10 up | Needs a model for
modified area Burner diameter to 50 cm. Z virtual, here
Flame area D> 30 Cetegen’s model is
cm. used
Fires up to 100 KW.
Zukoski (3) Open fire flame and plume Energy source. Burner from 10 up | Needs a model for two
area Burner diameter to 50 cm. offsets.
Fires up to 100 KW. [ There is no available
model for flame offset.
Cetegen’s model is
used as plume offset.
Mitler Open fire plume area Energy source. Needs a model for

Z virtual
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1. INTRODUCTION

The utility of the two zone models for modelling fire behaviour in closed
compartments has a strong dependence on the correlations chosen for the different
parameters that describe the fire dynamic. One of the most important parameters is
the air entrained by the plume that gives the amount of air (kg/s) engulfed into the
plume until it arises the layer of hot gases.

Several authors have investigated this parameter and different semi-empirical
correlations are available. All of them are based on theoretical descriptions of the
phenomenon. Nevertheless, the particular assumptions and the experimental data
taken into account by each investigator have made it a difficult task to know clearly
the range of application of each expression and their comparative accuracy for each
specific case.

Actually, the Computational Fluid Dynamic represents a useful tool for
describing the fluid movement for a large range of phenomenon. Although its
application for combusting reactions is not enough validated, now a days, it is
assumed that the development achieved by CFD is advanced enough for correctly
describing the natural convection phenomenon and, as a consequence, fire plumes.

The contents of the present report deals with the study of the different air
entrainment models and their comparison with C.F.D. models.

Aim of the present report can be summarised as :

Collecting the most important expressions for the air entrainment into
buoyant plumes proposed by the different investigators .

Setting CFD models and coefficients in order to achieve the most
suitable results for a fire plume.

Comparing the agreement of the different entrainment expressions with
the results of the CFD models applied on specific cases.

Quantifying the accuracy of each entrainment model and its best range
of application. -

In this Annex, the references are given at the end of each chapter.
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2. BRIEF DESCRIPTION OF AVAILABLE ENTRAINMENT MODELS

2.1. INTRODUCTION

The present chapter collects some models for the air entrainment into fire
plume. A brief description of the assumptions made by each author and the
theoretical basis of each model are presented herein.

2.2. DELICHATSIOS MODEL

M. A. Delichatsios [1] proposes a simple model for turbulence fire dynamics
and he used it to derive correlations for entrainment into unconfined turbulent
flames. Proportionality coefficients are determined by the comparison with
experimental results.

Five parameters are identified to control the fire dynamics:

* The pool diameter, D
The total buoyancy flow, B,
Buoyancy force per unit mass at the adiabatic stoichiometric
temperature, (AT,7/ Tw)/ g
The ambient density, P,
The stoichiometric mass air to fuel ratio, S

One may distinguish from observation of the Froude number (Fr) three types
of turbulent buoyant diffusion flames, fig 1 :

21>Fr2001

Fr£0.01

Fig. 1.
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Buoyant jet flames, Fr > 2
* Pool fire of intermediate scale, named Pool fire, 2 > Fr > 0,01
* Very large pool fire, named Mass fire, Fr > 0,01

Froude number is defined as :

Q-Xa 1
Fr= C..T. D?> oD 3/2
Poo *Lp - leo g AH. X4 1-X,
(S-Xa +1)-Cp - Ty Xa

This model deals with buoyant jets and pool fires, Fr = 0,01, on unconfined
spaces. So there is only one explicit length-scale that affects the flow properties, the
source diameter, D. The air entrainment into fire is induced by the buoyant upward
flow of hot gases. The buoyancy provides the energy for the formation of large
eddies, which engulf and mix fuel and ambient air.

There are two sources of buoyancy,

* The overall buoyancy flow, B, , which is similar to noncombusting
thermal plumes, in the present case this buoyancy reaches a maximum at the flame tip
(see equation below). In order to obtain this equation several commons assumptions
were used, the same pressure in fire plume as in the ambient, perfect gas law and
equal molecular weight gases. Last assumption breaks down only in the initial
laminar regions before turbulence starts.

_ g'Q'(XA _Xr)
Cp-Tc,o

B

* The local variation of buoyancy arises from the buoyancy of individual

hot eddies burning at flame temperatures. This buoyancy is distinctive for combustion
flows. Analysis of turbulent combustion flows [2,3] suggest that for fast chemical
reactions the Kolmogorov scale, and so this buoyancy source, do not affect the mean
volumetric reactions rates, and in this report it will be neglected.

The entrainment air can be depicted by two dimensionless groups,

* The Stoichiometric ratio, S.
* Froude number, Fr.
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For common fuel burning in air S is bigger than 10.Then the reaction rate is
controlled principally by the supply of air to the diffusion flames, and S has a
negligible influence on fire dynamics. So for hydrocarbon fuels and other fuels
having large stoichiometric ratios, the fire Froude number is sufficient to characterize
the overall flow field.

Using a theoretical model and experimental results Delichatsios proposes a
model to define the entrainment air.

Air entrainment model [4]

There are two different zones : below the flame tip, and the buoyant plume
above the flame tip. The air entrainment rate , mgpt , is the air that enters from the
bottom of the pool fire to vertical distance z. There is a direct relationship between
entrainment rates and flame height in turbulent diffusion flames. Delichatsios uses the
following expressions for the flame height :

Zs = (1,35- 104-Fr2)- D Fr <8,6-1073
z¢ =(22,54-F%).D 0'1< Fr <8,6-1073
Zs = (12,52-Fr2/5)-D - 0,1 < Fr

Recently, Cox and Chitty [7] reported flame heights for pool fires that
correspond to the conditions of Fr < 8,6*10-3, very large pool fires. They found a
coefficient 6,66*103 instead of 1,35%104, a discrepancy that can probably be
attributed to the fact that they tested square pool fires, while the data here apply to
circular pool fires. In square pool fires, larger eddies are generated near the corners so
that entrainment increases, burning speeds up, and, therefore flame heights become
smaller. Note that differences between square and circular pool fires are larger for
small flame heights.

The relationship between entrainment rates and flame height commented
above becomes clear if one uses the experimental observation reported by various
investigators [5,6] that, at the visible flame tip, the flow rate in the plume is about
ten times the flow rate corresponding to the stoichiometric mass requirement for
combustion.
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Air entrainment into the Burning Region, below the flame tip. z< Z ¢

) X -S4+ 1n 1/2
Ment = ( A + )mf 0’086(_2_) E— <1
Fr D D
: XA -S+1)n 32
mem=( ATST )mf-0,093-(3) 1<Z<s
Fr D D
' 5/2
. 1
Ment = (XA S+ )mf -0,018-(5) 5 <£
Fr D D

Air entrainment in the buoyant plume.z> Z ¢.

: 5/3
. 1
et = (Xa -S+1)ms .0’21.(Z+ZV)

Fr?/3

Z,=-Z; +1021-Fr?°.D

The buoyant plume is entirely characterized by its constant buoyancy flow,

B., D, p, and the initial conditions near the flame tip at the end of combustion.
Buoyancy flow attains its maximum value at the end of combustion near the flame

tip, and this is the constant value of, B, , at the plume, see equation above.

Virtual origin, Zy,, is calculated assuming that at the flame tip the flow rate in
the plume is about ten times the flow rate corresponding to the stoichiometric mass
requirement for combustion. That is,

Ment - 10

(Xa -S+1)-ms
Introducing this condition in the Buoyant plume model Z,, may be obtained,

Z,=-Z¢+1021-Fr?5.D
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Limitations

* The entrainment model is only applicable for turbulent buoyant jet
flames and pool fires that do not represent a mass fire situation.

* S>10

* The buoyant jet discharges to an unconfined space

* Perfect gas law

* At the flame tip the flow rate in the plume is about ten times the flow
rate corresponding to the stoichiometric mass requirement for
combustion.

* The model is not adequate for the initial laminar regions before the

turbulence starts.

Nomenclature

Cp specific heat of air

D pool diameter

Fr  fire Froude number

g gravitational acceleration

Mept €ntrainment rate up to a height z [kg/s]

mfs  combustible mass flow rate [kg/s]

Q theoretical heat release rate [w]

S stoichiometric mass air to fuel ratio

T ambient air absolute temperature

z distance to the pool surface

f visible flame height

Z,,  virtual source origin based on entrainment rates

Hc  Theoretical heat of combustion per unit fuel mass
ambient air density

X4 efficiency of combustion

X,  radiant fraction

All units are in S.1.
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2.3. HESKESTAD MODEL

Gunnar Heskestad [1] proposes a description for fires placed in rooms with

floor and ceiling. The model assumes that the surrounding air is uniform in
temperature and uncontaminated by the products of the combustion. The relations
cease to be valid beyond the elevation where the plume enters the smoke layer.

The mass flow at a particular elevation in a fire plume is almost completely

attributable to air entrainment by the plume at lower elevations. The mass flow
contributed by the fire source itself is insignificant in comparison.

The plume theories assume :

1. A point source of buoyancy,

2. Variations of density in the field of motion are small compared to the
ambient density.

3. Air entrainment velocity at the edge of the plume is proportional to the
local vertical plume velocity.

4. Profiles of vertical velocity and buoyancy force in horizontal sections
are similar form at all heights.
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A first entrainment model was developed with the weak plume assumption,
although measures by Yih [7] , and theoretical analysis by Cetegen et al [3]
concluded that the model also applies to strongly buoyant plumes. However, the
plume flow rates at large heights were somewhat overpredicted and those at low
heights, approaching the flames, were somewhat underpredicted.

Heskestad reconsidered the entrainment problem for strong plumes, assuming
self-preserving density deficiency profiles instead of self-preserving excess
temperature profiles as traditionally assumed. This approach led to the following
expression :

L\
) & Ps
Ment = 0,196'[C—T—] [Q(I—Xr)] 173, (Z_Zv)5/3.

p ‘o

29-[0-(1- x,)]*
! 1+(g"2-C,,'Pw'Tw) P(z-2,)" z2 2
’henl = m""’ZSZf).Z z < Zf

The first equation represents the data of Cetegen [3] very well over the entire
nonreacting plume. At large heights the bracketed term approaches to 1,0 and at
levels approaching the flame tip, this term approaches 1,5.

As depicted in second equation mass flow rates in fire plumes at levels below
the flame tips have been found to increase linearly with height for fire diameters
0,3 m. and greater [4], where the flames are substantially turbulent from the fire base
to the flame-tip.

Now, it is necessary to define two parameters of the flame: flame tip height Zf
and virtual source Z,,.

C,-T.
Z¢ =-1,02-D, +15,6- P _|15Q¥
2 [ AH,
g'p“"(T)
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This equation is convenient and quite general. Although it does not fit
high-momentum jet discharge. This implies the following condition.

