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Abstract

Computational Fluid Dynamics (CFD) simulation réswre presented of full-scale car park fire
experiments with smoke and heat control (SHC) gdld mechanical horizontal ventilation. A
well-controlled liquid pool fire heat release réittRR) is set as an input parameter. The effect of
the SHC system on the smoke movement in fire cmmditis examined. The following
parameters are varied: fire HRR; smoke extractiow fate; openings for incoming air (so that
different flow patterns have been created); presefideams. The impact of jet fans (induction
type) is also addressed in a number of simulatidriee trends observed in the full-scale
experimental campaign are well captured and adwitimsight is provided for the interpretation
of the results. The sensitivity of the CFD restdtsnput parameters is highlighted. For a 4 MW
HRR fire, which is the order of magnitude for a fieg, the required ventilation velocity to limit
smoke back-layering in a flat ceiling car park isutand 1.1 m/s. When beams are present, the
average velocity must be higher, particularly famditudinal beams. If smoke is trapped inside a

recirculation region, increasing the smoke extmactate does not help to remove the smoke.
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1. Introduction

In this paper, Computational Fluid Dynamics (CFDhdation results are presented regarding
smoke and heat control (SHC) by forced mechanicakbantal ventilation in case of a car park

fire. the settings correspond to the full-scaleeskpental campaign, as described in [1]. The
reader is referred to [1] for a complete descriptad the experimental set-up, including the
accuracy of the data. The heat release rate (HR®Rgdire, introduced as well-controlled liquid

pool fire, is an input parameter in the study of #ffect of the SHC system on the smoke
movement in fire conditions. The motivation of gtady concerns the need for scientific support
in the development of standards and guidelinesésign of SHC systems in car parks, which
cannot be treated as ‘tunnel-like’ geometries gsge[2]). In tunnel geometries, zone modeling
can be applied in regions far away from the fire(s.g. [3]). Flow patterns in car parks can be
complex and flow momentum always plays a crucitd,reo that the use of zone models, where

momentum equations are not solved, is not recomatend

The fire (size and heat release rate) is introdasethput parameter for the problem. The choice
of design fire for use in standards for design &fCSsystems in car parks constitutes an
interesting study on itself. The reader is refer@@4] for a discussion on this topic, based on

recent full-scale tests and statistics from cak fiae hazards.

The use of CFD for calculations of smoke movementase of fire in complex buildings is
increasingly popular. This is not only reflectedaitarge number of recent journal publications, a
few examples of which are references [3, 5-9],ibig also becoming more and more common
practice in design calculations. Therefore, itésywimportant to gain trust in CFD on one hand,
and to illustrate sensitivity in CFD results to.exgesh size and boundary conditions on the other

hand. Consequently, this paper targets multipleaibjes. Firstly, it is illustrated that the trends



observed in the results of the full-scale experitalkcampaign of [1] are well captured in the
CFD simulations. Secondly, additional insight i®yded for the interpretation of the results,
thanks to additional information from CFD that mead been measured. Throughout the paper an

indication is provided regarding the sensitivitytioé CFD results to input parameters.

The results discussed below stem from more than GBD simulations. They have been
obtained with FDS, version 5.4.1 [10]. The authams well aware of the fact that FDS has not
been designed as a CFD code for research purpodebeaauthors are also well aware that the
meshes used below are not sufficiently fine to gotme high-quality LES (Large-Eddy
Simulations) results (see e.g. [9,11,12] for maseussion on this point). On the other hand, the
package is used worldwide for design calculatiom$h meshes comparable to what is used
below, so already for the sake of practical releeait makes sense to investigate the potential
and limitations of the code in the context of refrcing full-scale experimental test results.
Moreover, the issue is not to examine in all detag. the flow around the fire source or the
entrainment of air into smoke. Rather, the godhefstudy is in the first place to explore to what
extent smoke patterns can be predicted, more pkatig the smoke back-layering distance for a
number of set-ups. To that purpose, FDS is very-sugted, since results can be obtained within
reasonable computing times. Whereas it is wortle-tdlexamine the performance of other CFD
packages as well, such a comparative study is wopkogress and considered beyond the scope

of the present paper.

As mentioned, it is investigated first to what extéhe trends in the experimental results of [1]

are captured in the CFD simulations. The followpagameters are varied:

-  Fire HRR;



- Smoke extraction flow rate;
- Opening for incoming air (so that different flowtfgans have been created);

- Presence of beams.

The impact of jet fans (induction type) is also@$ded in a number of simulations.

The structure of the paper is as follows. Firstalbfthe global set-up of the CFD simulations is
described. Secondly, the accuracy, in terms ofitha@hg and the manner of presentation of the

results is explained. Finally, the comparison ®e¢kperimental data of [1] is provided.

2. Set-up of the Numerical Simulations

First, the basic simulation settings are describ&terwards, the sensitivity study is briefly
introduced. More details on the sensitivity studg Bound in section 4 during the discussion of

the results. Figure 1 provides a schematic viethefset-up. The basic simulation settings are:

- Car park dimensions: 28.6 m (width) x 30 m (lengtt2.7 m.
- Mesh cells size: 0.2 m x 0.2 m x 0.15 m (refinenrezdr the ceiling: 0.05 m).
- Models:
0 Turbulence model: standard Smagorinsky LES= 0.20.
o0 Baroclinic generation of vorticity has been taketoiaccount.
0 Combustion model: default mixture fraction comboistmodel.
0 Smoke production: conversion of a fixed fractionaoinsumed fuel mass into
smoke particulates, with ‘soot yield’ set to 0.RRagreement with e.g. [13].
o Radiation: fixed percentage heat loss, in orderliminate uncertainty from
radiation modelling. The default value used is 20T¥e sensitivity to this choice

is discussed below.



