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Abstract

If a design of a semi-open car park without a mechanical ventilation system doesn’t meet the
performance requirements stated in the Cutch building code directly, it is possible to show that the
created design has an equal fire safety level as meant by this regulation. However It is questionable
if the current guidelines meant to show this equivalence will ensure a satisfactory fire safety level
in case of a car park fire, for every situation. In this paper a study Is presented In which the fire
safety level of semi-open car parks is analyzed by the use of different variants which are assessed
on the fire safety leve| by validated Computational Fluid Dynamics {CFD) simulations. The results of
this study show that it is possible to design a semi-open car park which complies with current
existing guidelines, yet when assessed with the criteria for safe deployment of the fire department
has an insufficient safety level. From the assessment of the influence of wind can be concluded
that the presence of wind doesn’t provide a higher safety |evel In all cases when compared to the
same situation without wind. The latter being the generally assumed outdoor assessment
condition.
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Appendix 5, Temperature at 2.3 [m] height over time

Appendix 6, Local sight length towards light reflecting object at 1.5 [m] height
Appendix 7, Local sight length towards light reflecting object at 1.0 [m] height
Appendix 8, Local sight length towards light source at 1.5 [m] height

Appendix 9, Local sight length towards light source at 1.0 [m] height
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Von Karman constant (0.42) [-]

Irradiation heat flux (Wm™]

Heat release [kW]

Starting temperature [°C]

Friction velocity [m's™]

Dynamic viscosity [kg'm™s™]

Total floor area of the building [m?)

The CO-content of the in the supplied air [%o)

Wind induced pressure coefficient [-]

Diameter of pan fire [m]

Margin of error (15%) [%]

Fire frequency [year™]

Vehicle fire frequency per visit [visit?] (1.71:107 according to §2.3.1)
Ceiling Height [m]

Turbulent intensity [%)

Constant for a particular type of the building [-]

Turbulent kinetic energy [m%s?)

The number of cars present in the car park with running engine [-]
Minimal spot check size [-]

corrected minimal spot check size for relative small populations [-]
magnitude of population (1012) [-]

Optical smoke density [m™]

percentage of specified category (worst case 50%) [-]

Heat release of fire [W]

The average CO production of a running engine (P,=0.35) [m’h]
Efficiency of parking [m’space™]

Percentage of people that will obtain injury [%]

Probit of people that will obtain a 1% degree burn [-]

Probit of people that will obtain a 2™ degree burn [-]

Probit of people for which the irradiation dose is lethal [-)
Dynamic pressure at height y [pa]

The ventilation amount [m’h™).

Annual usage ratio of the parking building [visit'yearspace™]
Distance from fire [m]

Root mean square of error is percents [%])

Regression rate [mm'min’]

Irradiation dose [}**s*m?)

Sight length towards a light source [m]

Sight length towards light reflecting object [m]

Sight length defined by the Dutch practical guideline [m]
Time [s}]

Temperature [°C]

The CO content with maximum ventilation amount (CO < 120 ppm) [%o).

Velocity [m's™]

Velocity at height y [m's™]

Percentage of non-specified category (worst case 50%) [-]
Temperature found with CFD simulation [°C]
Temperature found with measurements [°C]
Distance of first node to wall [m]

Vertical coordinate [m])

Y-plus value or dimensionless wall distance [-]
Aerodynamic roughness length [m]

z-value at the desired reliability (99%, 2=2.57) [-]
Constant for a specific building [-)

Density of fluid [kg'm™]

Density of liquid [kg'm™]

Ambient outdoor air density (kg'm~]

Sheer stress in first node from wall [N*'m™]
Turbulent dissipation velocity at height y [m?’s’]
High heating value [J'kg™)
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Introduction

In this thesis first the motivation for the research |5 provided after which background information
on car fire statistics and the Dutch repulation are presented. In the following paragraph a
description of the objective is provided, In which the research question and sub gquestions are
stated. The methodology will be discussed in the following paragraph where the case study for
validation of the CFD-model and different variants for simulation are introduced. |n the following
paragraph the results of the different variants are presented which are discussed and analyzed in
the next paragraph. Finally the research question will be answered in the last paragraph.

