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ABSTRACT

This paper describes the model developed duringetiepean LOCAFI1 project with the
aim to assess the temperature of a vertical elesudjected to a localised fire in a compartmenis Th
model focuses on the calculation of heat fluxehwaitspecial emphasis on the radiative heat flux
which governs the temperature for sections of sicarmember. It is modelled through the concept
of virtual solid flame and involves a surface imgEven if it allows a precise estimation of heat
fluxes and although it can easily be introducedaisimple and computationally fast program, it
remains a complex method. Thus, in a second seeptvious model is simplified, leading to an
analytical model. Finally, the model with its twefinement levels is validated against the
experimental tests and numerical simulations peréatin the project.

INTRODUCTION

For building typologies where a generalised firarea develop (e.g.: external structures,
open car parks, atria, large industrial or transgtimn halls, etc), localised fires are an impartan
issue. Zone models (either one-zone or two-zone)nat foreseen to incorporate the effects of
localised fires on structures. The main challeragettiis is the calculation of the thermal profilas
the structural elements as a function of the foeation and the evolution of this fire with time
(diameter, fire load density, RHR, etc). Variousem research projects have allowed developing
analytical design methods and demonstrated thédityawith experimental evidences but a common
lack of the existing approaches is the absence g#tiafying calculation model for the temperature
field in vertical members. Due to the complexitytbé phenomenon, no analytical method has been
developed yet and the available methods are timstoning numerical methods (e.g. Computational
Fluid Dynamics).

The current version of EN 1991-1-22 includes aneandedicated to localised fire where two
calculation methods are described. However, norbese two methods enables assessing the thermal
attack induced by a localised fire on a verticalmher that is not engulfed into the fire. On these
premises, the European LOCAFI project was fundeith thie aim to provide designers a simplified
model that will allow them designing steel colunsudbjected to localised fires. In this paper, tingt fi
part is devoted to the description of a new anadytmethod for the temperature assessment of
vertical members. The model, based on the condegttaal solid flame for the radiative part, was
developed with two levels of complexity which aresdribed hereafter. In the last part, the model
with its two levels of refinement is validated aggti both experimental tests and numerical
simulations.

DESCRIPTION OF THE MODEL

The model for calculating the temperature of vettimember at a specific height is sub-
divided into several steps:

¢ Flame modelling.
* Radiative heat flux



¢ Convective heat flux

e Total heat flux

* Vertical member modelling
e Temperature of the element

Flame modelling

The flame produced by a localised fire affects gmoerd member mainly through radiative heat flux
if the member is not engulfed. In that case, the flahregpe and the relative position flame / vertical
member have a strong influence over the radiative heatThe concept of virtual solid flame is then
used, the flame is seen as a “solid” surface that radiatesd the element.

The model assumes that the fire area has a circulpe stra the ground. If the main combustible
involved in the localised fire is not circular, then im®edelled as a circle assuming that the area on
ground is equal. The virtual solid flame is modelled esree and, if it impacts the ceiling, the cone is
truncated and an additional ring is added (see Figure 1

Figure 1 : flame shape

The geometry of the solid flame is fully determined bg tone height. If it does not impact the
ceiling, Heskestad3 correlation is used to calculate éighh This correlation, used in the Annex C
of EN1991-1-2, is based on the following formula:

hs = —1.02Djp + 0.0148Q()** [m] [1]
WhereDsire [M] is the diameter of the fire source @@dW] is the heat release rate of the fire source.
The fact that the flame impacts the ceiling or not isrd@teed by comparing the solid flame heidt
to the height under the ceilinge. If hr is lower tharhe, the flame does not impact the ceiling. On
the other case, it impacts the ceiling.

The temperature of the virtual solid flame varies wigightz according to a complementary formula
provided in the EN 1991-1-2:

07(z) = min (900; 20+ 0.25(0.80(t))**(z - zo)_5/3) [°C] 2]
The formula is completed by the calculation of the virtuagin z:
2o = —1.02Df;, + 0.00524Q()%*  [m] [3]

If the flame is impacting the ceiling, the same equatmmesused to obtain the temperature of the
lower part of the flame (i.e. the cone). For the flas@®ading under the ceiling, the model is based
on Hasemi’s method4 in order to calculate the radiuseofiime ring. This radius, follows:

L, = H(29Qp* — 1) [m] [4]

H is the distance between the fire source and the ceiling.