Boundary conditions:

o

The ceiling, floor and side walls are adiabatic.réal car parks there can be
conductive heat losses to the structure.. Admigtelakat losses from the smoke
layer through the structure can lead to more deiBtation of the smoke layer
due to reduced buoyancy force. Yet, this is notiatufor the present study: the
smoke back-layering distance, given the fire soarue ventilation conditions, is
hardly affected by the adiabatic assumption andstheke-free height within the
region of smoke back-layering is of secondary ingae. As such, for smoke
control calculations, the adiabatic boundary cooditis reasonable [9]
Moreover, the ceiling is well insulated in all exipeents [1].

The 4 equidistant supporting beams under the gefilave depth 25 cm and width
20 cm. The columns have dimensions 0.2 m x 0.2 m.

The smoke extraction rate is imposed through 4 iogenn the ceiling of 1m x
1m each, positioned 1 m from the back wall.

The surrounding environment, as in reality for uwge-scale experiments of the
research project, is considered. The domain has erended 15 m in front of
the car park opening, 1.8 m laterally at each S3dm, at the back side and 0.9 m
vertically above the car park. Atmospheric pressboeindary conditions are
imposed at all exterior boundaries (open ventsksibte wind effects are not
taken into account, as wind conditions were fortelyavery mild during the
experimentsq].

The fire is modelled as a fuel source of fixed gfiaa x 1.5m) at height equal to

45 cm, corresponding to the situation in the expenits of [1], in the middle of



the car park. All simulations concern (quasi-)steathte conditions with fixed

heat release rate. As in the experiments [1], hex@H,,) is used as fuel.

The sensitivity study concerns:

The mesh: results of mesh refinement are showrhénnext section for one case to
illustrate the results on the basic mesh can lseduas sufficiently accurate for the sake
of the present paper (namely to capture trendgffiereint configurations accurately).
The fire source: the height of the pool fire hasrbearied from 45 cm height to flush
with the floor.
Radiative heat loss fraction (10 %, 30 %, 50 %).
The geometry:

0 Presence of beams.

o Position of the extraction fans.
Variation of the fire HRR and smoke extraction rayet+/- 10 %, in order to quantify the

effect of such variations on the calculated smakekdayering distance.
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Figure 1. Schematic presentation of the car park@delled in the simulations.

Some of the experiments in [1] included 2 inductigoe jet fans with 50 N thrust each. Special
care must be taken when fans are included in CFiDlations. Therefore, the way the fans have
been introduced in our simulations, is describest fiere. The jet fan exit flow is not horizontal:
there is a downward angle, in order to avoid a @aasffect under the ceiling. It is important to
include this downward angle in the simulations. Noly the downward angle is important, also
the distance from the ceiling must be respecteacesrately as possible. Differences have been
observed between flow fields from a jet fan, modraethe ceiling, and the same jet fan, 10 cm
below the ceiling (not shown). Apart from the veatly downward angle, also a horizontal angle
must be given to the flow at the fan exit planepiider to ‘stimulate’ the spreading rate of the jet
fan stream, which is otherwise under-predictedhi@ humerical simulations for the meshes
applied in the present paper. The fan exit plardvisied into 3 equal parts, each accounting for
1/3% of the 50 N thrust. The velocity imposed (21.6 )miiss been split into a different

horizontal, vertical and transversal componentaoheof the 3 parts. In the central part, the flow



is perpendicular to the fan exit plane, whereathenside parts an outward horizontal angle is
given to the flow to resemble the jet spreading.ratsideward angle of $8eems reasonable to
that purpose [14] (where, admittedly, the jet fares of a different type and the simulations were
performed with RANS turbulence models). However situ velocity measurements revealed
that the flow out of the fans’ exit plane was notaH uniform in the experiments of [1]. The
main reason is most probably the fact that theigamot positioned centrally inside the jet fan
device. Based on the velocity measurements, thar® pf the jet fan were modeled with a
downward angle of 2% the left part with a horizontal outward anglel8® and the middle and
right part with a flow perpendicular to the exitapk.In general, it is clear that detailed
information on the flow pattern at the jet fan gxne and the first few meters downstream is
important to guarantee reliable CFD simulationshwét fans. With the information currently
available on the technical specification sheetgebffans (velocity, flow rate and thrust), the

characteristics of the jet flow are not sufficigrdlescribed.

3. Simulation Results: Presentation and Uncertainty

Most results are presented in terms of tempergitwéles along lines, with data collected at
exactly the same positions of the thermocoupld&]in.e. at different positions, 5 cm below the
ceiling. Obviously, there is unsteadiness in thsults, due to the inherent nature of LES
simulations. The data as presented have been a&coagr a period of 40 s. The exact length of
the averaging period is not crucial, as long as gufficiently longer than typical fluctuation

times in the physical problem at hand (which aréhie order of seconds here, e.g. the puffing

frequency of the fire source).



Additionally, contour plots of velocity and tempenae are presented in horizontal or vertical
planes, in order to provide additional insight. Bbrious reasons, such results cannot be directly

compared to experimental data.

With respect to uncertainties, a number of poténssues in the experiments are absent in
numerical simulations. Indeed, when a fire HRR @nake extraction rate is imposed, it is in
principle perfectly imposed in the simulations, lehihere is inevitable uncertainty in the real-
life experiments. Therefore, a sensitivity studpiiesented as well below, so that in that sense an

indication is found with respect to ‘uncertaintyi the CFD results, from the point of view of

comparison to experimental data.
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Figure 2. Comparison of results on the default mesgd in this paper (left) and a uniform mesh
with cells of 0.1 m x 0.1 m x 0.1 m (right): topew of instantaneous smoke pattern after 120 s
(top) and averaged (over 40 s) temperatures (myidtares) and velocities (bottom pictures) in
vertical symmetry plane in steady state conditidhRR = 500 kW, extraction rate = 200000

m/h.