Motivation for research

The number of motorized vehicles in the Netherlands grows constantly. Based on figures obtained
from the Central Bureau of Statistics (CB3) In the Netherlands it appears that in the |ast 6 years the
number of motorized vehicles grew from 2.3 million to over 10.2 million [1]. Meaning an increase
of nearly 11% in the past 6 years, Moreaver it appears that 75% of these motorized vehicles are
cars [2]. These cars have to be parked eventually, resulting in a constant growth of car park area in
the MNetherlands. This car park area can be created in an open field, however due to the
urbanisation and ground cost it is more efficient to build car parks in most of the cases. These car
parks can either be mechanically- or naturally ventilated, in which naturally ventilated car parks are
maore cost efficient in most cases. If the latter is the case, then it has to be considered that the
walls of this car park need ta have a certain opening area which is directly linked to the qutside alr.
This is necessary in order to obtain the desirable amount of fresh air, and to extract the carbon
monoxide which is created by the cars. Moregver the amount of open fagade should be large
enough to ensure that heat and smoke is removed effectively in case of a car fire in order to obtain
a safety level which is in line with Dutch regulations. If this regulation is taken into account it can
be noted that most car parks do not meet the requirements directly, which is caused by the large
surface areas inside a car park which results in fire compartments which are too large according to
the Dutch building decree. The way to deal with is, is to show that an equal safety level is still
obtained as meant by the Dutch building decree, for which different guidelines exist. In this report
the applicability of these different guidelines is discussed, moreover since the guideline which is
commonly used for semi-gpen naturally ventilated car parks (NEN2443) is based on the amount of
ventilation instead of the heat and smake remoaval, it is assessed if the safety level obtained is of an
appropriate level,
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Lol

Background information

Fire safety of car parks
Several studies are focused on specific trends and frequencies in car park fires. These studies will
be discussed in this paragraph.

Trends in car park fires

Based on a research on LS. vehicle fire trends and patterns in 2002 {3] it appeared that there were
about 329,500 vehicle fires that year, which caused 565 civilian deaths, 1,825 civilian injuries and
$1,392,000,000 in direct property damage. [t could be concluded that 206 of all the occurred fires
in the US that year where vehicle fires which caused 17% of all civilian fire deaths, 10% of all
civilian fire injuries and 13% of the nation's property loss to fire, {t appeared that more people died
from wvehicle fires than was the case with apartment fires, and as much as seven times the number
of deaths caused by non-residential structure fires. It has to be noticed however that this involved
all the vehicle fires, in- and outside car parks.

In the last decades also a large amount of vehicle fires have been reported inside car parks
[4)[5](61[71[8], and several investigations have been performed to the cause and effects of a car
park fires.

In the Netherlands there were 32 fires in car parks over the years 2006, 2007 and 2008 [4] which
makes an average of 10.7 fires per year. For 62% of the cases it Is unknown what triggered the fire,
for the other 25% and 13% is was respectively vandalism and short-circuit of an electric system.
The place where the fire started was localized in one ar mare vehicles in 68% of the cases, in 16%
of the cases the fire didn"t start in a car and in 16% the location was not known. The average
amount of cars involved in a car park fire was 3.1 cars. In 12% of the car park fires there where
injurles but fortunately not fatal. The average involved vehicles and objects can be seen in Fig. 1

u None

® 1 vehicle

= 2 yehicles

= 3 vehicles

m = 3 yehides

& > 3 vehidles and building
& Bullding only

= Other objects

& Unknown

Fig. 1. Damage caused by car park fire [4].