C, T 2
ple Qg8
2 ( AH, 3 D(S:

The virtual origin of a test fire is most conveniently deter%'l/igled from
temperature data above the flames along the plume axis. A plot of Ty~ ~ versus z
should produce a straight line which intercepts the z-axis at Z;,. Despite this apparent
simplicity of obtaining Z,, the task is very difficult in practice. Slight inaccuracies in
the determination of centerline temperatures have large effects on the intercept, Z,,.
Such inaccuracies may be associated with off axis placement of sensors, radiation-
induced errors in the temperature signal, or inadequate averaging of the signal.

Heskestad shows three models for Z,,, although recommends the following
one, because of its simplicity, clear foundation in theory [5] , and central position
among the other correlations.

* Heskestad model, referred later as Heskestad (1). Experimental data have been
obtained with fire diameter varying from 1,16 to 2,4 m.

Q 2/5
Z,=-102-D.+ 0,083-(——)
1000
* Hasemi and Togunaga [6] model, referred later as Heskestad (2). Experimental

data have been obtained with fire diameter varying from 0,2 to 0,5 m.

2/5 2/5
Z,=-24-Dc+ 0,145-(—(3——) (—Q—) RIS 16,5
1000 1000 D,
2/5 /3
Q 2/5 2/5
Z, =0,0224. (_/10&))__ ‘D¢ —0,145-(-&j (&) —1— <16,5
c 1000 1000 D.
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* Cetegen et al [3], referred later as Heskestad (3). Experimental data have been
obtained with fire diameter varying from 0,1 to 0,5 m.

2/5 2/5

Z, =-0,5-D; +0,0659- (&) (—9—) L > 16,5
1000 1000 D,
5/3
2/5
Q 2/5

Z,=-05-D,+0,01015- @ ‘D (i) -—l~316,5

c 1000 D.

Limitations

Fires with very low flame height-to-diameter Z¢/ D, ratios have not been
investigated extensively. It is no clear what Z¢/ D, limit the entrainment relation
presented here apply up to the flame tip, but this limit is smaller than 0,9, the lowest
ratio associated with Cetegen’s data. Only fires with Z¢/ D > 0,9 have been
extensively investigated.

For plume mass flows above the flame, there is no Z¢/ D, limit for prediction
at higher elevations, but predictions of mass flows at levels just above the flames may
begin to deteriorate before Z¢/ D, =0,14 is reached.

Nomenclature

Cp specific heat of air

D,  diameter of a circle with the area of the fire source

g gravitational acceleration

Mept €ntrainment rate up to a height z, kg/s

ms  combustible mass flow rate, kg/s

0 theoretical heat release rate, w

S stoichiometric mass air to fuel ratio

T ambient air absolute temperature

z distant to the pool surface

Zf visible flame height

Z,  virtual source origin based on entrainment rates

Hc  theoretical heat of combustion per unit fuel mass
ambient air density

X,  radiant fraction

All units are in S.1.
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2.4. UK FIRE RESEARCH STATION MODEL

The following expressions has been adopted for design of Smoke and Heat
Roof Venting [1]. The rate of production of hot gases is primarily dependent on the
rate of entrainment model. UK Fire Researches Station [2] provides some
approximate engineering formulae. The formulae has been depicted to assess the roof
venting, so it could be a limitation. UK FRS proposes two expressions: a first one for
small fires and a second expression for large fires.

Small fires
Small fires are defined as those for which mean diameter, D, is less than

(h-d)/2. The formulae includes the rate of heat release, and a virtual source below the
floor. '

| Q-(1-X,) v3
Nent = 0,15-p; - XTI (heze —aY?
Ment P1 I: or- Cp . Too :l ( + 4y )

poo .IilErlt'Cp 'Too

p1 = )
Q-(1-X;)+ment-Cp - Ty
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where mept may be obtained by simultaneous solution of these equations. The virtual
origin of the point source is taken as :

Z,=15-A"2

Large fires

Large fires are defined as those for which D > (h-d)/2.The formula does not
include the rate of heat release. This expression it is also known as Thomas'
formulation .

3/2

Ment = 0,188-P-(h—d)

Analysis [3] shows that the equation is a good fit to the available results of
experiments of roof venting, when,

200 < O(1-X;) < 750 kw /m?2

P> hi2
*  D>(h-d)2

2.5. UK NATIONAL FIRE PROTECTION ASSOCIATION MODEL
The formula adopted by the UK National Fire Protection Association [4] is
based on the heat output of the fire. Its physical dimensions do not appear explicitly.
It makes a differentiation between small and large fires. The criterion is that
the continuous flame region does not extend into the layer of hot gases. This is
expressed by limiting the convective heat output up to a critical value.

Small Fires

ment = 7.1-1073 [Q 1 —Xr)] 1/3-[(h—d) 342,6-107% [Q(l - Xr)] 1/3]

Q-(1-X,)<2,3-10°-(h—d)*?
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Large Fires

ment =5.2-107-[Q-(1-X,)] ¥ (b - d)

Q-(1-X)>23-10°-(h—d)>?

This formula is not suitable for high heat output per unit area.

Nomenclature

Af fire area

Cp specific heat of air

D fire diameter

g gravitational acceleration

h compartment height

d depth of layer of hot gases

Mept €ntrainment rate up to a height z, kg/s

P fire perimeter

0 theoretical heat release rate, w

T ambient air absolute temperature

Z,  virtual source origin based on entrainment rates

AHc Theoretical heat of combustion per unit fuel mass
1 density of the layer of hot gases

X4
Xr

ambient air density
efficiency of combustion
radiant fraction

All units are in S.I.
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2.6. MC CAFFREY MODELS

These models deal with unconfined buoyant diffusion flames formulations
based on point source plume theory which should not be expected to hold in the
accelerating region near the base of the flames.

Mc Caffrey [1,2] uses a mathematical model and groups of data, obtained
with two different techniques : cross-correlation [2] and pressure probe [7] .

Experimental models

Assuming cylindrical symmetry with axial coordinate z and radial coordinate x
the stationary value or the mass flow rate, mep¢ , at any height z is

Ii'lent=_[8°p_V'2'7t'X'dX

The transverse velocity and temperature rise profiles are going to be
represented by Gaussian distributions and the entrainment air can be expressed as

1
. d
mem=pw-72'-0'3-v(z)-.‘.AT(z) *——=p. w0} v(z) T, (AT/T.)
0 -y‘/'1 +1

-

{z)

y=e

Where A = oT/6y and oT and oy, are the radial distance at which the variables
fall to 1/e of its centerline value. I'j, is a function of the centerline rise temperature,
which is depicted in fig. 2 for different values of A.

A =0y /oy
0 8 [AT=H
tag-1 VAT /Ts
JAUIU
s
E‘ in2 ] [AT GANSSIAN]
Nia {AT/To*1] !
AT/Te V2
2 _2alaTAM|[_ 1 | T (AT=CORSTANT)
T/Me (AT [ 1AT/Te
. [l [] [l ) 1
[ 1 2 3 4 s s
AT/T, CONTERLME
Fig. 2.
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The above equation states that the air entrainment is equal to the ambient
density times the centerline velocity times a representative area, ncvz, modified by
', which accounts for density decrease due to the fact that the gases are hotter than
the ambient. At large z, high above the flame tip where AT — 0, I'), converges to 1
since the most of the gas consists of air entrainment. Near the burner AT/T can be as
high as 3 or 4 leading to I') of the order to 0,5. This would produce large errors if the
ambient density were used throughout.

The quantities in the right side of the equation above have been measured by
two independent techniques, Cross correlation and Impact pressure probe using
natural gas as the fuel and burning rates from 150 to 600 kw/m?2.

The flame can be considered to be divided into three distinct regimes

*  Continuous flame region, starting from the surface of the burning with
velocity close to 0 at the surface of the burner and rising with the height
above the burner, up to Z.

*  Higher up is an intermediate regime, with pulsating flame, up to Z¢
Still higher is the plume region which is, most of the times é-ee of
flames. ‘

The height of the continuous flame and the flame tip are respectively

2/5
Z. = 0,08 (—Q—]
1000

2/5
Ze =02 (_Q_j
1000

Throughout the three regimes and indistinguishable among these is the
consistency of a buoyancy relation, with a constant value, which involves that for this
flames the buoyancy is due only to the temperature differences between flame and
air.

A

J2-g-z-AT/Tw N

H

So, the local variation of buoyancy arising from the buoyancy of individual hot
eddies burning at flame temperatures is negligible.

Table 1 contains the experimental centerline and radial flame parameters
required to assess the entrainment air into the fire. Profiles obtained with cross-
correlation are named as Mc Caffrey (1), and those obtained with impact probe are
named as Mc Caffrey (2).
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Table 1. Experimental fire properties determined from two techniques

Y01

Axial Transverse
VIQU5 = A/(Q/1000)27Y0 T = B(z/(Q/1000)273)2n-1
Continuous flame Intermittent Plume
2/(Q/1000)2/5 < 0.08 | 0.08 <z/(Q/1000)%/5 | 2/(Q/1000y2/5 > 0.2
n=1/2 - <0.2 n=-1/3
n=0 :
A B A B A B N
CROSS-CORRELATION? 6.83 830 1.85 70 1.08 23.6 0.14z + /1.4
0.023(Q/1000)2/5
IMPACT PROBE? 6.84 800 1.93 63 1.12 21.6 0.12z + 1712
0.019(Q/1000)2/5

Ment = P T52V(z) T2 (AT/ Te)




Mathematical model

The author provides a third model, profile Mc Caffrey (3), based on
experimental data and mathematical model of heat balance, with many assumptions
as,

Negligible turbulent transport

Non dissipative plume

The width of the velocity profile is fixed by the of total heat release
minus the radiative fraction at the flame tip, together with the
assumption of negligible radiative flux from the plume.

A good representation of this model is the equation bellow, valid up to the
flame tip. It would be inappropriate to extend it much beyond the flame tip. In the
plume model Yokoi [5] model should begin to become valid, although the paper does
not give enough data to use it.

13
z Q

(_Q_) 25| 1000
1000

I'i'lent = 0,053 .

Another model.

Ref. 1. presents convenient expressions for the mass flow rate. It will be
depicted as Mc Caffrey (4). The formulae have been obtained with,

Least squares fit for G y,.

*  using the numerical solution of ¢ y, for buoyancy and A consistent with
the data of Ref. 6.

*  This model does not use the Buoyancy relation as a constant.