Qn, a non-dimensional heat release rate, is estimated titroug

Qn = lem [~] [5]

For the ring, the temperature depends on the distafioen the centrer(is comprised between 0 and
Ln) and is derived from Hasemi heat flux taking into act@onvective and radiative parts using the
procedure hereafter.

In a first step, the variableis introduced as:

_ Tr+H+z/
Lp+H+zr

[6]
All quantities are already known except for z’ whicldéfined by:

7' = 24D (Q"¥5 — Q*/3)si Q" < 1
7' = 24D, (1 - Q%) siQ* > 1 [7]

Q* is asQn a non-dimensional heat release rate estimated in Esinay:
. _ Q _
Q" = Tz ] [8]

Hasemi uses several relations to determine the incident heatefbending on the value nf

H; = 100000 W. m™2 ify <0,3
Hg = 136300 — 121000.y W.m™2if0,3 < y < 1,0 [9]
Hg = 15000.y 3’W.m 2 if10<y

Then, it is divided into two parts assuming that the teatpee is linked to the heat flux at this point
by the equation:

H = g.0.((6; +273)" = 293*) + hoony (67 — 20) [10]

o, the Stefan-Boltzmann’s constant, is equal to 5.67Wan2.K*. The flame emissivity: is set to 1

in agreement with EN 1991-1-2 hypothesksgs is the coefficient of heat transfer by convection
which is set to 35W.Km2 as recommended by the Eurocode for simple fire mo@islly, this
equation is solved in order to determézg°C].

Radiative heat flux

In the concept of virtual solid flame, the solid flameséen as radiative surface. It is divided into
several zones referred later as “elementary band”ratimtive heat flux received by a face of a
vertical member at a specific height is the sum ofatadt heat fluxes emitted by each elementary
band (see Figure 2).

Figure 2 : radiative exchange between the solid flamerencthember
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calculated using its temperature and the view factordsivthis zone and the face i:

4
fluxflame—)facei = ij ag.é&. (Qf'] + 273) 'Fb]-—>facei [ll]

Where ¢ is the member emissivitygs; is the temperature of barg [°C] and Fy, - face; is the
configuration factor between babgand the elementary fatace according to the Figure 2.

Considering the banlg as a radiative surface, the configuration faEg])Lfacei is:

fS cos(61)cos(0,)ds1 [12]

bandb; wr?

Fb]-—>facei =
This factor represents the fraction of the total radkaligat leaving the radiating surfé&ga; which
impacts the receiving surfadace. Its value depends on the size of the radiating seyfan the
distance from the radiating surface to the receiving serfand on their relative orientation as
indicated in Figure 3. It involves a surfacic integrahttttan be computed through numerical
integration but that integral can be reduced to analyticatula when the geometry and the position
of the surfaces are simple.

Figure 3 : Radiative heat transfer between emittingraoeiving surfaces
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Convective heat flux

As stated previously, the temperature of sectionsrmaémber subjected to a localised fire is mainly
affected by radiative heat flux as they are surrourmedases at the ambient temperature. In that
case, no additional convective heat flux is added.

Nevertheless, this is not true in the smoke layer thaasigrunder the ceiling, where the convective
heat flux cannot be neglected compared to the radiagaeflux. For a localised fire, the width of the
smoke layer is generally small compared to the heigtitetompartment. If there are some elements
that control the smoke spreading under the ceiling, ttesmoke layer heightmoke 1ayer is defined by
their geometric characteristic, typically the height of bg&am

The temperature of gases surrounding the vertical reemsbestimated in the same way as for the
radiation of flame spreading under the ceiling in orderemain consistent. The first step is the
calculation of the heat fluks using Hasemi method as described previously anddenmsgr as the
distance between the fire center and the vertical menibean the temperatur&(r) of gases is
deduced using the equation where the heat flux Hs idedivinto two parts. Finally, the convective
heat flux is equal to:

Peonv = Neonw (ef(r) - 293) [W. m—Z] [13]



Figure 4 : scheme for the convective heat flux calcutatioder the ceiling

Total heat flux and multiplefire sources

Up to now, only one fire source was taken into actbunit is common to have fire scenarios where
several sources are involved. The model can handle situations easily. The radiative heat flux
received by any face of the vertical member is juststita of radiative heat fluxes emitted by each
source assuming an upper limit of 100 kW.m

If we considem fire sources:

fluxall solid flame—facej = max(100000, Z?:l fluxsolid flameiefacej) [W m—Z] [14]

For the convective part, the heat fldy; are calculated using Hasemi's method for each firecgour
Then, they are added to give an intermediate heatfluand again an upper limit of 100 kW?ris
used.

Hg = min(¥7_, Hy ;,100000) [15]

Finally, the temperature of hot gases is estimated thregghtion [10] and the convective heat flux is
given by injecting this temperature into [13].

The total absorbed heat flux is the sum of the comedieat flux and the radiative heat fluxes
previously calculated with an upper limit set to 100 kV&.m

Vertical member modelling

The vertical member is discretised as a succession tbrsecat heightz) where the heat flux is
calculated. At this point, it is possible to use the madetompute the heat flux received by the
section and thus its temperature using advanced numericgfam. It allows handling complex
section shapes and specifically the shadow effect where parts of a section shadows other surfaces
from the incident radiation. It was implemented in EhE.M software SAFIR5 in the framework of
the project.

SIMPLIFIED MODEL

One of the project goal is to provide a practical mddedesigners. So, in a second step, a
simplified version of the model is proposed. Two eletmesre simplified: the vertical member
modelling and the virtual solid flame shape in orderdplace the surface integral by analytical
formulae.

Member modelling

The sections of the vertical member are modelled witactangular shape, as indicated in Figure 5,
independently of their original shape: I, H or O. Tafproach is consistent with the assumptions
made in the annex G of Eurocode 1 part 1.21. Far#&usangular section, the heat flux is determined
for the four faces, and then a mean-value is calculatethe whole section by averaging the heat



fluxes of faces by their width.

Figure 5 : H-column modelling and detailed modelling e&etion
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Solid flame modelling

For simple geometrical shapes, analytical formulae eaisthfe configuration factor. Such formula

exists for cylinders and rings. The conical shapepigroximated as a succession of cylinders and
rings using the equations of the first part to deterrthieé properties (see Figure 6).

Figure 6 : simplified flame shape
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The configuration factor between an infinitesimal pland a finite cylinder follows6:

[ _1 (Y?-B+1 _1 (C-B+1
cos™t (—) +cos™1 (—)
A-1 Cc+B-1

—Y[ A+1 cos—1 (YZ—B+1)]
F _ S N J(A-1)Z+4y2 VB(A-1)
dAi~A, = 57 2Bm

2Bm C+B+1 _ c-B+1 \ [ [-] [16]
—/C ——=——cos7! (—)
J(c+B-1)2+4C VB(C+B—-1)

+Hcos™1 (%)

V,
With S=s/r,X=x/r,Y=y/r H=h/r,A=X>+Y*+S B =S*+X%C=(H-Y)?

Figure 7 : Configuration cylinder — plane element

The radiative heat flux received and absorbed byabeféicg from the cylinder is then:

4 —
flux(,‘ylinder zi>face; =0.¢. (gf(zi) + 273-15) -FCylinder zi~face; [Wm 2] [17]

WhereFcyinger zi-face; is the view factor of the cylinderand the facéace calculated with [16].