Based upon a total of 405 car park fires which were reported by the Fire brigade of Paris [5] it
appeared that it Is most likely that there is only one car on fire. Moreover out of this report could
also be concluded that it is unlikely that there are more than three cars on fire. In the report a
distinction is made between underground car parks and open car parks. The amount of cars on
fires in an underground car parks can add up to a total of 7, where in an open car park there
weren't any cases in which more than 3 cars were on fire. However it could also be noticed that in
an open car park there was a higher possibility that there was more than one car on fire as visible
in Fig. 2 {were the percentage of occurrence is set as a function of the number of burning cars). It
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was noticed that in 30% of the cases the fire wasn’t a result of the cars but rather fram garbage,
paper or other combustibles. It could also be noticed that there were 12 non fatal injuries
reported. Based upon a simltar research in Berlin, were 31 car park fires were examinad it could be
concluded that there was a low probability that there were more than three cars on fire [5]. Dut of
an assessment of vehicle fires in New Zealand [6] could be eoncluded that there are on average
abaut 2.371 vehlcles on fire in New 2ealand each year, this is based upon fire reports over the
eight year period from 1995 to 2003. From the fires in this period there where about 101 fires in
parking buildings which makes an average of 12.8 fires in car parks per vear in New Zealand. The
report also makes an estimation of the possibility of a carpark five, which |s 1.7-107 visit”? or one
fire per 5.5-10° visits. It was determined that in 92% of the cases only one car was involved in the
fire, in 2% two cars and four cars in 1% of the cases, in the other 5% there wasm't a car involved.
The causes of the fires were also examined. This provided the results as shown in Fig. 3. The trend
of cases in which the fire was deliberately lit, is comparable to the Dutch trend. Based upon
reported car park fires in the UK [7] it could be seen that over a 12 year period [1994-2005) there
were 2 fatalities and 87 nan fatal Injurles as a result of car park fire (7 injured people per year).
Maost of the recorded fires didn't spread (from one car to angther). It was also concluded that car-
park fires represented a small percentage of all the fires in the UK. In the year 2006 the number
represented less that 0.1% of the total fires in the UK.

o
'. Dantioermialy 1
Il .- R
F, o oaan nar park
ol = Buatirgwana or ek
4 e
I
B
i
g , Elncirical fmufr
i : i P
3 + ] [ T
ruarcksbr  bnstiryg am
Fig. 2. Parcentage of hurning cars In an open and dosed car Fg. 3. Supposed causas of vehlcles fires in parking
park [5] buildings [&].

Fire frequency in relation to surface area

It appeared that there has been a variety of studles on the fire frequency in 2 building. It could be
naticed that there is a correlation between the fire frequency, the surface area of the building and
the particular type of buifding. This correlatian can be expressed by the following equation [8][9].

F=K-A" (1)
In which:

F =  Fire frequency [year]

K =  Constant for a particular type of the building [-]

A = Total floor area of the building [m?)

i} =  Constant for a particular type of the building [-]

The constants for the manufacturing industry, storage and offices are known [10] and visible in
Table 1. Qut of this can be concluded that a fire is most likely to occur in industry if the surface area
s smailer than £8.800m” for larger floor areas this is the case for offices.
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2.2.2

Table 1. Constants of K and o for varigus oooupancies [10].

Constant Manufacturing industry Storage Offices
K 1.70-10° 6.70-10" 5.9-10°
a 0.53 0.5 09

The fire frequency in parking buildings is based on the surface area and usage ratlo of a parking
building. The equation for the fire frequency In car parks is defined for New Zealand as depicted

below [6),
F=K A"
F_=f-R A
gl B 12 Fu=l-Ro- @
P &ff
eff
In which:
of = Vehicle fire frequency per visit [visit™) (1.71-107 as discussed in §2.3.1)
R = Annual usage ratlo of the parking building [visit'year 'space™]
A =  Tatal floor area of the building {m?)
Py = Efficiency of parking [m*space™] (29 according to [11])

Bases on the New Zealand research f and R could be determined. R is defined as annual vehicle
visits to a particular parking building divided by total number of parkihg spaces in this parking
building. Bazed an the number of parking visits to a car park in Christchurch city [second |argest
city in New Zealand with an urban population density of 854 [peoplelkm'zl [12]) with 3,164 parking
spaces and +1.1-10° visits'year”’ (based on statistics of 2003} the annual usage ratia (R} Is
determined to be 350 [wisit‘year’ispace"} [G]. The result of equations [2) as described above is
shown in Fig. 4 in which on the horizontal axes the surface area of the car park is stated and an the
vertical axes the annual fire frequency. Next to the discussed cases also a case s plotted in which
the usage ratlo Is four tmes higher as derived from the car park in Christchurch city. This lineg is

based on the difference in population
density between Christchurch city and
Amsterdam, where the urban population in
New Zealand is 854 [people’km™] it is
about 3,500 [peupieikm'zl in Amsterdam
f13]. The rough indlcatian in which it is
assumed that the amount of parking spaces
is proportional ta the people density and
eventually proportional to usage ratio and
suface area, is given by this line. And |5 only
determined to make the sensitivity to the
usage ratio and surface arsa visible,

Hazard situations

Comgarigon of Anrust Fin Frequanciss

b
E 1 '[
T
g 10 /
B b
i i
iE f H — Oficea
ID“ E Homge
i H — Manufsthmring rdusing
H — Parkirg buiding, R=331
i i — Paa¥ting builiding, R=4"3F1
lﬂ" 1 1 T T
a 1 2 3 i 5

Tetal fogr ama of buiding [mi|
Flg. 4. Comparison of snnuat fire frequencies.