0,566
: Q z
ment = 0,011 — 2| .= <008
N (%ooo) 3 1000 | (%000) i
or W0,909
I'i’lent = 0,026 . Q—Z% '—g— 0,08 < ﬁ < 0,2
L( A 000) | 1000 ( A ooo)
~ T1,895
, Q z
Ment = 0124 | — 2| .= 02< —2
L(%ooo) s | 1000 (%ooo) 3
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Nomenclature

specific heat of air
gravitational acceleration
entrainment rate up to a height z
rate of heat release
ambient air absolute temperature
air velocity
radial coordinate
distance to the pool surface
continuous flame height
visible flame height
temperature rise at the centerline
the radial distance at which the variable i fall to 1/e
ambient air density
o1/ oy
coefficient that take into account density decrease due to the fact that the
gases are hotter than the ambient

All units are in S.1.
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2.7. ZUKOSKI MODELS

E. E. Zukoski [1] presents a model for air entrainment based on experimental
data of several researchers. The model has two equation : one for the near-field plume
and other for the far-field plume, roughly the flame and plume areas. The intersection
of these curves should cross at some position near the top of the flame.

0 1/3 Lz S
. Z f
mem=0,21-pw-,/g-D-D2-[ ] ( V’j far - field
poo'Cp'Too'\/g'_D'D2 D
5/3 |
. +Z
Ment =0,18-pw-,/g-D-D2-(Z—DV£] near - field

The only problem here is the development of correlations for both offsets, Zy, ¢
and Zy p. Data for the near-field plume offset are available for only two burners
diameter and they are no sufficient to define accurately the dependence of the offset
on the parameters of the system. Zukoski uses the far-field offset but it is not clear
where the interface between near and far field is located. So some assumptions have
to be done in order to develop an entrainment model.

Depicted models -
First model

Cetegen’s offset, Z, (see chapter 2.3), will be assumed for the Zukoski's far-
field offset, Zy 1. The interface between near-field and far-field plume is supposed to

be at the flame height.

The equations depicted above will present the same value at flame height, it
leads to calculate Zy, , and so the entrainment will be calculated at every height.

Location of the flame tip will be defined by the Heskestad expression
(see chapter 2.3).

The profile is named as Zukoski (3) and it shows a great data dispersion, more
on, the offset, Zv,n: leads to curious data of entrainment close to the burner.
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Modified model

In order to obtain better results other modifications and assumptions have been
done in the model proposed by Zukoski. It will be named as "Zukoski modified".

Here Cetegen's far-field offset, Z,,, and flame height will be used too.
The far-field formula will be used over the flames, that is z > Zf_

At the near-field zone, the entrainment will be depicted by a linear relationship
as Heskestad proposes.

z+Z,

/3
Q (
poe'cp'Tc:o'\/g'—D’D2 D

_ 5/3
ment = 0,21-py, -+/g-D -D?- ) far - field

: ment (Z
Ment = _M. z near - field
Zg
Limitations
* Although experimental entrainment data for large fires are required to

clarify these modelling results, the proposed correlations do give an accurate
description of experimental data for fires up to 100 kw.

* The experimental data used to develop the formulae have been obtained
with burner diameter from 10 to 50 cm. and rate of heat release from 20 to 100 kw.

Nomenclature

Cp specific heat of air

D Source diameter

g gravitational acceleration

Mgy, e€ntrainment rate up to a height z, kg/s
0 rate of convective heat release, w

T  ambient air absolute temperature

z distance to the pool surface

AZ, continuous flame height

AZg  visible flame height
Poo  ambient air density

All units are in S.I.
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2.8. MODELS USED IN CTT CODE

Two plume models are available in CTT [1] code : Zukoski CTT model and
Mitler model.

1/3
. {1-X
ment=0,21‘|7 2Q( r) C:l 'pco'Zz-\/g-Z 4 Zukoski
. -Cp

/3
: (1-X
ment = 0,106- 2Q (1=%) P22 \fE-Z Mitler
Peo 2 - /g.z.Tw.Cp »
Limitations

* The Zukoski CTT model is depicted by Zukoski [1], and introduce
some notes.

* It was assumed that no heat is added to the flow except at the source, so
the model is only applicable to the flow in the region above the top of
the flame.

* The origin for the Z axis must still be determined since it is not
necessarily located at the base of the fire.

Nomenclature

Cp specific heat of air

g gravitational acceleration

Mgy, entrainment rate up to a height z, kg/s
Q rate of convective heat release, w

To  ambient air absolute temperature

z distance to the pool surface

Poo  ambient air density
X,  percentage of energy emitted by radiation

All units are in S.I.

109



References

1. J.-F. Cadorin, J.-M. Franssen. Research Competitive Steel Building through
Natural Fire Safety Concept, CTT model. University de Liege- Institut du
Genie Civil.

2. Zukoski, E.E. (1995) Properties of Fire Plumes, in "Combustion
Fundamentals of Fire," G. Cox (editor), Academic Press, pp. 120.

3. CFD AS REFERENCE MODEL
3.1. INTRODUCTION

Scientists have made theoretical predictions and correlations for turbulent fire
by using three different approaches :

First, the k-epsilon method. is a useful engineering tool for many applications
not involving combustion. It has been extensively used for turbulent forced and
buoyant jets.

Second, a simple integral model for turbulent buoyant jet flames has led to a
widely accepted correlation for flame heights, but it fails to adequately describe
combustion rates, mixing rates, entrainment, and effects of pool diameter.

Finally, simple physical (Froude) modelling and dimensional analysis have
been used by several investigators to model turbulent jet fires.

In this work the C.F.D. has been used to model buoyant fire plumes and
comparing the results with the different correlations provided by the authors
following the others two approaches. The C.F.D. used here is the commercial code
FLUENT.

3.2. CFD MODEL
Axisymmetric geometries
The models studied here represents circular sources in open or closed spaces.
Due to revolution symmetry of the models two-dimensional axisymmetric geometries

have been used. That is important in order to make the computational effort
accessible.
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K-epsilon turbulence model

One of the principal assumptions of the k-epsilon model is the isotropic
character of the turbulence. This assumptions may seem to make the k-epsilon model
inadequate for simulating buoyant plumes, specially in two specific terms : the
viscosity term and the buoyancy term. Two specific items of the k-epsilon turbulence
model have been adapted in other to avoid these problems : the buoyancy force model
and the empirical constant of proportionality for the turbulence viscosity. The former
will be treated later in this chapter.

The k-epsilon model defines turbulent viscosity as follow :
K2
=p-C, .—
Hy =p u e

In this expression Cp is an empirically derived constant of proportionality.
Initially its value is assumed to be 0,09.

Some authors [1] suggest that for vertical buoyant plumes the value 0,18 for
the Cp coefficient presents more accurate results compared with experiment
measures.

Wolfgang Rodi [2] proposes the following expression of Cu coefficient to be
applied in case of vertical buoyant plumes :

vvl

oz
This expression replace the constant value of Cp in the standard k-epsilon
model by a function of the ratio of lateral fluctuations to kinetic energy and the

buoyancy-dependent parameter .
aT
o l=C [, Lk T
C1 ClT € aUay

Taking account of the isotropic character of the k-epsilon model the second
term in the expression of Cp results to be equal to 2/3.

If the buoyancy dependent term in the expression of the @ parameter is
neglected and the values for the C; and Cy constants (1'8 and 0'6 respectively) are
applied, a new value for the Cp coefficient is obtained.

c, =292 o5
3

Comparison between C.F.D. models and experimental data shows 0,15 as a
more suitable value for vertical buoyant plumes than 0,09.
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Radiation

Usually, fire plume correlations include the effect of radiation heat losses as a
drop in the heat release rate of the source (X factor). Comparative models carried out
with FLUENT have shown that radiation modelling has a decisive effect on the
curvature of the air entrainment profile. So, a specific radiation model has been used
thought the important computational effort it implies.

The radiative transfer equation for an absorbing, emitting, and scattering
medium is evaluated as

4
ﬂ+(oa+cs)-I=on-c T, Ss
ds T 4.1

Je™1(s,0) - do

where o is the absorption coefficient, ¢ g is the scattering coefficient, ¢ is the Stefan-
Boltzman constant, and I is the radiation intensity which depends on position (s) and
solid angle ( ® ). (o + & ) is the extinction coefficient in m-1. Scattering is assumed
to be isotropic.

The absorption coefficient of the air has been simulated dependent on the
temperature as a weighted sum of five grey gases : three of them to represent the
non-grey gases (CO», water vapour and air) and two, to represent the soot. That
represents a good approximation to the effect of the smoke in the plume and hot gases
layer. The model employed is based on the Fusegi treatment and can be written as
follow :

O‘mix(T)= 23:0 I(P "®m,gas T 0Ln,soot)' Wm,gas(f)' Wn,soot(T)
m=

i M

n

In this formulf.l, Om,gas and_an,s_oot are absorption coefficient, P is the partial
pressure of combustion products in mixture. W gag and Wp soot are temperature
dependent weighting functions for the component grey gases.

Buoyancy model

The buoyancy term in the k and epsilon equations has been included through
the following expression :

o
Gy =-g; - —Ft—. %2
p-Oh  OX;

In case of the epsilon equation, this expression is applied only for positive
values of Gp. That corresponds to vertical plumes.
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Viscosity

Air viscosity has been modeled as a polynomial function of the temperature.
The expression used here is :

p=-986-10"7 +9,08-10%.T-1,176-10719. 12 +1,235-10713- T3 -5,797-10717 . T*

References

1.  Soonil Nam-Robert G. Bill, Jr. Fire Safety Journal, 21, 231-256 (1993)

2.  M.S. Hossain-W.Rodi (1982). A turbulence model for buoyant flows and
its application to vertical buoyant jets, in "HMT, the science and
applications of heat and mass transfer" D. Brian Spalding (editor),
Pergamon Press.

4. MODELS COMPARISON
4.1. DESCRIPTION OF THE MODELS

The models carried out in this work try to represent a wide range of fire cases.
There are three varying parameters :

- The source diameter : 0,5m., 1 m., 1,5 m. and 3 m.
- The heat release rate : 50 kw, 100 kw , 500 kw and 1000 kw

- The characteristics of the fuel :

Wood : AH,. =1,21€7 j/kg
S =4

Methanol : 4H, =1,98¢7 j/kg
S = 6,46

Propane: AH, =4,63¢7j/kg
S =15,6

( AH, : Theoretical heat of combustion per fuel unit mass, j/kg ;
S : Stoichiometric mass air to fuel ratio, dimensionless)
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For a given source diameter and heat release rate, the combustion
characteristics, AH_ and S, determine the flame height. In the case of large diameters
(1,5 and 3 m) some values of the heat release rate cease to be valid due to the
unrealistic height flame they cause.

The heat source is assumed to be homogeneously distributed along the flame
height and confined to a diameter (constant with the height) equal to the source
diameter. The flame height is determined by the expression proposed by Heskestad.

/5

Cp-T

Zs =-1,02-D; +156- P = QP
2 [ AH,
e

4.2. ESTIMATION OF THE ACCURACY

In order to determinate the deviation of the curves proposed by the different
authors from the curve obtained in the simulation, the following expression has been
adopted :

EI\ITmod el ENTﬂuent
ENTﬂuent
| AHeight|

> -|AHeight|

The Mc Caffrey (3) model is only valid up to the flame height. So, for
Mc Caffrey (3) model last expression will be applied only up to this height.