Figure 8 : radiative exchange between the cylizdend the face
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There is a restriction for the application of the form[i6]: the plane cannot cut the cylinder. So
additional rules are needed in order to handle all pless@mfigurations. Indeed, in the case shown on
Figure 9, the face 1 sees the cylinder, the face 2 @ma@ partially the cylinder while no radiative heat
flux from the virtual solid flame reaches the face 3ug§hthe face 1 corresponds to the situation
described by the formula [16] and can be handled. Fofabe 3, the incident radiative heat flux is
null. The case of faces 2 and 4 is more complex amddtmula cannot be applied directly because
the plane (of the face) cuts the cylinder.
Figure 9 : example of cylinder — vertical member interacttop view)
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As the radiative heat flux is mainly controlled by tlicsangle between the radiative source and the
target, the adopted solution is to use a surface shhfmh will lead to an equivalent configuration
factor. A cylinder with a modified geometry (indicated Bigure 10) is used. The diameter of the
cylinder is reduced so that the modified cylinder is fullsible by the target face and consequently
the analytical formula [16] can be used.

Figure 10 : cylinder modelling
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* The configuration factor between an infinitesimal plane elgnand a ring in a perpendicular
plane follows6:




H

H?+R3+1

H?+R?+1

Faa,»a, =

z J(H2+R§+1)Z—4R§ \/(H2+Rf+1)2—4R§

With H = h/l,R = r/l and this formula is valid only [&r..
Figure 11 : Configuration ring — plane element

[18]

The annular part (ring) between two cylinders is considered as a radiativaceifsee Figure 6) and
the induced heat flux is computed through [18]. Furtheemibis added only if the considered section
heightz is greater than the height of the rimgthe face “sees” the ring).

As for cylinders, additional rules need to be appliedritento handle all possible configurations.
Theoretically, it is valid only for a ring centred in anmaperpendicular to the target, which is not
always true. The second point which has a strong impathe heat flux exchanged by two surfaces
is their orientation through a cosine (see Figure TR analytical formula corresponds to the case
where the orientation is normal and gives the highest \aetor. In consequence, it is safe sided and
the formula [18] remains used witlthe distance between the face and the ring centre.

Figure 12 : influence of the orientation of the target
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Another point must be taken into account: the ring, ashiercylinder, can be partially visible (see
Figure 13). Then, the exterior and even the inndusanf the ring are reduced to give a visible ring in
the same way than for a cylinder. In the examplegmtesl in Figure 13, the ring defined by its inner
radius ki+1 and its outer radius;rare both adjusted.

Figure 13 : handling of complex case of ring modelling

3D view

Top view

Irzifadjusted
r. )
zi+1_adjusted

rzi+1

zi

The radiative heat flux received by a face is the stithe radiative heat flux emitted by all cylinders

and rings:



fluxsoiia flame—face; = [19]
4 4 _
Z 0.£.(07(z) + 273.15)" Feytinder 1 face, + Z 0.£.(07(z) +27315)" Fring 5 o face, [W. "]
i

4

Then, the mean radiative heat flux over the sectioth@theightz is computed by averaging the
radiative heat flux over the four faces by the wikltsf each face:

4
_ Yiz1 Li-fluXsolia flame—face;

FluXraassions; = S [W.m?] [20]

For sections outside the smoke layer, the convectivefhiatemains neglected and the total heat
flux absorbed by a section is equaﬂaxmdsectionzj.

Furthermore, it was observed that for flames impacting#ileng, the radiative heat flux induced by
the disk (see Figure 1) under the ceiling has an infledimited to a small height. In addition, it is
quite difficult to model thus the solution retained in the dified model is that inside the smoke layer
the heat flux absorbed by a section is computed usingnilasmethod (equations [4] to [9]).

Finally, the temperature of a sectigrevolves according to the net heat flux which is theadiffice
between the absorbed heat flux and the emitted heatIflis given by the thermal balance heat
which is for a homogeneous temperature section:

dr  Ap
pCy (1)L = 22{Total_heat_fluxsection 2, + heons(20 — T) + £(0(293* — (T + 273)%))] [21]

Wherep, C, andAw/V are related to the vertical member properties and résplgdts density [kg.m
3], its specific heat [J.k§K™], its section factor [.