The maost safe situation concerning fire safety would be described as a case in which a fire doesn’t
occur at all, however as described in previous paragraph this isn't a likely case to happen.
Moreover it is even questionable if it is possible to create such a situation from an econamical,
esthetical and functional point of view [14]. Since it appears to be unavoidable that a fire will
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develap at one time in a particular building, it is necessary to assess which factars cause a hazard
situation in case of a fire, In literature three criterla for non-enclosed places with a short stay
function are used, these are [15]:

1] A maximum irradiative heat flux from the smoke layer of 1 [kwlm'zl.
2] A temperature below 45 [°C].
3) A minimal sight length of 100 [m].

However there are also criteria which indlcate that a maore perilous situation can still be qualified
as safe far evacuation, the maximum conditions can for example also to be limited to [15):

1) A maximum irradiative heat flux at head height from the smoke layer of 2.8 [k 'm ).
2] A maximum smoke layer temperature of 200 [*C].
31 A minimal sight length of 30 [m].

The difference between these two can be explained by the different meaning of staying
somewhere for a short time and being somewhere in case of an evacuatian. It can be discussed
that in case of an evacuation minar injuries are still accepted in contrast to staying somewhere for
a short time. The impact of a higher temperature and irradiation heat flux is inked to the exposure
time. This expasure time In relatlon to the irradiation is called the irradiation dose and can be
calculated by multiplying the time with the irradiation to the power 4/3 {equation 3). Next to this
equation alsg the relations between the irradiation dose and consequence on a naked human skin
is shown. This is displayed in Fig. 5 [17].

O i — 4 ’.-'I- T
§ =t (3} - e / s
PR iegreetnm =-39.83+3.0186-Inl5") "t i /
. 4 E
PRy gpeetuns. =—43.14+3.0186- In(s") L / s
PRt =—36.38+2,5600-In(s") 5 | /
e L
PR-5 |PR-4| i /
Pf =50-|1+| —— |- & (6} I - =
|PR-5| J2 : / A/
In which: o 7 =
s = |rradiation dose J¥%s ™" m™] » (‘! oot
t = Time [5] I /
B = Irradiation heat flux [Wm™] o ' o o
PR istmgrer = Probit of people that will obtain a 1 yr
burm degrea burn [-] a fon —p—s
PRonddsgree = Probit of people that will abtain a 2™ e e S S e
burm degree burn [-] _ — caman
PR = Probit of people for which the Fig. 5. Injury wersus invadlathen dosa
irradiation dose |5 lethal [-]
P, = Percentage of people that will obtain
injury [%)

For example when a radiation dose of 1.05x10" [1**s**m™] is obtained, it appears that for 50% of
people this will be |ethal. This radiation dose is reached when a person is exposed to 20 [kwlm'z]

for 20 seconds or to 5.8 [kW'm™] for 100 seconds,
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2.3

2,31

¥ 5L

For the safe deployment of the fire brigade mare severe limits of safaty could be considered due to
the proper gear and clothing of the fire brigade. The following safety criterla are cansidered for
firemen [18][19][20].

1) A maximum temperature at 1.8 [m] height of 100 [*C].

2] A maximum temperature at 2.3 [m] height of 270 ["C) {smoke layer temperature).

3] A minimal sight length of 30 [m].

4] A maximum irradiative heat flux from the smake layer of 5 {kW'm™], which is the
maximum irradiation if the temperature of the smoke layar is 270 [*C).

Considering the sight length the height at which this is observed has a significant influence. In the
Rotterdam practical guideline the 30 meter sight at 2.5 meter is required. However in practise a
height of 1.5 meter is accepted by most civil communities, Moreover in the concept NENG0D3 a
height of 1 meter is required. Due to these differences both a height of 1.5 [m] as 1 [m] |s taken
into account. Finat conclusions howewver are hased on 1.5 [m] height.