In case of the FRS and NFPA models, which give the total mass air
entrainment up to the hot gases layer, the error is simply expressed as the relative
deviation :

ENTmod el = ENTﬂuentI
ENTﬂuent
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5. CONCLUSIONS

Confinement has an important influence on the models agreement. Most
expressions studied here apply for unconfined fires. Their application for confined
situations implies a lost of accuracy.

F.R.S. and N.F.P.A. are specially defined for confined fires. These expressions
show the best agreement and the widest range of application in confined fires.

Heskestad presents the best approximation for unconfined cases in the
considered range. In confined cases accuracy decreases but it remains close to FRS
and NFPA accuracy.

Delichatsios presents good approximation but its accuracy decreases for large
diameters.

Although Zukoski models give more regular approximation in the considered
range than Delichatsios model, its accuracy is worse, particularly for confined fires.
Furthermore, its use requires an intensive effort due to its difficult application.

Mc Caffrey (1) and (2) give good approximation for cases with low heat
release rate, but they don't fit large heat release rate fires.

Mc Caffrey (3) is valid up to the flame tip. The lower the flame is, the worse
accuracy Mc Caffrey (3) arises. The accuracy of Mc Caffrey (3) and Mc Caffrey (4)

models is not good enough except for the largest heat release rates.

Mitler expression is similar to Zukoski (CTT) model. Nevertheless, Mitler
presents worse results even than Zukoski (CTT) model. So, it could be discarded.

Finally, Thomas expression has application on some specific cases in
unconfined fires. So, it must be discarded as a general expression.
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C.E.N. application

The Comité Européen de Normalisation (C.E.N.) proposes two different
models to be applied depending on the geometric characteristics : Heskestad model
for small fires (Y>10Al 2) and Thomas expression for large fires (Y<10Al/ 2y,

All unconfined cases carried out here are defined as small fires under C.E.N.
definition. For these cases, Heskestad model has been chosen as the best model in
agreement with C.E.N..

For confined fires, only four cases satisfies the C.E.N. restrictions for large
fires (Thomas expression). In these four cases, the present study suggests that FRS,
NFPA and Heskestad models are better than Thomas expression.

APPENDIX I

GRAPHICS

Following pictures show the comparison between models and FLUENT
simulation results. The case shown has the following characteristics :

Confined fire : ceiling located 3 m. over the floor.
fuel : Methanol

Source diameter : 3 m.

Heat release rate : 106 w.

* % ¥ *
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ANNEX 3 : Design fire according to building Occupancy
given by NBN $21-208-1 [2].

In the following pages of this annex, the buildings are divided into four categories.
For each category a design fire has been defined :

Category Class Fire Size RHRf [kW/m?}
(see also Annex 4)
Forced Ventilation | Natural Ventilation
1 L,N1,SC1|{3,0mx3,0m 500 250
2 N2,SC2 |4, 5mx4,5m 500 250
3 N3,SC3 | 6,0mx6.0m 500 250
4 N4,Dlto | 9,0mx9.0m 500 250
D4, SC4
Packings Storage Materials
(Annex A)
S1 S2 S3 S4
C1 | incombustible packings, eventually put | SCl SC2 SC3 SC4
on wood pallet
C2 | paper, cardboard, corrugated paper,| SC2 SC2 SC3 SC4
wood or plastic packings, plastic mosses
excluded, eventually put on wood pallet
C3 | all other packings SC3 SC3 SC3 SC4

Storage Categories
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ANNEX 3 NBN $21-208-1

ANNEXE A : CLASSIFICATION DES ESPACES A PROTEGER (1)
La présente annexe reprend la classification des établissements & protéger donnée dans l'annexe
a la norme belge NBN $21-028 “Installations d'extincteurs automatiques hydrauliques™ (1982).

1 CONSIDERATIONS GENERALES

La quantité et le degré de réaction au feu des matériaux et marchandises dans les locaux protégés
ainsi que les conditions de développement et de propagation d'un incendie sont les facteurs 3 la
base de la classification des établissements a protéger.

2 CLASSIFICATION DES ETABLISSEMENTS

2.1 Classe des établissements a charge calorifique légére : L

Cette classe comprend uniquement les établissements ou parties d'établissements dont la quantité et
le degré de réaction au feu du contenu sont peu importants.

Cenrtains locaux de ces établissements sont, toutefois, en fonction de leur usage ou contenu, classés
comme des locaux a charge calorifique Iégére aggravée.

- Asiles - Eglises

- Bains publics - Homes

- Batiments publics - Hopitaux

- Bibliothéques - Hétels

- Bureaux - Musées

- Casernes - Pensions

- Chapelles - Pensionnats

- Chéateaux - Prisons

- Coliéges ) - Stations de pompage d'eau
- Couvents - Traitement des eaux

- Creches - Universités sauf laboratoires
- Ecoles

Les locaux suivants de ces établissements : blanchisseries, chaufferies, cuisines, mansardes, restaurants
avec cuisinesisines attenantes sont considérés comme des locaux & potentiel calorifique |éger aggravé.

Les ateliers, les laboratoires et les entrepdts sont & classer dans le groupe qui leur est propre.
2.2 Classe des établissements a charge calorifique ordinaire : N
Cette classe contient les établissements industriels et commerciaux ou parties de ceux-ci comprenant

la manutention, la fabrication et le stockage de produits divers avec limitation de hauteur suivant la
nature des matériaux stockés.

Elle est subdivisée en quatre groupes caractérisés par la plus ou moins grande rapidité d'extension

d'un feu naissant qui détermine I'ouverture d'un groupe plus ou moins grand de sprinklers pour
&teindre ou contrdler ce feu

{1)La présente annexe sera remplacée par la classification en préparation au CENI"I"C191NVG5 (Sprinklers and
water spray systems and components) dés que la norme correspondante sera publiée.
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Ce sont les :

- Abattoirs - Laiteries
- Agglomérés de ciment - Lavoir publics
- Béton - Meules abrasives (fabrique)
- Bijouteries - Nettoyage a sec sans usage de liquides
- Brasserie sans malterie - inflammables
- Broyage de minerais - Nickelage
- Cabines de transformation ou de distribution - Orfévrerie
(sauf les parties protégées spécialement) - Poudres abrasives (fabrique)
- Cafés - Restaurants
- Carriéres - Scierie de marbre, pierres de taille et analogue
- Centrales électriques (sauf les parties - Sel (raffinerie)
protégées spécialement) - Stations d'accumulateurs (sauf les parties
- Champagnisation des vins protégées spécialement)
- Chaufferie d'industrie - Tailleries de diamants
- Chromage électrolytique - Vins de fruits a I'exclusion de [a mise en
- Cidreries bouteille qui est a classer comme un
- Ciment (industrie du ciment et fabrication établissement a charge calorifique ordinaire
d'objets en ciment) présentant un danger d'incendie normal N, et
- Eaux gazeuses, minérales, thermales et la mise en tonneaux effectuée dans des batiments
boissons analogues de construction et couverture en matériaux
- Entrepdts frigorifiques incombustibles qui est a classer avec les
- Fromageries établissements a charge calorifique ordinaire
- Galvanoplastie présentant un danger d'incendie élevé Ny
- Glace artificielle
- etablissements & charge calorifique ordinaire présentant un danger d'incendie normal : N2
- Ammoniaque synthétique ) - Gravure
- Argile et terres diverses (fabrique d'objets) - Impressions sur tissus
- Atelier de réparation de parties mécaniques - Laboratoires divers a l'exception de ceux
ou de carrosseries de véhicules automobiles classés en D
- Biscuiteries - Laminoirs
- Blanchisseries - Lampes électriques (fabrique)
- Boulangeries - Lavoirs
- Briqueteries - Métaliurgie
- Carbonisage de laines et déchets de peignage - Miroiteries
(sans emploi de solvants inflammables) - Montage de véhicules a moteur
- Céramique - Moulage de poudres métalliques
- Charbon de bois (fabrique) - Optique (fabrique d'instruments)
- Chimie minérale (industrie) - Papiers abrasifs
- Confitureries - Parapluie (fabrique)
- Conserves alimentaires (Ilégumes, fruits, viande, - Parkings
poisson, lait condensé, etc.) - Pates alimentaires
- Construction de véhicules a moteurs - Péatisseries
- Dégraissage de laine et déchets de peignage - Photographie (accessoires)
(sans emploi de solvants inflammables) - Poteries
- Electrodes pour soudures (fabrique) - Siroperies
- Engrais chimiques minéraux - Stylos et porte-plumes
- Filatures de fibres de la classe A et de - Sucreries (sans raffinerie)
laines peignées & l'exclusion de a laine - Tabacs
cardée - Teinture
" - Frittage - Torréfaction de café
- jarages

- Transport public {entreprise)

- Travail mécanique des métaux & l'exclusion
des métaux et alliages légers

- Tréfileries

- Tubes fluorescents

- Verreries

- Glycérine (fabrique)
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- établissements 8 charge calorifique ordinaire présentant un danger d'incendie élevé : N3

- Aliments pour animaux sans utilisation - Films photographiques

de solvants), farine de poisson et analogues - Floconneries
- Amidonneries - Freins (garnitures)
- Appréts - Ganterie
- Articles de sports - Glucoseries
- Baches - Graisses animales (fabrique de)
- Bakelite - Grands magasins (%)
- Bandes magnétiques - Gruaux
- Blanchiment - Huileries sans emploi de solvants
- Bonneteries - Imprimeries a presses autres que rotatives
- Bottes et composition mécanique (imprimerie de
- Bougies journaux)
- Boutons - Isolants pour I'électricité
- Cableries (électriques, métalliques et - Lignite

téléphoniques) - Lingeries
- Carboenisation de chiffons - Malteries
- Cartonneries - Marchés couverts
- Casquettes et analogues - Margarineries
- Céréales (traitement) - Maroquineries
- Chantiers navals - Matelas (fabrique de)
- Charbonnages - Mégisseries
- Chaussures (fabrique de) - Meuneries
- Chicorées - Minoteries
- Chocolateries - Moulins & épices
- Cinémas - Moutarde (fabriqué de)
- Cirages - Pantoufles (fabrique de)
- Cloches pour chapeaux - Papeteries
- Conditionnements publics - Papiers peints (fabrique de)
- Confection de vétements - Pelleteries
- Confiseries ' - Perruques
- Construction de remorques et caravanes - Photogravures
- Corderies - Piles séches
- Coulerie de bougies stéariques - Produits pharmaceutiques
- Couperie de poils - Radio (studio de)
- Criées - Rizeries
- Cuirs (et articles de substitution du cuir) tels que - Sandales

courroies, taquets, maroquinerie, sellerie, ganterie - Savonneries

etc. - - Selleries
- Disques - Sucres (raffinerie de)
- Féculeries - Tanneries
- Filatures de coton et fibres d'origine végétale - Théatres de music-halls

et synthétique (2 I'exclusion des procédés - Tissage de chanvre, jute, sisal, toiles et

avant filature -proprement dite) sacs d'emballages
- Filature de laines cardées - Tissage de coton et autres fibres d'origine
- Filature de lins, chanvres et étoupes animale