Obviously, CFD results depend on the mesh chosethéocalculations [11,12]. Therefore, it is
important to illustrate that the mesh chosen ig@mpate. This is not done for all simulations, as
this would be too cumbersome and time-consumingufReare presented here for a steady-state
fire of 500 kW and extraction rate equal to 20000&h. Figure 2, however, showing
instantaneous smoke patterns after 120 s (top vaem)averaged (over 40 s) temperatures and
velocities in the vertical symmetry plane in steathte conditions, reveals that results obtained
on the basic mesh can be trusted for the objectivéise present paper. The figures on the left
hand side (top view of smoke pattern) and the upjuky (averaged temperatures and velocities
in the vertical symmetry plane) have been obtamed mesh with cubic cells of size 0.2 m x 0.2
m X 0.15 m (and refinement to 0.05 m near the reg)i while the other ones stem from a

uniform mesh with cells of 0.1 m x 0.1 m x 0.1 ns @xpected, more detail is observed on the
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finer mesh, but the global picture, definitely iarmms of smoke back-layering as well as

temperature fields and flow pattern, is very simda both meshes.

In section 4.c, the influence of the flow pattesnrivestigated. Therefore, we also present results
from a grid sensitivity study for the 500 kW firex¢raction rate equal to 20000G/h) in a set-

up where 80 % of the inlet opening is blocked, a@nthrge recirculation region is created
(XXXXO configuration, see Table 2). Figure 3 shawsan temperature contours (averaged over
a period of 40 s) in the horizontal plane at cgilievel. Generally higher temperatures are

obtained on the finer mesh, but the global patteyes not change substantially. Also the flow

pattern remains very similar (not shown).

Figure 3. Comparison of results on a mesh withdfault mesh used in this paper (left) and a
uniform mesh with cells of 0.1 m x 0.1 m x 0.1 nglft): top view of averaged (over 40 s)
temperature contours at ceiling level after 12GH&R = 500 kW , extraction rate = 200000
3
m“/h.

As the grid study reveals no substantial changds meispect to the smoke pattern, the results

below are therefore only presented on the ‘basishmes described in the previous section.
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4. Simulations of Full-Scale Experiments

It is important to appreciate that, while most lvé results are presented in terms of temperature
profiles, the actual end result concerns the sbépige smoke pattern, more particularly in terms
of smoke back-layering distance. It is not intenttedompare absolute temperatures directly. To
that purpose, a radiation correction on the measemné data would be necessary. Such a
correction concerns the solution of a heat tranbfdance equation (see e.g. [15]). For the
configuration at hand, with the thermocouples medra few cm below the ceiling, this is not a
straightforward task. The thermocouples receivenmag radiation from the fire source (this
fraction must be estimated), transfer heat by cotwe with the gas in which they are immersed
(air or smoke, depending on the thermocouple lonatand ‘see’ the ceiling and the floor and
side walls for exchange of radiation. Yet, as l@sgthe temperatures are used to determine
whether smoke is present or not, the absolute sadme not essential. It is the shape of the

temperature profiles which determines up to wheation smoke is present.

Table 1 first provides an overview of the full-seadxperiments of [1]. The notation for the
configurations is introduced in Table 2. The lett® refers to ‘open’, while ‘X’ denotes
‘blocked’. V1 — V4 refer to the extraction fans.é&bolumn ‘Jet-fans’ indicates whether the jet
fans have been activated or not. The column ‘Beafers to the presence of a transversal beam

or not.
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Campaign Test number |Testletter Configuration HRR (ko) Extraction {m3/h) V4 V3 V2 Vi let-fans Beam
1 1 Q0000 Ta0 200,000 on an on on - MO
1 2 [a]alalala] 1250 200,000 on on on on - MO
1 3la [a]alalale] 200 200,000 [a]g] an on an - MO
1 3lb [s]e]als]s] 200 100,000 an - - an - MO
1 3|c [s]e]als]s] 200 133,000 on [25Hz|25Hz| on - MO
1 3|d Q0000 200 1&8,000 on |40Hz| 40Hz| on - MO
1 3|e [s]e]als]s] 200 100,000 - S0Hz|50Hz| - - MO
1 4 [a]alalale] 500 200,000 [a]g] an on an - MO
1 5 Q0000 500 100,000 an - - an - MO
1 3 [s]e]als]s] 500 100,000 an - - an Active MO
1 7 [a]alalale] 500 200,000 [a]g] an on an Active MO
1 g Q0000 4000 200,000 on an on on Active MO
1 9 Q0000 4000 200,000 on an on on - MO
1 10 HHHHO B test 200,000 [a]g] an on an - MO
1 11 HHHKOD 00 200,000 on an on on - MO
1 12 HHHHO 1000 200,000 on an on on - MO
1 13 HHHHO 2000 200,000 [a]g] an on an - MO
1 14 HHHHO 4000 200,000 on an on on - MO
1 15 HHHHOD 4000 200,000 on on on on Active MO
1 16 HHHHED 500 200,000 an an an an Artive MO
1 17|a HHHHO 200 200,000 on an on on - MO
1 17|b HHAHD 200 100,000 an - - an - MO
1 17|c HHHHED 200 100,000 an an - - - MO
1 18 0 500 200,000 on an on on - MO
1 19 s v(e] 500 200,000 [a]g] an on an Active MO
1 20 [ e(e] 4000 200,000 on an on on Active MO
2 1|a HHOHH 200 200,000 on an on on - MO
2 1|b HHOHH 200 100,000 an - - an - MO
2 1lc HHOHK 200 100,000 - on an - - [§Le]
2 2la HHOHH 500 200,000 on an on on - MO
2 2|b HHOHH 500 100,000 an - - an - MO
2 2|c HHOKK 500 100,000 - on an - - [§/Le]
2 2(d HHOHH 500 39,000 - 25Hz | 25Hz| - - [Le]
2 3la RO 500 200,000 [a]g] an on an Active MO
2 3lb HHOKK 500 100,000 an - - an Active [§/Le]
2 3|c HHOMHH 500 100,000 - on on - Active MO
2 4la HHOHH 1000 150,000 - an an an Artive MO
2 il {s] HHOKK 1000 150,000 - on an an - MO
2 Sla RO 2000 150,000 - an on an - MO
2 S|ahis HHOHH 2000 200,000 an an an an - MO
2 S|h RO 2000 200,000 on an on on Active MO
2 K] RO A000 200,000 [a]g] an on an Active MO
2 &lb HHOHH 4000 200,000 on an on on - MO
2 Tla HHOHH 200 200,000 on an on on - YES
2 7|b HHOHH 200 100,000 an - - an - YES
2 7|c HHOHK 200 100,000 - on an - - YES
2 8la HHOHH 500 200,000 on an on on - YES
2 g|b HHOHH 500 100,000 an - - an - YES
2 g|c HHOKK 500 100,000 - on an - - YES