Definition of a semi-open car park
In this chapter a descriptiaon of a semi-apen car park will be provided, mareover different types will
be discussed. Eventually the type on which will be focus in this research is provided.

Description of a semi-open car park

A uniformly used definition of a semi-open car park doesn’t exist. In this research a car-park will be
considered as semi-gpen when it has walls which have openings directly linked to the outside air.
Moreover thizs amount of open area is large enough that there isn't a mechanically ventilation
systems required for the heat and smoke removal. This amount = based on current Dutch
guldelines.

Different types of car-parks and focus

When car parks are observed it is possible to make a distinction between different types [21].
These are sphit-level dacks, sloping parking decks and ftat decks which are sketched in Fig. 6 to Fig.
& These three types have a rectangular shape but could potentially have a significantly different
influence on the heat and smoke removal. In split-level decks heat and smoke does potentially
travel quite easily throughout the entire car park. In sloping parking decks this would potentially
alse be the case, however the smoke is most likely to travel in one direction due to buoyancy
effects. The type of car-park focused on in this report is the flat deck. Meaning that the parking
deck is completely horizontal and heat/smoke can't travel to anather floor other than by a ramp,

Fig. 6. Split-level dacks Fig. 7. Sloping decks Fig. B, Flat decks
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2.4

24.1

2.4.2

Existing Dutch regulation and guidelines

Tha Dutch regulation concerning fire-safety is defined in the Dutch bullding decree [22]. This
regulation makes a distinction between two demands, namely the performance requirements and
the prescriptive requirements. Every section of the ordinance starts with a performance demand
after which a description is given on how this performance demand can be met. The |ater is called
the prescriptive requirement.

Alternative solutions are allowed hased on the equlvalence principle, meaning that an equal or
better performance than required is shown through objective assessments. The way in which this
aguivalence can be adduced however, isn't prescribed in the Dutch building decrees. Mareover, the
municipallty isn't authgrised to prescribe how it chail be done (thic is written in staatsblad 410
[22)).

There exist some guidelines which can be used to show equivalence when dealing with car parks.
These guidelines will be discussed in the following subparagraphs.

Guideline manageability of fire

The method described in this guideline is meant to show equivalence by the manageability of a fire
[24]. when the method is implemented it ensures that during the lifespan of a fire, the fire is
maintained within the fire compartment. Therefore the guideline handles two requirements,
namaly a requirement on the amount of combustible material present in the fire compartment,
and a reguirement an the envelope of the fire compartment

Guideline NEN 2443

This guideline formulates performance- and prescriptive requirements for the parking of passenger
cars on terrain and in garages [25). Only a relative small part of the guideline is oriented on fire
safety. The guideline regards efements as the electrical installation [for example the emergency
lights and emergency power supply), ventilation and security system (like evacuation alarm, dry
extinguish tubing and fire extinguishers)

This guldeline |s gften used to determine if a car parking can be regarded as a naturally ventilated
{open) car parks. According to this guideline this can be defined in two ways:

1} when all the following conditions are met:
al At |east two opposite walls must be outside walls and provided with openings that can't
be closed from the outside air.
b} The outside opposite walls can’t be more than 54 meter away from each other.
¢l  The lowest fleor isn't moere than 1.4 meter below ground laval,
d} The inside walls may not form a restraint for the ventilation (this van be calculated by the
use of NEN10D87 [26]).
al  One of the two following reguirements has to be met:
[} All opposite openings that can't be closed from the outside sir need to have a total
surface area of at least 1/3 of the total surface of the walls in the fire compartment.
i) All opposite gpenings that can't be closed from the outside air each need to have a
total surface area of at ieast 2.5% of the total surface area of the garage flogr in the
fire compartment.
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2.4.3

2}

When the foregoing conditions aren’t met but it can be demonstrated that the ventilation
capacity is satisfactory (for instance by the use of an airflow network model or NEN1087). The
demanded ventilation capacity can be determined in two ways, namely:

a) From the building code division 2.10 article 3.48 [22] which states that for an edifice with
a function to park motor vehicles should have a ventilation capacity of 3 liter per second
per square meter surface area,

b} In the NEN2443 an equation is stated which can also provide the air flow amount, this
equation is based on a maximum CO-concentration which is allowable in a car park. This is

equation is;
g= H'Fm'l[]s 7
TGG,,,,, —C.