(2 'exclusion des procédés avant filature - Tissages de lin

proprement dite) - Tissages de tapis en laine, coton, jute, coco,
- Filatures de jute (2 I'exclusion des sisal et fibres dures, fibres des classes AetB

procédés avant filature) tufted ou autres

- Toiles cirées
- Tourbes

- Vétements matelassés ou non

(*) Par Grand magasin on entend surface de vente au détail.
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- établissements a charge calorifigue ordinaire présentant un danger d'incendie spécial : N4

- Allumettes (fabrique d’)

- Appréts avec lainage

- Ateliers de réparation d'avions

- Avions (construction d')

- Bois (industrie du)

- Boiseries

- Boisselleries

- Brochage

- Brosses

- Caisseries

- Cartons (fagonnage de)

- Cotillons et petits artifices

- Déroulage de bois

- Distilleries d'alcools

- Ebouriffage

- Eponges naturelles

- Expositions (halls)

- Filatures de coton et autres fibres
(procédés avant filature proprement dite)

- Filature utilisant des déchets de toute nature

- Garnissage

- Herboristeries

- Huileries avec emploi de solvants

- Hydrogénation

- Imprégnation ou enduisage de papiers,
cartons, feuilles d'aluminium ou d'étain

Les parties d'établissements qui comprennent des opérations ou stockages classés dans les établissements

- Imprimeries flexographiques

- Imprimeries héliographiques

- Jouets (a l'exclusion de jeux en matiére

plastique)

- Levureries

- Liége (travail du)

- Liquoristeries

- Menuiseries

- Meubles en bois

- Papiers (fagonnage)

- Pianos (fabrique de)

- Plastiques (pas en mousse) a 'exclusion
du celluloid

- Radios (fabrique de)

- Reliures

- Sacs d'emballage en papier, jute et autres
(battage, réparation et lavage)

- Scieries

- Soutirage et dépéts d'aicools

- Studios pour la production de films

- Téléviseurs (fabrique de)

- Textile (déchets)

- Tondage a sec

- Vinaigreries

N2, N3, N4, D ou S sont a classer dans la classe des établissements qui leur est propre.

2.3 Classe des établissements a charge calorifique dangereuse : D et S

La classe des établissements a charge calorifigue dangereuse concerne les risques industriels et
commerciaux ou parties de ces établissements comprenant la manutention, la fabrication et le stockage
de matériaux trés combustibles ou de matériaux combustibles susceptibles de donner lieu a des feux a

développement rapide et intense.

Dans de tels établissements, une classification par zone peut étre envisagée mais l'attention est
appelée sur les conséquences entrainées par tout changement d'affectation des surfaces protegees,

fréquent dans l'industrie et entrainant nécessairement la modification de l'installation existante.

Cette classe est divisée en deux groupes :

- les entreprises de fabrication D
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D1

- Ateliers de confection d'articles plastifiés,
caoutchoutés, goudronnés ou huilés

- Caoutchouc naturel ou synthétique

- Carbonisation de bois

- Créosotage de bois

- Fibres de bois

- Graisses minérales (traitement)

- Huiles (traitement)

- imprégnation du bois

- Jouets en matiére plastique

D2
- Avions (hangar d’)
D3

- Allume-feux

- Asphaltes

- Battage

- Bitumes

- Egrenage

- Encres

- Etoupes (travail d’)

- Farine de bois

- Goudrons

- Laboratoires de chimie organique ou utilisant des
solvants inflammables

D4

- Acétyléne

- Celluloid

- Combustibles gazeux
- Feux d'artifices

- Gaz liquéfiés

- les stockages de grande hauteur S1, S2, S3, S4
S1

- Alimentation

- Appareils électro-ménagers
- Alcool non palettisé

- Biére

- Bonneterie

- Bougie

- Céramique

- Céréales

- Charbons

- Chimie minérale

- Confitures

- Conserves alimentaires

- Cordes

- Cuirs

- Eaux gazeuses

- Engrais (a I'exclusion des nitrates)
- Entrepdts frigorifiques

- Epiceries

- Faiences

- Ficelles

- Floconneries

- Houblon

- Fibres d'origine animale

- Laiteries

NBN $21-208-1
~ Linoleum, balatum et assimilés

- Oléochimie

- Panneaux agglomérés

- Peintures

- Plastiques (tissés ou non)

- Teintures de vétements, tapis et analogues
avec dégraissage a I'aide de solvants
inflammables

- Vemis

- Laques
- Lins et étoupes bruts ou teillés

- Ouates
- Parfumerie

- Pneus
- Produits de beauté
- Produits d'entretien
- - Roofing
- Teillage et finissage de lins
- Toiles goudronnées

- Mousses plastiques

- Noir de fumée
- Poudreries
- Produits chimiques non classés ailleurs

- Résines

- Térébenthine

- Lampes

- Librairies

- Magasins de tissus, articles manufacturés
- Métalliques (produits)

- Papeterie

- Papier (toutes formes de stockage de papier autre

qu'en rouleaux)

- Pelleterie

- Produits chimiques non classés ailleurs

- Produits pharmaceutiques
- Quincaillerie
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- Radios

- Sacs d'emballage en papier, jute ou outre
- Savonnerie

- Sel

- Semences

- Tabac

- Tannerie

- Tapis (sans mousse piastique)
- Téléviseurs

- Textiles (produits fabriqués)

- Verrerie

- Vétements (non matelassés)
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Les listes des articles des catégories S2, S3 et S4 ne sont pas limitatives, c'est-a-dire que les articles
de stockage qui ne sont pas mentionnés précisement ne sont pas automatiquement considérés comme

entrant dans la catégorie S1.

En général, les articles des catégories S2, S3 et S4 sont ceux pour lesquels I'expérience a montré que

ces matiéres stockées produisent des feux exceptionnellement intenses.
L'importance relative ou la nature de I'emballage peut modifier la classification du produit stocké.

s2

- Accumulateurs électriques

- Alcool sur palettes

- Bandes magnétiques

- Barils vides (autres que métalliques)

- Bitumes

- Bois (industrie du)

- Cables électriques, téléphoniques et
télégraphiques

- Cartons plats

- Chiffons

- Cirages

- Cotillons (et petits artifices)

- Couleurs

- Décors

- Décorateurs (articles pour)

- Disques

- Drogueries

- Etoupes

- Feuilles de bois sur plaquage

- Fibres (en vrac ou en balles, a 'exclusion
de l'alfa)

- Foins

- Fats vides (autres que métalliques)

- Goudrons

- Graisses minérales

- Grands magasins (tous produits en réserve
autres que l'alimentation)

- Huileries

- Jouets

- Laques

- Lieges

S3

- Alfa

- Allumettes

- Baches

- Caoutchouc naturel ou synthétique
- Cartons ondulés
- Celluloid

- Encres

- Farine de bois

- Feutres

- Fibres de bois

S4

- Mousse de plastique

- Mousse de caoutchouc (chutes)
- Mousse de plastique (chutes)

137

- Linoléum ét assimilés
- Lin, étoupes brutes ou teillées

- Magasins & fibres textiles avant filature, a fils

- Menuiseries

- Meubles en bois

- Modéles en bois

- Moules en bois

- Nitrates

- Pailles

- Papier (déchets)

- Papier en rouleaux (stockage horizontal)

- Parfumeries

- Peintures

- Piles électriques

- Plastiques (pas en mousse a I'exclusion du
celluloid)

- Plomberie

- Produits de beauté

- Produits d'entretien

- Scierie

- Ship's chandler (articles marins)

- Sucre

- Tapis avec mousse plastique

- Tapisserie (articles de garnisseurs)

- Térébenthine

- Tonneaux vides (autres que métalliques)

- Vernis

- Vétements matelassés

- Mousse de caoutchouc (a I'exclusion des
chutes : S4)

- Noir de fumée

- Papiers enduits

- Papiers en rouleaux (stockage vertical)

- Papiers asphaltés (stockage vertical)

- Pneus

- Résines

- Textiles (déchets)

- Toiles goudronnées ou non

- Mousse de caoutchouc en rouleaux
- Mousse de plastique en rouleaux
- Feux d'artifices
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Annexe B : Puissance calorifique du foyer

Le tableau suivant donne la puissance calorifique du foyel; A2 considérer pour des surfaces de stockage typiques

et la hauteur h, de produits stockés. EHR
Produits stockés RHR hy Références
(kWhn?) (annexe D)
Foyer-type de bois 290 0.1 (5)
544 0.2 5
990 0.4 (5)
1582 0,8 5
Palettes de bois 1250 0,5 9)
3500 1,5 9)
6000 30 (9)
9000 4,9 9)
Meubles en caisse 100 | 3.3 (5)
Planches sciées empilées 82 1,5 (5)
Panneaux de particules empilés 134 2,4 5
Matériaux cellulosiques 160 - (5)
Sacs postaux 350 1,5 (9)
Feuilles de carton empilées . 524 | 1.8 (5)
i

Rouleaux de carton 840 | 70 (5)
Boites de carton 1030 7,0 (5)
Boites de carton compartimentées 1500 46 (9)
Matériel électrigue en cartons 284 2,0 (5)
Produits emballés en général 1130 3,6 (5)
Bureaux meublés 125 2,0 (5)
Atelier de réparation de voiture, 260 0,8 (5)

essence, peintures
Garage de camions 1860 - (5)
Produits industriels méthyliques 740 - (5)
Essence ' 1590 - (5)
Fuel léger 1470 - (5)
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PE

Produits stockés EHR h Références
(kW/m?3) (annexe D)

Composants en fibre de verre, en boite 870 4,6 (5)
Cellules de douches en PE renforcé de 1250 4.6 5)
fibres de verre emballées en cartons
empilés
Bouteilles en plastique en boites 4320 46 (5)
Bouteilles PVC emballées en cartons 3000 46 9)
compartimentés empilés
Bouteilles PE emballées en cartons 15500 46 (9)
compartimentés empiiés
Bouteilles PE emballées en cartons 1750 46 (9)
empilées
Casiers a lettres en PE remplis et empilés 7500 1,5 (9)
Poubelles de PE en carton, empilés 1750 4,6 (9)
Films de matiére plastique en rouleaux 4200 43 (5)
Film de PP et PE en rouleaux, empilés 5500 4,3 (9)
Bains en PP emballés dans des cartons 3900 4.6 (9)
fermés, empilés
Isolant en PU empilé 1210 4,6 (5)
Panneaux d'isolant en mousse rigide de 1700 4,6 (9)
PU en cartons fermés, empilés
Panneaux d'isolant en mousse rigide de 2900 43 (9)
PS, empilés
Réservoirs en PS embaliés dans des 12440 4,6 (5)9)
cartons
Récipients en PS, en boites 3450 43 (5)
Bains en PS emboités dans des cartons, 4750 4.3 9)
empilés
Jouets en PS, en boites 1400 46 5)
Jouets en PS en piéces détachées 1800 46 9)
emballées dans des cartons empilés

= polyéthyléne
PVC = chlorure de polyvinyl
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2. Thickness of the smoke layer di [m]

A) Forced Ventilation.
s s M; T, 3
d, =h,-Y and the value of the forced ventilation is V = — [m-/s]
Po ‘o

po : specific volume mass of the air (kg/m3)
po= 1,225 kg/m’ at 15 °C

T, - i1sthe room temperature [K]

T. . isthe smoke gas temperature [K]

with h, = height of the compartment (m)

B) Natural Ventilation.