Table 1. Overview of all tests in [1].
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2 gld HHIOHK 500 39,000 - 29Hz | 25Hz| - - YES
2 Sla HHOH 500 200,000 on on on an Active YES
2 Ell] HHOHK 500 100,000 an - - an Active YES
2 e HHOHK 500 100,000 - an an - Active YES
2 10|a HHOHK 1000 100,000 - an an - Active YES
2 10|ahis HHOHK 1000 200,000 an an an an Active YES
2 10|k FHOHK 1000 200,000 on on on an - YES
2 11{a HHOHH 2000 200,000 an [a]g] [a]g] an - YES
2 11|k HHOHK 2000 200,000 on on on an Active YES
2 12|a HHOH 4000 200,000 on on on an Active YES
2 12|k HHOHH 4000 200,000 an [a]g] [a]g] an - YES
2 13 QRO 00 200,000 on on on an - YES
2 14 Cl{0 500 200,000 on on on on Active YES
2 15 DO 4000 200,000 an an an an Active YES
2 16|a [alalalela] 200 200,000 on on on an - YES
2 16|k Q0000 200 100,000 an - - on - YES
2 16|c Q0000 200 100,000 - an an - - YES
2 17|a [alalalela] 500 200,000 on on on an - YES
2 17|k Q0000 500 100,000 an - - an - YES
2 17|c Q0000 500 100,000 - an an - - YES
2 18 [alalalela] 500 200,000 on on on an Active YES
2 19 QoOo0 S00 200,000 an [a]g] [a]g] an - YES
2 20 Q0000 1500 200,000 an an an on - YES
2 21 [a]e]alnls] 2000 200,000 an an an on - YES
2 22 Q0000 3000 200,000 an an an an - YES
2 23a [alalalela] 4000 200,000 on on on an - YES
2 23|k QoOo0 4000 200,000 an [a]g] [a]g] an Aictive YES
2 24|a Q0000 00 200,000 on on on an - MO
2 24|k [alalalela] 500 200,000 on on on an Active MO
2 25 QoOo0 2000 200,000 an [a]g] [a]g] an Aictive MO
2 26 Q0000 3000 200,000 on on on an Active MNO
2 27 [alalalela] 4000 200,000 on on on an Active MO
2 28 QoOo0 S00 200,000 an [a]g] [a]g] on | &ctive, closer MO
2 29 [alalalela] 2000 200,000 on on on on  |A&ctive, closer MO
2 a0 [alalalala] 3000 200,000 on on on on |&ctive, closer NO
2 31 Q0000 4000 200,000 an an an on |Active, closer MO
2 WK1 HHROHK 200 39,000 - |25Hz |25Hz - - MO
2 W2 HHOHH 200 88,000 - 40 Hz (40 Hz - - MO
2 Wl 3 FHIOHK 200 100,000 - |50Hz |30Hz - - le]
2 YR 4 HHOHK 200 100,000 50 Hz - - |50Hz - MO
2 WIS HHOHK 200 139,000 S0Hz [25Hz |25 Hz |50 Hz - MO
2 WK 6 HHOHK 200 188,000 S0Hz |40Hz [40Hz |50 Hz - MO
2 R 7 HHOHH 200 200,000 S0Hz |50Hz [SOHz |50 Hz - MO
2 W8 HHOHK 500 200,000 S0Hz [S0Hz |50Hz |50 Hz - MO
2 Wk 9 HHOHK 500 188,000 S0Hz |40Hz [40Hz |50 Hz - MO
2 W10 HHOHH 500 139,000 S0Hz [25Hz |25 Hz |50 Hz - MO
2 W11 HHOHK 500 100,000 S0 Hz - - S0 Hz - MO
2 WK L2 HHOHK 500 100,000 - |S0Hz |50Hz - - MO
2 W13 HHOHH 500 88,000 - 40 Hz (40 Hz - - MO
2 WEI 14 HHIOHK 500 39,000 - |25Hz |25Hz - - MO
2 WK 1S HHOHK 1000 39,000 - |25Hz |25Hz - - MO
2 W 1E HHOHK 1000 8,000 - 40 Hz (40 Hz - - MO
2 WEILT HHOHK 1000 100,000 - |50Hz |30Hz - - MO
2 K18 HHOHK 1000 100,000 50 Hz - - |S0Hz - MO
2 W19 HHOHK 1000 139,000 S0Hz [25Hz |25 Hz |50 Hz - MO
2 WK1 20 HHROHK 1000 188,000 S0Hz |40Hz [40Hz |50 Hz - MO
2 WKL 21 HHOHH 1000 200,000 S0Hz [S0Hz |50Hz [50Hz - MO

Table 1 (Continued). Overview of all tests in [1].
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Notation Description

XXXXO Inlet opening 80% blocked; only the rightmost part is open.
OXXXO Inlet opening 60% blocked and the closure is in the middle.

XXOXX Inlet opening 80% blocked and the opening is in the middle.
00000 Inlet opening is fully open.