VALIDATION

The developed models are validated against resulexpérimental tests performed in Ulster and
results of FDS? simulations performed in the scope of a parametrtaalys

Experimental tests

A series of 59 tests were conducted with different calueross sections, with or without ceiling and
several fire sources (fuel used, position and shage)shown on Figure 14. A more accurate
description of the setup and a detailed analysis is &@mila 1and 9. These tests were also used to
calibrate the CFD model used for the parametrical sttidy1

Figure 14 : experimental setup and scheme of the setup

Initially, two solid flame shapes were envisaged: ddinand cone. The results are displayed here for



these two shapes. The tests results are groupeddiegeon the location of the pans. Though many
experimental configurations were investigated only ¢hse with one pan of 0.7 m diameter is
presented here, others are available in 1.

Two gauge positions and two pan locations are consider@ticated in Figure 15. The mean values
are compared to those calculated by the model and egpioriTable 1.Using the cylindrical flame
shape, heat fluxes are always overestimated. On ttesiopside, there is a rather good agreement if
the solid flame has a conic shape.

Figure 15 : Relative position pan — gauge for a 1 m gaay(left) and for a 0.5m away pan (right)
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Table 1 : Comparison experiment — Model (1 pan)

- Gauge Iocatlo_n Experiment mear] Cylinder flame Conic flame
Height Distanct
m m kW/m?2 kW/m?2 kW/m?2
1.C 0.t 30.61 74.0( 39.0(
1.0 1.0 13.78 33.20 17.95
1.0 1.6 5.86 15.50 8.51
1.C 1.8 4.15 10.8( 5.97
2.0 0.5 6.18 22.00 5.88
2.0 1.C 4.5] 14.17 5.51
2.0 1.6 3.01 8.83 4.11
2.0 1.8 2.31 6.70 3.27

Numerical parametrical study

The aim of the parametrical study is confirming the gpoellictions of the analytical model when
considering a conical flame shape and to extend it tesoagth wide fire diameters. The analysis is
divided into two parts: outside and inside the smoke layethérmore, comparisons are performed
for 3 versions of the model: the method with cylindritame shape (referred as Cylinder (int.
meth.)), the method with conical flame shape (refeaedCone (int. meth.)) and the simplified
method with a conical flame shape (referred as Came (aeth.)).

The simulations are grouped in four sets, in each eetditing height is varying:
- Group 1: heat release rate of 500kW/m2 and 4 m diarpater
- Group 2: heat release rate of 500kW/m2 and 8 m diarpater
- Group 3: heat release rate of 1000kW/m2 and 4 m diarpater
- Group 4: heat release rate of 1000kW/mz2 and 8 m diarpater

The radiative heat flux is measured at several teighd distances from the pan centre.
Outside the smoke layer, the radiative heat fluxes unedgor groups 3 are displayed on



Figure 16 where the dash-dotted line corresponds tcainegalius. The agreement is excellent with a
conical flame shape for both levels of complexity ofghmeplified model.



Figure 16 : Radiative heat flux at different heightstfee case 1000kW/m?2 and 4m pan
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Inside the smoke layer, numerical simulations show thatréiceived heat fluxes are identical for
vertical and horizontal members. Therefore, it is coasisto use the same method to calculate the
heat flux inside the smoke layer (under the ceiling)ejpahdently of the member orientation. Figure
17 shows that results are very close using the mathadeand the simplified one. This result was
expected because the radiative and convective partsabndated in the main method through a
temperature based on Hasemi’s heat flux. Furthernasresoon as the ceiling height increases, the
heat fluxes are strongly reduced and Hasemi givesxamellent agreement with FDS values
independently of the fact that the flame is spreading rutige ceiling or not. This is an important
result because it shows that Hasemi method can be vsedf ¢he flame does not touch the ceiling.
Figure 17 : Heat flux under the ceiling for the case IB#m? and 4 m pan
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CONCLUSION



The model presented in this paper is based on the miboiceirtual solid flame and allows assessing
heat fluxes received by a vertical member. An emphiagisven to the radiative part which is more
important for a vertical member submitted to a localis$el The main equations used to determine
the properties of the flame are based on well-knowretaifons used in fire safety engineering and,
for some of them, already integrated into the Eureso&everal refinements are proposed, allowing a
variable degree of complexity for the use of the modehriges from the use of numerical integration
of some formulae to the use of equivalent or simplifiedlytical formulae. The comparison between
the method, the experimental tests and CFD simulatfimssa good agreement.
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