The following formula is given in the standard [1]. This formula has been deduced
from Bernouilli’s equation, the perfect gas equation and the mass conservation
equation (see next page)

M, |T2+(4,C,14C).T,.T,
A,C, =1
Po 2.g.d,.0,..7T,

with M, : Mass flow (kg/s)
g : gravitationnal acceleration (m/ 52)
A, : free area of the outlets
C,: aerodynamical coefficient of the Outlets
A;: free area of the inlets
C;: aerodynamical coefficient of the inlets

In our case, the total aerodynamical area A, C, is known and we want to find the value
of the thickness of the smoke layer dy,

db - hc - Y
We can rearrange the formula in order to have db. as the subject of the formula:

M;.(I;, +Q_fH£TO +Q_fJ +(ac 1401, }
M M

S S

p =

pi(4,C,) 2.8.0,.,

with Mfr=0.188 Wg (h - db)3/2

The iterative resolution of this equation enables us to find d, (and Y)
and to deduce afterwards © and the temperature of the smoke layer T + 6 [K]
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3. Calculation of the aerodynamical area according to [1]

A) Very large air inlet 4,C, (P,=P,..)

M
L. L is given in the Standard
Py ~22d,0.T,

4,C =

2 2
) P+ ,D_C;,,_ +p,8h =P+ &2‘—)3—- + p.gh (Bernouilli's equation between points A and B)

where v, =0 and vy =0

= P, +p.gh=F+p.gh
= P, =P,—p.gd, with d, =h —h

2
2) B + 'D—CZ’— =P (Bernouilli' sequationbetween Band V)

=¥} =2(B-B) bu P,=P,-p.gd, andP,=P,-p,gd,[sece(D)]

4

2
= VV2 =—(P,~p.gd,— P, + p,gd,)

[4

2 T
=V, =—(p, 8d, - p.gd,) but p.I. = p1; (perfect gaslaw)= p, = chc
0

[4

2 T
= VV2 =—(p. chdb -p.84)
0

[4

2 T
= VV2 =—p.g8dy(5-1)
p. T

0

7,2 =2gd,( 20y b T-T, =8,
[}
1)
:VVZ =2gdh?c

L2}

0

’ 7]
=V, = [2¢ed —<
% ng;)
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pe  A1C; Po To

. vvz[mm)z_&} _2gdy0
AlC T Te To
N sz _ 2gdb9
W
I~ c
— v ,/2gdb9
v =
\/T0|:1+(—';ng)2.%}
I~1 <

M M¢. T,
Then (3) becomes Ay Cy = ——1— = —1°¢
Pc-Vy  Po-Tp-Vy

To[l.*.(M)?.T_O}
_Mr T AlC T T
po To 2gd},0
Ava)z Io_]

1+¢(
B M T .,/TO \/[ A1Cy T,

Ppo  To J2gdy6

AyC
T2 + (&Y =Y)2 T..T,

Po 2gd, 0Ty
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1.1

ANNEX 6 : Simulation of the Fire tests of the '""Parc des
Expositions, Paris"'

Introduction

Two consecutive tests have been realised in a exposition hall, the "Parc des
Expositions" (Paris) ; the first on May 18th 1994, and the second on
May 20th 1994. The aim of these tests is to determinate the gas and structure
temperatures in different zones, the gases composition and velocity in
horizontal openings during fire.

The hall 1B volume is the following : 144 x 65 x 28 m (L x | x h). Around
this volume, the first 14 meters of height were not closed, and were adjacent
with a volume extension, not exterior but sufficiently large to consider it as
such.

The roof truss was separated from the hall by a horizontal screen situated at a
height of 26 meters. The screen was composed with some plates without
thermal isolation, and some roastings. Horizontal openings enables to
evacuate smoke.

Burning load and fire conditions

The burning load consisted of wood pallets (Europ type, dimensions
1200 x 800 x 130 mm (L x 1 x h), about 30 kg/pallet).

A. Test 1

The load mass was 3458 kg with 133 pallets and was distributed in 8 packs.
These packs were grouped by 2, and the four groups were separated by
partition walls. These partition walls made of wood, of the same type of
those used in the separation of exposition stands (height of 2.5 m).

Two compartments were ignited firstly, and the fire has been propagated to
the two other compartments in a natural way. The compartmentation wall
failed 6 minutes after ignition.

B. Test 2
The load mass was 3562 kg with 120 pallets and was assessed in 10 packs,

uniformly on burning surface. The load mass loss was measured by
weighing. All packs were ignited at the same time.
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1.2

Results

All results will not be shown in this report. During tests, temperatures were
measured by thermocouples. About 50 thermocouples were placed in the
hall, at 4 sections of the hall. These sections are shown in figure 1. The
position and numeration of thermocouples are indicated in figure 2.

A. Test 1

Some temperature results are shown in figures 3, 4 and 5. We can notice the
failure of the compartmentation wall, and the ignition of the two others
packs (no ignited at the beginning ) giving the second peak of temperature.
Radiative fluxes were measured at a distance of 9.5 and 15 meters of the
load centre. These fluxes are shown in figure 6.

B. Test 2

Temperatures are shown in figures 7 to 21. Radiative fluxes were measured
at distances of 8 and 6.5 meters of the load centre. These fluxes are shown
in figure 22. Velocity at horizontal openings was measured with pitot
anemometer, but results are not easily improvable. The load mass was
measured by weighing. The temporal evolution of this mass is shown in
figure 23. The load mass evolution stopped 10 minutes after ignition,
because a part of the load fell out of the weighing plateform.

In this test, it seems that the hot layer was homogeneous. The results of
thermocouples show an homogeneity of temperatures at 22 meters height
and in the plenum, despite a superiority in the plenum just above the fire
and certain irregularities in temporal evolution. It seems that these
irregularities proceeded from circulation zones and fresh air incomes for the
fire development, especially during the maximum pyrolysis rate. The
neutral surface height seemed to be equal to 20 or 21 meters. Indeed, the
temperature at 22 meters was always close to the hot layer temperature.
However, below (for example thermocouple n°13 at 18 meters), the
temperature was much more lower. So the hot layer thickness was about
7 meters.

We can remark that thermocouples situated above the woodshed gave
temperatures around 800°C at 10 meters above the ground, 500°C at
14 meters, 300°C at 18 meters, 200°C at 22 meters, 100°C at 27 meters and
60°C at 28 meters. This shows that the hot layer was not exactly
homogeneous as we said hereinabove, and its temperature was more greater
just above the fire. However, these different locations were not numerous
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and 100°C or 200°C are lower than flame temperatures (1000°C) which
may introduce gradient much more problematic. This indicates that the
height of hall 1B of Parc des Expositions, Paris, was sufficient in order that
it did not exist direct interaction between flames, hot layer and supporting
structures.

So, the test of the Parc des Expositions is a case which corresponds well to
the use of the program FIRST. This program is described in the next

section.

Numerical Simulations

Pyrolysis Rate

In the test 2, the woodshed was composed with pallets dimensionalised
1200 x 800 x 130 mm. But the standard dimensions, which we find in
literature, are 1220 x 1220 x 140 mm. We will consider that the woodshed
was made with standard pallets. Various authors have worked on pyrolysis
rate formed by such a load. In our case, we will refer to data of Babrauskas
[7.8], and Krasner [9] on woodsheds of pallets. Their data can be reduced in
an empirical formula. This one is a correlation between the maximum heat
release rate and the piling height of pallets

Qmax = 1450 (1 + 2.14 He) (1 - 0.027 M)

where Hc : the piling height,
M the moisture constant,
Qmax the maximum heat release rate.

In this equation, it was assumed that the heat of combustion of wood is
12 MJ/Kg. This is this value that we will use in our simulations. We will
consider that wood is dry, so M = 0. In the test 2, the piling of 12 pallets
gave a height of 1.68 m, and thus a heat release of 6.29 MW. The
correspondent pyrolysis rate is 5.5 Kg/s.

A standard curve of temporal pyrolysis rate evolution has been deduced
from numerous tests made by Krasner. This standard curve applied with the
maximum pyrolysis rate calculated hereinabove can be compared with the
experimental pyrolysis rate. Indeed, the measurements of the load mass loss
allows the calculations of pyrolysis rate by a temporal derivation. This
comparison is done in figure 24. We can remark in this figure that the
ignition time is lower in the test than in the Krasner's evolution. This is due
to the fact that in the test, it has been introduced an inflammable liquid
which has reduced the ignition time.

148



In order to take into account this ignition time reduction, we have
approximated the pyrolysis rate curve by analytical functions with a sooner
growth. These functions are the following :

between 0 and 330 seconds  q = 5.5 (¢/330)0>[exp(t*0.69/330)-1]
between 330 and 580 seconds q=35.5

between 380 and 910 seconds 0.5
q=15.5[(910-t)/330]"~ [exp((910-t)*0.69/330)-1]

This corresponding evolution is shown in figure 25 with the experimental
shape.

2.2  The Zone Model : First

First is a program developed by Mitler et Rockett in 1987 of the National
Bureau of Standards!!). FIRST (FIRe Simulations Technique) is a modified
version of the Harvard Fire Code V of Emmons and Mitler[23:4]. It is based
on a large number of physical parameters. It takes into account at a same
time four objects in combustion and five openings. The modelisation of
three types of object is possible :

- apool fire,
- agrowing fire,
- and a burner fire.

The last is the most classical fire. It represents an equipment fire. This one
will be used in our simulation. The thermal transfers are done by the
resolution of conservation equations. Thus, the program needs all physical
and thermal properties of wall and gases. These various thermal transfers
are done between different parts of the room. Each part is considered
homogeneous. First considers only five zones where interactions (mass and
energy exchanges) exist. These five zones are :

- wall (lateral wall, ceiling, floor),

- outer gas,

- the flame considered as a cone,

- the inner gases near the floor (cold layer),
- the inner gases near the ceiling (hot layer).