Table 2. Notation for inlet opening configurati

Impact of Fire Heat Release Rate

Figure 4reveals that the trends with increasing fire H(but keeping the fire size fixeare well

captured in FDS in the OOOOO configuration. Theatoh heat loss percentage has been ¢

20% in the simulations. The maximum temperaturesuaide-predicted, but the global profi

shapes (and thus the smoke I-layering distances) are Webredicted. Note that this is n

surprising, as the flow is very simple: it is edsadly unidirectional.
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Figure 4. Mean temperatu(®C) along the centerline under the ceiling (Y = 0 mresponds t«

the inlet openingyvith variable HRF (200 kW, 500 kW, 1.25 MW and 4 MW), no jet fansn&

names refer to Table Configuration OOO00, extraction flow rate = 2006¢/h.

15




Figure 5 shows the very moderate impact of actwvatif the jet fans for the fire HRR of 500 kW
and extraction rate equal to 20006m Similar findings have been obtained for othéRRd
values in the configuration at hand. High localoegies are found near the fans, but the effect

on the temperature field, or the smoke pattermeig small.

Figure 5. Temperature pattern (top) and longitudietocity contour plots in horizontal plane Z
= 2.4 m without (left) and with (right) jet fansire HRR = 500 kW, smoke extraction rate =

200000n/h, jet fans each have 50 N thrust.

As mentioned in the introduction, a sensitivity dstuhas been performed in the numerical

simulations. Increasing the fire HRR with fixed mdtion rate does not substantially modify the
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profile shapes. Only the absolute values of tenmpegaincrease (not shown), not the smoke
pattern. Likewise, a modification of the radiativaction only modifies the absolute temperature
values, not so much the profile shapes. Obvioukb back-layering distance is higher for lower
radiative fraction values, due to the stronger upwaomentum at the fire source and the
resulting stronger smoke dynamics, but the effschat extremely strong: in Figure 6 the

differences between very low (10%) and high (50%u&s are moderate.

Test 9 Config.00000 00000 _centerline_4MW
1000 1000.00

o 5 10 15 20 25 30 ] 5 0 L3 0 r 30
¥ (m) ¥ m)

~B-Exp. 3A+83 FDS Rad.10% 3A+B3  ~-FDS Rad.30% 3A+83 FDS Rad 50% 3A+83 Average 450000  -m-Average 4x40000  -m-Average 4x35000  -m-Average H30000

Figure 6. Mean temperatur®Cjj profiles along the centerline under the ceiliram the CFD
simulations: sensitivity to variations in radiatiieaction (top) and smoke extraction rate

(bottom). Basic smoke extraction rate = 20008/6m

Decreasing the extraction rate with constant fiRRHesults in an upstream shift of the position
of maximum temperature, as well as a temperatwwee@se due to reduced cooling by the
incoming fresh air (Figure 6). The effect of thdragtion rate is stronger than the effect of the

fire HRR, as is also reflected in the correlatiéfl®] and as has been observed in [1].

b. Impact of Smoke Extraction Rate

In this section the discussion is restricted tofigpmations OOOOO and XXOXX, where the

oncoming air reaches the fire source in a relatigélaight longitudinal manner. The discussion
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of the more complex flow patterns, and the inflleekereof on the efficiency of increased

smoke extraction rates, is postponed until the segtion.

From Figure 6 it can already be expected that theke extraction rate has a strong impact on
the smoke pattern and smoke back-layering distamcparticular. Figure 7 presents mean
temperature profiles along the centerline for OOC&MA XXOXX for HRR = 500 kW (left) and

4 MW (right), for different values of extractiontes. Experimental data has been added for

comparison purposes.

The top left figure shows that in the OOOOO confégion, the position of the peak temperature
is very well predicted for the 500 kW HRR with extion flow rates 100000i#h and 200000
m’h. Thus, the fire plume tilting is well capture@he CFD simulations confirm the
experimental observation that an extraction rat@@f000 nyh is necessary to prevent smoke
back-layering up to the car park inlet (temperatingp to ambient temperature at Y = 0 m). The
bottom left figure confirms the good agreement leetww CFD and experiments for the 4 MW
HRR value. The temperature under-prediction by FD&«pected as FDS automatically applies
a radiation correction to the temperature of thegrtiocouples. As explained, this is not essential

for the present paper, though.

For XXOXX, there is practically no temperature rie 500 kW for the extraction rate of
200000 nih. This is well predicted. The shift upward( irrore upstream and towards higher
values) for lower extraction rate is well capturébmpared to the experimental data, the
simulation results are shifted towards the bacK,wabugh (best seen for the extraction rate of
100000nih). The same observation, combined with an undegigtion of temperatures, holds

for the 4 MW case. In the next section, a morerestte discussion is devoted to the impact of
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the inlet opening configuration (e.g. Figures 9 4. It is already stated here that this shift
back-ward in the simulations is an indication tthegt spreading of the incoming air flow through
O is under-estimated in FDS, probably due to a latkurbulence generation in the inlet
opening. Despite the deviations between experimemdssimulations, the trend compared to the
simple OOOOO configuration is well captured. Intgalar noteworthy is the similarity of the
profiles for 500 kW for OOOOO with 200000%h extraction rate and XXOXX with 40000
mh (implying the same inlet air velocity): this exjpnentally observed similarity is confirmed

in the CFD simulations. This is re-assuring for tise as CFD complementary to experiments.
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Figure 7. Mean temperaturéC) profiles along the centerline under the ceiliigp left:
00000, 500 kw; top right: XXOXX, 500 kW. Bottom tefOO0OO0O0, 4 MW. Bottom right:
XXOXX, 4 MW. Smoke extraction rate = 40000 — 20068%h (for 500 kW) and 200000

(for 4 MW).

c. Impact of Flow Pattern

In this section, different flow patterns are dismg in more detail, along with the effect on the
resulting smoke pattern for identical fire HRR asmhoke extraction rate. It is a particular

strength of CFD that such flow features can edslylemonstrated.

Figure 8 shows fields of longitudinal velocity imrizontal planes at height Z = 1.2 m (well
below the smoke layer) and Z = 2.65 m (inside tmeke layer under the ceiling), for smoke
extraction rate equal to 200006/mand fire HRR equal to 500 kW, for configuratidd®000,
XXOXX, OXXXO and XXXXO. Negative values indicateaieculation. For OOOOO extremely
simple, unidirectional flow patterns are observ&dZ = 1.2 m, a relatively uniform flow is seen,
from inlet towards extraction. At Z = 2.65 m, betithe fire source there is stronger flow
towards the extraction fans than at Z = 1.2 m, iagk-flow is also observed, mainly in the
central part between the fire source and the impetning, due to the channeling effect of the
longitudinal beams. This is in line with the resuttiscussed in section 4.a: the smoke back-
layering distance exceeds 15 m for OOOOO with 500 &nd extraction rate 200000%m
(Figure 4). Close to the fire, the highest velestare observed due to the plume impingement
onto the ceiling. For XXOXX, at Z = 1.2 m a stroogntral flow through O is observed, with
relatively little spreading. Two recirculation regs are recognized along the side walls over the
entire car park length, i.e. all the way from tleekto the front. At Z = 2.65 m, essentially the

same pattern is observed. Unlike in OOOOO, theigirow not strong enough to affect the flow
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pattern substantially. It is overwhelmed by thersgr air flow. The small recirculation region

close to the inlet is due to inclusion of the sumdings in the CFD simulations: a small

recirculation region appears just beneath the ngpiks the air enters into the car park. In
OXXXO0, at Z = 1.2 m two strong air streams throdgh O’s are observed and a large central
recirculation region appears in the middle of theseams. This recirculation region extends
from the back side, all the way to the front siki¢erestingly, the fire source is thus approached
by air from the back side! At Z = 2.65 m, the fipattern is entirely different. The streams from
O are much weaker, basically because the smokefftaw the fire source acts as an obstruction
for the air flow, pushing it downward (so it is $egisible than at Z = 1.2 m height). The large
central recirculation region, observed at Z = 1,2svbroken into 2 recirculation regions by the
fire plume: one from the back side to the fire @m& from the fire to the front side. The smoke
that gets trapped into the latter, cannot easilgxtieacted. For XXXXO, at Z = 1.2 m one strong
air stream is observed from the O to the back. Mglsi large counter-clockwise recirculation

pattern is recognized, covering almost the entirepark. At Z = 2.65 m, the strong air stream is
still clearly visible. It is pushed toward the suall by the smoke from the fire source and close
to the fire, high velocities are observed due ®glume impingement onto the ceiling. Globally

the pattern does not deviate too strongly from vidabserved at Z = 1.2 m.

Figure 9 provides the same information for HRR éqoi& MW. At Z = 1.2 m, the patterns are
very much alike the ones in Figure 8. The fire iscmstronger here, but the dominant effect is
near the ceiling, not at low heights. Only in thEXXO configuration, where the fire is close to
the centre of the large recirculation zone, the irvisible at Z = 1.2 m, much more than was the
case in Figure 9. In general, though, it is cléat the flow pattern at low heights is determined

by the geometry and the extraction rate basicAllyexpected, larger differences are observed at
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Z = 2.65 m. For OO0OOQO, the flow pattern remainscemtually the same, but with much
stronger back-flow over the entire width betweenfire source and the inlet opening, due to the
stronger fire source. The buoyant source is muanger so the channeling effect of the beams
is not seen here. Along the side wall, back-floneven observed all the way from the back
corners of the car park up to the opening. Theaetn rate is not high enough to prevent this.
For XXOXX, the pattern is very similar to the omeRigure 8. The oncoming air flow is now
strong enough to overcome the smoke dynamics framtMW fire. The resistance to the air
flow is stronger, as visible in the breaking of tbentral air stream and the shift of the
recirculation regions at the sides towards thetfide of the car park, but the global flow
pattern remains the same. This is not the cas®XotXO. The recirculation region between the
back side of the car park and the fire plume is m@stroyed by the dynamics of the smoke,
emerging from the strong fire source. The reciroitaregion between the fire source and the
front side now also becomes stronger and wider.stiteeg incoming air streams, clearly visible
at Z=1.2 m, are not observed at all at Z = 2.6%an XXXXO, the difference between the 500
kW and the 4 MW fire is also substantial: wherdas $trong air stream is clearly visible in
Figure 8 at Z = 2.65 m, it is completely squeezethée side wall by the strong smoke from the 4
MW fire source. Inside the large recirculation megithe plume impingement is very clear: high
velocities behind the fire source towards the etitba and strong back-flow as well towards the
front wall. The back-flow at the left wall is aldaroken’ by the smoke impingement flow under

the ceiling.
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Figure 8. Longitudinal velocity in horizontal planat height Z = 1.2 m (left) and Z = 2.65 m
(right). Fire HRR = 500 kW, smoke extraction rat260000 m3/h. Top: OOOOO; 2nd row:
XXOXX; 3rd row: OXXXO; bottom: XXXXO. Negative vakes indicate recirculation. Arrows
indicate flow pattern.
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Figure 9.Longitudinal velocity in horizontal planes at heigh= 1.2 m (left) and Z = 2.65 |
(right). Fire HRR = 4 MW, smoke extraction rate 80R00 m3/h. Top: OOOOO; 2nd ro
XXOXX; 3rd row: OXXXO; bottom: XXXXO. Negative vales indicate recirculatio Arrows