The contact surface between hot and cold layers is called neutral surface.
The exchanges between these five zones are modelled. The temporal
evolution of temperature of each zone is given. The flame and the plume is
controlled by an apex angle and the object surface in combustion.
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The convective exchanges between the flame and the others zones only
depend on the pyrolysis rate which gives the heat release rate (convective
and radiative heat release). This is again the pyrolysis rate that controls the
system evolution. The hot (upper) and cold (lower) layers are separated by
the neutral surface of which the height depends on the room openings (exit
of burned gases and admission of cold air) and the pyrolysis of objects.

Both zones are considered homogeneous. This assumption reduces largely
the application domain of First, but also its complexity. This induces the
fact that it exits a correlation between the room volume and the burned
gases formation (depending on the pyrolysis rate). A too large volume will
give a temperature strongly attenuated between the fire impact location and
the extremity of the room. A room with a low height will create a direct
impact of flames on the ceiling, with a flame temperature higher than
temperatures of burned gases distant of the flames. The resultant hot layer
will not be homogeneous. Moreover, a too low level of the ceiling would
give recirculation's zone disturbing the formation of a layer having a height
spatially constant.

Thus, it is necessary to apply First with a volume having a correlation with
the pyrolysis rate, but also correlated itself. The second test of the "Parc des
Expositions" of Porte de Versailles in Paris in May 1994 is an application
case of First. So we have simulated the second test and we have compared
the experimental measurements of the test and the simulation results. The
following section presents these comparisons.

The considered openings have to be studied attentively. They manage the
numerical resolution of the problem (energy loss, height of hot layer and
oxygen needs). First considers that the fire can not use the oxygen of the hot
layer for its combustion process. Two important points of First have to be
mentioned : firstly, the room must be rectangular; secondly, the thermal
properties of walls, objects and gases are constant.

Results

The simulation with First has been done using the pyrolysis rate shape
defined by the three mathematical formulations described hereinabove. The
mass heat capacity is 12 MJ/Kg (value used by Krasner), and an opening

corresponding to the half of lateral surface (L=144 m, inferior half ).

The results of the simulation are compared to the test measurements
(see §1-3.b).
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A. The hot layer thickness
The figure 26 shows the temporal evolution of hot layer thickness.
B. The hot layer temperatures

The figures 27, 28 and 29 show the comparison between temporal evolution
of hot layer temperature and thermocouple results at three different sections.
In figure 27, is also indicated the temperature obtained with the pyrolysis
rate close to the reality. This pyrolysis rate is shown in figure 25. This one
has been taken with four segments (specified by black lozenges). This
comparison can show the sensibility of First to the pyrolysis rate.

C. Radiative fluxes

The figure 30 shows the comparison between experimental radiative flux
and the simulated radiative flux on a target located at 6.5 m from the
pyrolysing object centre (flux n° 1). Numerically, are shown fluxes from
flames, from walls and from hot layer (the two last fluxes may be
neglected). It is also shown in this figure (thick dash) the radiative flux
obtained in assuming 20 % radiative loss of heat release in an isotropic way.
This value of 20% has been obtained by D. Joyeux in lab scale diffusion
flames studies[13]. So this radiative flux on the target at distance d = 6.5 m
is the following :

02Q/(4.m- d2) - Q is the rate of heat release.
Discussion

The neutral surface height is higher in our calculations than in the test;
25 meters in the simulations during the maximum of temperature and
21 meters in the test. But the mean temperature of the simulated hot layer is
higher than the mean temperature in the test. It is clear that the numerical
hot layer is more confined. Perhaps, the air quantity engulfed by the plume
or entrained by turbulent mixing through the neutral surface in the hot layer
is underestimated by First. But the comparison is not so bad. Some points
must be notified.

Numerically, we have not taken into account the plenum existence which
disturbs exchanges into the hot layer, and the roof horizontal openings
which introduce an energy loss (this may compensate the fact that we don't
take into account the plenum).
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Moreover, the hall 1B entrance has not been taken into account too. Its
effect is also visible in experimental results. Temperatures at section C-C
show a fall when the pyrolysis rate is maximum, so when fire needs a
maximum air entrance. This air comes from the inferior lateral openings but
also the entrance.

Nevertheless, the comparison for heat fluxes on a target are worse. Indeed,
the radiation flux on a target has been measured during test by a radiation-
meter located on a floor. First can simulate an inert object with unity of
emissivity, receiving the flames radiation and located at 6.5 meters from the
centre of the pyrolysing object (distance of the radiation-meter in test 2).
Three fluxes reach the target : radiative flux from flames, radiative flux
from hot layer, and radiative flux from walls. These three fluxes have been
compared to experimental radiative flux (figure 30). It is clear that walls
and hot layer radiative fluxes can be neglected. Only the flame flux interacts
with the target but it is 6 times greater than experimental flux and it seems
to be constant. The reason of this last observation is that First does not
consider it exits a fire growth in the physical space. First considers that the
flame temperature is constant and equals to 1260°C. The parameters which
are able to change the radiative flux from flames, are the size of the
pyrolysing objects and the variation of absorbent species in the gases. The
size of the pyrolysing object does not vary in our case -we have considered
the case of a burner fire (and not a growing fire) and experimentally the
burner size did not vary - and the second parameter allows weak variations
as it can be seen in figure 30. So radiative flux on the target is overestimated
and might overestimate the target temperature. It is important to remark that
the target can be a part of the supporting structure or object more sensitive
to temperature.

First's limits and conclusion

As we can see in chapter 1, the test of the "Parc des Expositions de Paris" is
an application case of the program First. Its volume seems to be in
correlation with the woodshed fullness. This has permitted the hot layer
homogenisation. A strong fire would have introduced the interaction
between flames, hot layer and steel structures. A low fire should have given
a response time to the hot layer extension too low to give
homogeneousness. It would have been necessary to use a multi-
compartments model (multi-compartments with fictive partitions).
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In the case of the use of First, the number of parameters taken into account
is sufficient to give results satisfactorily. Of sure, the pyrolysis rate problem
always exists, although it is reduced in our case. Indeed, wooden pallets fire
are well surrounded by Babrauskas and Krasner works. The results of
figure 28 show that First is sensitive to the pyrolysis rate, and that
temperature evolution are totally relied to the temporal pyrolysis rate
evolution.

These results must permit to calculate the temperature distribution more
precisely in steel structures. However, temperature calculations in structure
proof situated around the fire have not been done. Temperature of gases
around structure proof is low and convection exchanges do not represent
sufficient energy required to the temperature rise given in the test. -
Temperatures of 200°C have been measured. This rise is due to the flame
radiation. But First overestimates this flux, so would overestimate the
structure temperature. We think that it would be interesting to change these
flame radiation calculations in First, in order to have a better estimation. For
example, it would be interesting to introduce a flame growth, function of
heat release rate. It exits empirical formulas which give the visible flame
height from the heat release rate, for example by Heskestad (11) :

Le=-102D+0.235 Q%"

where Lf is the flame height (m)
D, the burner diameter, or woodshed diameter (m)
and Q, the heat release rate versus the time (kW)

This formula may introduce a better approximation of the flame size and
may permit a better estimation of the radiative flux on the target. It exits
also formulas which give temperature and velocity in fires versus the heat
release rate. These formulas may also be used for modelling the fire
(it is important to know that First actually uses a constant temperature
(1260°C) in the fire).

The use of wooden pallets for this test has permitted us to consider the works
of Krasner in order to evaluate the pyrolysis rate. This rate has given a good
correlation with experimental results. It may be interesting henceforth to use
similar woodshed (wooden pallets), their pyrolysis rate having a good
approximation.
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Annex 7 : Simulation 3X

AIR TEMPERATURE CALCULATION

1. Introduction

The four following pages define the simulation 3X which has been performed by
the different partners to check the results of calculations of temperatures in
the air.

The results of the simulations 1, 2 and 3 had already been described in the
previous semestrial reports. As it was appeared that the very small size of the
openings constituted a problem for the FLUENT, a new simulation called 3X
had been defined.

The chapter 2 presents the main results of LABEIN using FLUENT. In chapter 3,
these results are compared with the results of TNO using VESTA and the results
of PA-RE using the multi-compartment two zone model ARGOS. Only the main
figures are given; the whole comparison has been described in the paper LC44.
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Simulations 3x

RESEARCH PROJECT 7210-SA/517,317,932,619,210
" LARGE COMPARTMENTS ~

15 m ’ 15 m Q
R Qe 0,5m ]
- T T T 7
: 9
Q
bem ’I—-- -
D 20 em 3 / 215 m
0
Table 2 Opeaing Characteristics
Simulation 3x . :
Opening Width b [cm] 100 30m
Opening Height [em) 20 Table 1 Geometrical Data of the Compartment
Bernouilli Coefficient Cg { Internal Dimensions }
= AP 0.57
(v=ca[ 22 V2) length = 30 m
width = 30 m
height = 2.5 m

wall, ceiling and floor thickness = 0.15 m
Note : Total external size of the compartment is

Heat source in the centre
of the floor, on ground level

30.3x30.3x2.8m

o

Q'aw) k'mrrAL HEAT FLOW
[

1500 kW

Volumetric Heat

Production Q'
(Also to the floor)

Table 3 Heat transfer through the walls
( Vertical walls + floor + ceiling }
Simulation] Radiation Convection
Without 7
1 Radiation d / de10 wimK
2 LABEIN o WimKI
5.l CFD | 2ONE MODEL |||
TNO 3
8 Modl scuisted {Cold aic | Hot air
" TNO v:::n 10 25 /
3x Model
's)

( %1 ) Wall emissivity = 0,94 / Absorption Coefficient = 1
Scattering Coefficient = 0,001 (see CCP 35)

( ¥2 ) Volume fraction Soot : 10 "7/ Partial Pressure : 0,25 arm.