indicate flow pattern.
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Figure 10 shows the resulting mean temperaturelg@sadlong the different thermocouple lines
under the ceiling for 500 kW and 4 MW. Recall theginly the profile shape is important, rather
than absolute values. The impact of the flow patterclearly huge, as could be expected from
Figures 8 and 9. For OOOQOO, agreement between &iioig and experiments is good, both for
500 kW and 4 MW, as discussed before (Figure MX30OXX, it has already been mentioned
that the spreading of the incoming air flow throu@his probably under-estimated in FDS,
leading to lower temperatures and a shift of tingpierature peak towards the back side of the car
park in the centerline profile. Yet, the order adgnitude in shift from OOOOQOO to XXOXX is
well captured. For the 500 kW HRR, essentially amperature rise is observed, nor in the
experiments, nor in the simulations. The configorg OXXXO and XXXXO are more
complex, as they involve recirculation patternsthise are not well predicted, seemingly large
deviations between experiments and temperaturdlggdifom the simulations must become
visible. Agreement between experiments and sinaratiis indeed less satisfactory. The
upstream shift of the position of peak temperatiue to the recirculation zone in the OXXXO
set-up is well predicted, but the shift in positintoo strong in the simulations and the
temperatures relatively too high. This is againrahcation of too low turbulence levels: there is
less mixing in the flow, causing too strong reciation and too low temperature fluctuations.
The most complex case, XXXXO, is relatively poophedicted for the 500 kW HRR, basically
again due to too strong recirculation (lack of tuemt mixing). Interestingly, the agreement is
better for the 4 MW HRR: as the fire source becostesnger, the impact of the incoming air
flow loses strength compared to the smoke’s owradyos and FDS provides simulation results

in better agreement with the experimental data.
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Figure 10. Centerline profiles of mean temperat@ under the ceiling for HRR = 500 kW

(left) and 4 MW (right) for OOO00, XXOXX, OXXXO anXXXXO. Smoke extraction rate =

200000 n¥h.

Activation of the jet fans hardly affects the reésulThis is probably due to the quite strongly
downward angle at the jet fans’ exit: the situa@nhe ceiling is hardly affected in the set-up at

hand.

Thus far, the discussion focused on confirmationthaf observations made in the full-scale
experiments of [1]. It is re-assuring and comfagtihat trends are essentially well captured in

the CFD simulations. As such, it can be concludethis stage that CFD simulations are a

reliable tool in the design stage, provided theyerformed appropriately.

Now the discussion is extended to cases which havdeen examined experimentally. More

particularly, the effect of increased smoke exicactrate (400000 fh) is examined for the
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different inlet opening configurations or, in otlveords, for the different resulting flow patterns.
The intuitive expectation is that increasing theoken extraction rate results in lower
temperatures, less smoke back-layering and mor&-wad flame tilting. Comparison of
Figures 10 and 11, however, reveals that this iy tmie for the OOO0OO and XXOXX
configuration, where the oncoming air flow ‘canmoiss’ the fire source, i.e. the oncoming air
flow is essentially unidirectional from inlet to texction point and ‘hits’ the fire source
automatically. In the OOOOO configuration, the agtion rate of 400000 ¥h is sufficient to
prevent smoke back-layering up to the car park ifdethe 4 MW fire HRR (the temperature

becomes ambient temperature near the inlet). Shisline with the correlation of [11].

A more important observation is that, in all coofigtions, the basic flow pattern does not
change when the smoke extraction rate increasesliioan). In particular, recirculation regions
do not disappear or change in shape. As a conseguarconfigurations OXXXO and XXXXO,
where the fire source is inside a recirculationioegoehind the XXX(X) parts of the inlet
opening, much of the incoming air bypasses thesiingrce to a certain extent and the smoke is
trapped inside the recirculation region. Increashregsmoke extraction rate clearly does not help
to extract the smoke more efficiently. Indeed, igufe 11, even for the low fire HRR of 500
kW, though the temperatures are lower due to moaoding by the increased air flow rate, the
presence of smoke near the car park inlet (Y = @Gsrpjactically the same as in Figure 10 for the

OXXXO and XXXXO configuration.

== 00000 FDS ==e=XXOXX FDS OXXXO FDS == ==XXXXO FDS
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Figure 11.Centerline profiles of mean temperat((°C) under the ceiling for HRR = 500 k'
(left) and 4 MW (right) for OOOO00, XXOXX, OXXXO andXXXO. Smoke extraction rate

400000 ni/h.

d. Impact of Presence of Beams

In this section the possible impact of the presesicéongitudinal and transversal beams
examined. As in the previous sections, the conéiion of [1] is examined first, i.e. a 17 long
transversal beam of 5fin deptl is positioned at position Y = 10 rRigure12 shows a snapshot
of the temperature in the vertical symmetry planeH&R equal to 4 MW for OOOOO and
XXOXX. In the OOOOO configuration, the blocking effectthg beam is clearly observed (|
smoke backayering up to the car park inlet is not preventéahe XXOXX configuration, thi
effect of the beam is minor: also withoLeam the air velocity was high enough to prey
smoke back-layeringzor OXXXO and XXXXO, there is a recirculation regiand theeffect of

the beam is not very crucial.
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Figure 12. Temperature in vertical symmetry pldredt: OOOOQO; right: XXOXX. Fire HRR =

4 MW. Smoke extraction rate = 200006/m

Figure 13 allows a quantitative discussion. For306 kW fire HRR, the effect of the beam is
negligible in the XXOXX configuration: regardlestEtbe presence of the beam, there is hardly
any temperature rise due to the very strong oncgminflow. In the OXXXO configuration, the
beam is situated inside the recirculation regiod, @afthough a temperature jump is observed at
the beam location, the effect of the beam is snadl,already mentioned. In the OOOO0O
configuration, though, the beam effectively blocke smoke and back-layering up to the car
park inlet is avoided. The explanation is simple momentum of the smoke, flowing at the
ceiling, is broken and the momentum of the onconamgsuffices to push the smoke, trying to
flow beneath the beam, backward. For the 4 MWHRR, this is not true: a clear temperature
jump is observed at the beam location, but bac&tlay is visible up until the car park inlet, in
line with Figure 12. Behind the beam, in the ficeie area, temperatures are higher than when
the beam is absent: the fresh air cannot reachidgisn and as such, there is less cooling effect.

In the XXOXX configuration, the effect of the beasmegligible again, as could be expected.

The effect of the jet fans, implemented as desdrédd®ove, is small (not shown).

~-00000 -E-00000_beam B XXOXX KNOXKX_beam & OXKNO OKXXD_beam =+-00000 -=-00000_beam -m-XXOXX JOIOXX_beam
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Figure 13. Profiles of mean temperatut€)(along the centerline under the ceiling for HRR =
500 kW (left) and 4 MW (right) for OOO00, XXOXX an@®@XXXO, with and without

transversal beam. Smoke extraction rate = 200009. m

Clearly, the presence of beams is very importaherdfore, the CFD study has been extended
beyond what has been measured in [1]. Obvioushg taust be taken not to accept the results
obtained (reported in Table 3) as perfect represiemts of reality. The results from the previous
sections provide some confidence in the qualitytref CFD results. Still, the numbers as
obtained from the simulations must be regardechdisative for reality, not as absolute values

without any uncertainty.

Pressure losses are not considered: a fixed exinacite is imposed, regardless of possible
pressure losses due to flow obstruction. Figuresishmarises the results in terms of back-
layering distance and smoke extraction rate folM\WM HRR fire in a 30 m x 30 m x 2.4 m car

park. The following observations can be made:

- For a flat ceiling, the extraction flow rate, capending to a back-layering distarttef
15 m, is around 300000%h, with an inlet air velocity of about 1.1 m/s.

- When 40 cm deep longitudinal beams are presert @istance of 11 m in between them
here), the extraction flow rate fdr= 15 m increases to 355000/h) i.e. an increase of
almost 20 % compared to a flat ceiling. This is ttuthe channeling effect by the beams:
the momentum of the smoke from the fire sourceinscted more into the longitudinal
direction, so that more momentum is required invidratilation air flow.

- When a 40 cm deep transversal beam is presenéxthaction flow rate fod = 15 m

decreases to around 290008/m In this case, the main effect is the breakifighe
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momentum of the smoke in the longitudinal directibhe oncoming air is forced under
the beam and as such even gains momentum. Intggstthe decrease in required
extraction rate for a back-layering distance of b5 compared to the flat ceiling
configuration, is much smaller than the reductiorcioss-section area for the air flow
(height reduction from 2.4 m to 2 m), implying thlaé required average velocity beneath
the beam is higher than what is needed in a fldihgeconfiguration. This implies that
design calculations, based on the free height twiwor and bottom side of beams,
using velocities for flat ceilings, are not safes 8oon as the extraction rate exceeds
320000 nih, the smoke is effectively blocked by the beam.

- When both transversal and longitudinal beams agsgmt, the combined effect strongly
depends on the beam depth. The global trend isr@akse in required extraction flow rate
as the beam depth increases. For 20 cm deep btamextraction flow rate fal = 15 m
is around 295000 ffh, which is comparable to what is obtained wité flat ceiling. For
40 cm deep beams, the extraction flow rate is at@if0000 myh. Interestingly, this is
lower than for the configuration with only a traessal beam. The reason is that, with
both transversal and longitudinal beams, the smoid@entum is broken in all directions.
In the case of a transversal beam alone, the sidemamentum of the smoke is so
strong that, hitting the side walls, smoke bacletayg is more pronounced there and the
required extraction flow rate to limit back-layegito a distance of 15 m is higher. This

effect would not be visible if the side walls wéuether away.

Transform the extraction flow rates to averagevealocities, determined as the average velocity
from floor to either bottom side of beams or tolingi height (when no transversal beam is

present), reveals that all velocities are cleaityhér than the value for the flat ceiling (Table 3)
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This implies that SHC design calculations, detemgrthe required smoke extraction rate from
average velocities below beams and assuming thedeeities are the same as for a flat ceiling

configuration, are not conservative.

380000
360000 ]“[ 0\
340000 y
—=—2.4m
£ 320000 Z 5 w=fe=2.4 m + beams_20cm
()
o 300000 =>=2.4 m +beams_40cm
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280000 —_—
=@®=2.4 m +long_40cm
260000 = 2.4 m +transv_40cm
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Figure 14. Variation of back-layering distance wsthoke extraction rate for a 4 MW fire (30 %

radiation losses) in a 30 m x 30 m x 2.4 m car p@®OOO0O configuration.

Config. Flat L_40cm T_40cm LT 20cm |LT_40cm |LT_60cm

Varav (M/S) | 1.1 1.25 1.23 1.15 1.15 1.17

Table 3. Required average air velocity (from fléewvel to bottom side of beams or to ceiling
height) as obtained from the simulations to lirhid smoke back-layering distancedte 15m for
a4 MW fire in a 30 m x 30 m x 2.4 m car park. angitudinal beams present; T: transversal

beams present.
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5. Conclusions

CFD results have been presented for a large numberar park fire configurations. The

following conclusions can be drawn:
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The trends, observed in full-scale experiments, eaptured well, so that CFD
simulations, when performed properly, are reliadld complementary to experiments in
the sense that additional insight is gained froenGifD.

As long as the flow is essentially unidirectionatreased fire HRR and decreased smoke
extraction rates lead to more smoke back-layetimg effect of the smoke extraction rate
being much stronger than the fire HRR.

When recirculation regions appear and smoke geigpéd, increasing the smoke
extraction rate is not a solution to remove the lemo

On the meshes applied, FDS has the tendency ta-pneléict turbulent mixing of the
incoming air flow with the flows inside the car gaprobably due to lack of turbulence at
inlet openings. As a consequence, differencesin flatterns due to modifications in the
car park inlet opening are too much pronouncechendimulations. Still, the simulated
flow patterns agree well with experimental obsaoret.

When beams are present, the required smoke exinaciie decreases when there are
transversal beams and increases when there aréoogijudinal beams. In any case, the
average velocity between floor and bottom side @hrbs is higher than for the flat
ceiling configuration, so that design calculatitiased on a flat ceiling are not safe.

The order of magnitude of required air velocityiboit smoke back-layering to a distance

of 15 m for a 4 MW fire, representative of a cae fis 1.1 m/s.
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