(see CCP 36)
Material Characteristics

Table 4 P Cp A

(kg/m3 (kg K) IW/m K]
Air 353/T, Cp= 1040 0,024
Walls, ceili
floor =
concrete EC4] 2% C= 1000 1,6
Part 1.2
( with T4 equal to -

abzolute temperature )
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Simulations 3x

3
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0.05 29.95

2.45

7.5

22.5

2.45

15

15

2.45

0.05 [29.95
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15
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e (0

Vy (m/s)

RESULTS
POSITION OF THE CONSIDERED POINTS

( 5 cm from the Surface )

Z

25m

1) TEMPERATURE CURVES AS A FUNCTION OF TIME
AT DIFFERENT POINTS SITUATED AROUND
THE HEAT SOURCE (HS)

2) AIR VELOCITY Vy CURVE IN POINTS A AND B

) 7

time in minutes

UP TO 120 MINUTES

10

v
¥B

FOR EACH CURVE, PROVIDE A RESULT FILE

CONTAINING THE RESULT ( Temperature, Velocity ) EVERY MINUTE

! I I 1 | | I I

0' 60’ 120

3) HEAT BALANCE IN kW AT 20',40' AND 60'

4) INTEGRATED HEAT BALANCE IN kJ DURING
the first 20',40' AND 60"
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5) THE TEMPERATURE PROFILE ( temperature as a function of the height )
FOR THE TIMES 1207, 300, 600", 1200°°, 2400, 3000, 3600 )
FOR X =0.05 and Y = 29.95 (or 0.05 ) ( this profile includes the points 1, 4 and 7 );
FOR X =7.5and Y = 22.5 (or 7.5 ) ( this profile includes the points 2, 5 and 8 );
FOR X =15 and Y = 15 ( this profile includes the points 3, 6 and HS )

Texp. profile {at x-y- 415 =) simulation 3.x
T

1200 > Time-e-120~
i Tine = 300
B ‘9\< Time = 600

tpret

g Time & 1200
Pl Time = 2400
fadd Time = 3000
1000 |-~ e Timo-%-3600.{s
447 \Fg‘”
%
[::3a] \h\
P,
A Lot
R (R TRy
BT I e S o N
~ b e e TR %
o X - \*‘4':_1._' Nis
- X7 e Rl
° - - e ——
ERERPTY & e T
L]
iN)
o
[
E
o
]

400

200
b gl b TN PR PRP PP 0menean d B T Bt TR Rty
TNO CvB (c) 1995
] 0.5 2 2.5

1 1.
Height [m] ==w>

6) THE MEAN TEMPERATURE PROFILE ( temperature as a function of the height )
FOR THE TIMES 120°’,300°°, 600°*, 1200°’, 2400°°, 3000°°, 3600

* Mean temp. profile in the CCP Simulation J.x
120

Time = 120 i [3] *—

Time = 300 : [3]) =+

Time = 6§00 : [3) © ,A\*

Time = 1200 [8]) e

Tima = 2400 (3] ~— e

Time = 3000 (3] Pt P
(317

EUL e ST 11 T > ~x
. ’.’
-
/‘ /
I/ =
e ~Eueg
» s
- -
80 ’s o

- e _."
-~ g X e
-"'/ __Z"" - _"‘\‘w--
60 ¢ o g ot
- -
- -

Tampaxatucre (C) we=>

NS
N

®
e ‘,.-’/
. o --*--.:_,y-—
- SO H TNO CVvB (c) 1993
20 Lo oy = e . & 1

1 1.5 2 2.8
Height [m] we=>

3 A LY
.
a e
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7) THE TEMPERATURE PROFILE ( temperature as a function of the distance from
the fire source ) NEAR THE CEILING LEVEL ( Z = 2,45m ) FOR THE TIMES
120’7, 300°°, 600°°, 1200°°, 2400°°, 3000°’, 3600* FOR A DIAGONAL OF THE
“BOX”. THIS PROFILE INCLUDES THE POINTS 1,2 AND 3.

Temperature near the steslatructure in the CCP
1600 ¥ ¥ T T 1 T i

“Pime--120-—fsi-——
Time = 300 ([s) —-

seo Time = 600 ({s] -©- 7
Time £ 1200 [s] -X-—
800 Time = 2400 {s] -4 |

Time = 3000 {s) -%x--
mime_%-..uoo-..{s.]-.-.o..—.:_

]
\
!

600 4! 4

™O CVB () 1995

100 IO St - SRR G e
¥ ese@eeetil B ,\3
; % T T o e ek o
[ 2 4 § 8 1 i H

Distance LnT=>
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2. "ELUENT" results of the simulation 3X

Fire scenario known as simulation 3 (see semestrial report N° 3 Annex 2) has
been updated with a new window size 0.2 m high x 1.0 m width. The
compartment consists on 30 x 30 m floors and 2.5 m high. The geometry and the
heat source have two symmetrical planes, so only a quarter of the compartment
has been modeled with 15000 cells (25*%24*25), see fig. 3.1 and 3.2. The
combustion itself has not been modeled, its thermal effect has been considered by
means of a reference curve of rate of heat release. The considered boundary
conditions can be seen in fig. 3.2. The walls have been modelized as concrete
with thermal conductivity = 1.6 J/smK and specific heat = 1000 J/kgK,
density = 2500 Kg/m3. While the convection coefficient from wall to the outside
is a data, 10 J/smzK, in order to calculate the heat flux from the inner fluid to
wall Fluent solves a multi-dimensional conduction equation, which can be written
as:

PwCw %1: = A* kwAT + g

pw = wall density

Cyw = wall heat capacity

kw = wall conduction coefficient
T =wall Temperature

d = internal heat generation rate

q =o*(Tyw- T [J/msK]

with: o  =convection coefficient
Tw =wall temperature
Tf = fluid temperature

This equation is solved with a special treatment at the wall/fluid interface where
the heat flux is computed via a harmonic mean "conductivity" that correctly
incorporates the thermal resistance change at the interface. This feature does not
use the convection coefficient which can be calculated in a post analysis in order
to assess the heat flux from air to the supporting structure with the classic
equation.

Pressure boundary conditions have been used to define the fluid pressure at flow
inlets and/or exits. The pressure boundary condition represents the plenum
pressure, this will be static pressure when flow exists the domain through the
plenum. If flow enters the domain through the plenum the pressure boundary
condition will be total pressure (stagnation pressure).
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Simulation 3X includes a radiant heat transfer model, the buoyancy effect on
turbulence and an absorption coefficient model based on Fussegi's model.
The implementation of the last two features has increased the convergence
problems and the computational effort in great measure.

Results of temperature along the compartment has been obtained for 50 minutes,
although the fire duration is 60 minutes, the last ten minutes represent the burnt
out, and have few importance in order to assess the fire severity. This period will
be obtained in next semester.

Fig. 3.3 shows the measurement points, points 1, 2, 3, 7, 8, HS are five
centimetres from wall surface.

Fig. 3.4 shows temperatures from point 1 to 8. The most important profile is the
number 6, this profile defines the higher temperature in the compartment. Points
7 and 8 show the same temperature profile, although point 7 is at a corner of the
compartment and point 8 is closer to the fire place, this involves that a cold layer
exists at the bottom of the compartment surrounding the fire place.

Fig. 3.5 shows the temperature distribution along a diagonal at the top of the
compartment, the temperature distribution along the top is very important,
because the beams will be exposed to this temperature distribution.

Fig. 3.6 shows the temperature distribution along height (measurement line
passes through points 1, 4, 7) for several times 120", 300", 600", 1200", 2400",
3000". This figure shows the hot and cold layers with an interface between them,
these layers remain during all the fire, although their thickness varies with time.

Fig. 3.7 shows the inlet velocity at windows, where the flow gets into the
compartment, the fluid temperature is 20°C, thereby the mass flow is proportional
to the velocity by means of the fluid density at 20°C. If the flow leaks the garage,
the fluid temperature at outlets varies, and so mass flow must be obtained with
the density at that point at the moment.
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SIMULATION 3x
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Comparison between results of the simulation 3X provided by FLUENT,
VESTA and ARGOS

In the chapter 1 it can be noticed that 7 different types of results were asked.

The two following pages show the type number 2 which is the air velocity at the
top and bottom openings. It must be noted that the FLUENT simulation was
made with a Bernouilli coefficient equal to 1 because the user can not enter
himself the value. However, if the FLUENT velocity curve is multiplied by the
Bemouilli coefficient, it correspond rather well to the VESTA and ARGOS
results. HAZ means results provided by HAZARD which is a multi-
compartment two Zone Model from the NIST (National Institute of Standards
and Technology) of USA: :

The other following pages correspond to the result type number 5, 6 and 7,
i.e. different temperature profiles at different types.

All the results are available (see LC 44). In this report only the profiles
corresponding to 40 minutes are given.
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Annex 8 : Fire tests database : Lund database, NIST database.

Another way to find an RHR curve is to make a test. Useful techniques for measuring
heat release rates in the open were not available until a few years ago, when the
principle of oxygen consumption calorimetry was developed. Earlier attempts required
the direct measurement of sensible enthalpy, something which is very difficult to do
correctly. The oxygen consumption technique, however, has enabled these
measurememts to be made easily and with a good accurancy. The oxygen consumption
principle states that, within a small uncertainty band, the heat released from the
combustion of any common combustible is uniquely related to the mass of oxygen
removed from the combustion flow stream. The measurement technique then requires
that only the flow rate and the oxygen concentration be determined, along with the
knowledge of the oxygen consumption constant, 3.1 103 kJ heat released per kg of
oxygen consumed. This technique has been used and has unabled to establish database
of test results.

The hazard [15] two zone simulation model within its framework, contains a database
where various items are laid out and information on their RHR among other things is
given. These items tend to be only items found in the home, for example, chairs, TV’s,
christmas trees... . This obviouly leads to a limitation in the field of use. Although in its
particular region of use it appears to be a very good source of information, as it
includes every phase during an RHR curve.

Argos is another database found within the framework of a fire simulation programme.
In Argos, different equations are given for solid material fire, melting material fire,
liquid fire and smouldering fire. These equations define the RHR as a function of the
fire spread velocity in the horizontal and vertical directions. The numerical values
valid for different materials and objects are given in the Argos database.

Another source of test result information is the “Initial Fires” document compiled by
the University of Lund. This has the same format as the hazard database but contains
more results which are also a little more diverse. In the document, one can find
information not only on household objects but also objects such as various vehicle
types. Although a little more diverse it is not overly so. There are even results in both
of these databases which are the same.
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The aim of this research is to point out that, in view of the fire conditions for large
compartments, the present fire regulations are too severe, and to define new requirements
which better correspond to the real fire effect. These new requirements should be expressed
in terms of fire load (MJ/m?), fire size (m? and rate of heat release (kW). The procedure
developed in the scope of this research aliows the prediction that a structure can survive the
required fire defined by its size and its rate of heat release. The ISO requirements F30, F60,
F90 and F120 should be replaced by the requirement ‘no failure at all’, which demonstrates
an increase in safety.

A procedure has been developed to check whether the fire remains localised and to caiculate
the temperature field in a steel structure in this case.

This procedure implies first a calculation of the air temperature based on the assumption of
an upper hot layer and a lower cold layer. A simplified method and several two-zone models
have been analysed. An important parameter of a two-zone calculation is the rate of air
entrainment which has been studied in detail. In a second step, the peak of temperatures
produced by the localised fire has been modelled by Hasemi’s method which provides the
heat flux distribution. Based on these heat fluxes, the ENV 1993-1-2 allows the steel
temperature to be deduced. The validity of the Eurocode formulae has been checked in the
case of localised fire by comparing the calculated temperatures with the temperatures
obtained in different tests.

Knowing this steel temperature field, the mechanical behaviour is analysed by using the fire
part of Eurocode 3. A new formuia has been developed for a column situated in a two-zone
environment.

We have developed a new design tool called Tefinaf (temperature field under natural fire)
providing the steel temperature field of floor beams for any type of localised fire.
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