In which:

g =  The ventilation rate (m°h].

n =  The number of cars per hour which are present in the car park with a
running engine [-] This can be determined from publication "Handboek
installatietechniek"” [27]

P, =  The average CO preduction of a running engine (P..=0.35 m*h).

TGGaymi» =  The CO content (time scaled average) with maximum ventilation amount
(CO = 120 ppm) [%s].

2 =  The CO content of the in the supplied air (which has to be determined

put of measurements on location) [%.]

LNB Guideline

The LNB guideline [28] gives supplemeantary fire safety requirements on the building code for car
parks |arger than 1000 m’. It provides a combined approach for evacuation, compartmenting and
fire fighting for new designed car parks, which is in mainly criented on an effective and safe
deployment of a fire brigade. The guideline is aggravated on mechanically ventilated garages.

The following supplementary fire safety requirements are given in the LNB guideline.

1
2}

3)
4)
5)
6)
7}

Walking distances from any point in the car park to an exit is maximum 30 meter.

Whean the lowest floor is more than 8 meters below ground level, a higher fire-resistant to
collapse of the structural work is required.

Structural parts have to satisfy fire propagation class 1.

Evacuation signs have to be located both high and low.

Fire hoses have to be present and capable to cover the complete car park.

In a stairwell dry fire hoses have to be present,

In case of a fire there has to be ventilation, this can be natural or mechanical as long as the
capacity is sufficient.

In the table depicted below the relation between the surface area of a car park and the required
amaunt of fresh air can be seen, In the case that a CFD-simulation has to be preformed, the
intention is to show that 45 minutes after the start of a fire the sight length is at least 30 meters.
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2.5

Tabile 2: Regulred vantliation ameount acconding to the LNBE guldeHne

Surface area Ventilatlon amount

<1000 m" According to Dutch building code afd, 3.10, The reguired ventilation
capacity is depicted for the different functions a building can have.

>1000 s 5000 m" 10 times per hour.

> 5000 m" A CFD-simulation has to be perfarmed.

Rotterdam practical guideline
Thiz guideline is comparable to the LNB guideline, however some differences exist in the
requirements [29]. These differences are:

1) The walking distances have to meet the performance requirements of the building code 2003
instead of the 30 meters stated in the LNE guideline.

2} A dividing wall between an enclosed raom and the stairwell which is more than & meters
below surface has to have a fire resistance of at least 60 minutes.

3} It has to be avoided that evacuation rautes coincide.

4}  Dry fire hoses have to be present if the floor is higher than 20 meters or lower than 8 meters
from the surface. Mareaver the couplings for the hoses need to be placed at the entrance hall
of the stairwell.

B} Mesxt ta fire hoses also ather forms of (portable} extinguish equipment is allowed {when
agreed upon by the fire department).

B} Mext to required ventllation rate there also 13 a requirement an the velocity by which the air
fiows. This can be seen in de table depicted below.

tn case a CFD-simulation has to be performed this has the Intension to show that the sight length is
higher than 30 meters from 11 minutes after the start of the fire. The CFD-simulation should also
show that firemen can reach the firg in the time span of 10 ta 20 minutes after the start of the fire,

Tahle 3: Required yventllation amount acoonding ko the Rotterdam practical gulbdeline

Surface area Ventilation amoaunt

<1000 m" According to Dutch building code afd. 3.10. The required ventilation
capacity is depicted for the different functions a building can have.

1000 s 2500 m" 10 times per haur with minimal velacity of 1.5 [m's"]

> 2500 <5000 m" 10 times per hour with CFD simulation and minimal velocity of 1.5 [m1s 1]

> 5000 m" CFD-simulation and minimal velocity of 1.5 {m's ]

Existing guldelines in practice

The existing guidelines meant to show the equivalence of the fire-safety level as intended by the
performance requirement in the building code, are with exception of the MEN2443 meant for
mechanically ventilated car-parks. As a result of this only the MNEN2443 is considered by consulting
agencies when assessing the fire-safety tevel of semi-open car parks. Therefore in practice therg
aren't CFD-simulations required in the deslgn of a seml-open car park (if not asked for by the fire
department) and even if the conditions on the geometry aren't met, it is still possible to show
equivalence by showing that the natural ventilation 15 at least 3 [dm*/sm’] or the amount of alr
that can be found by using the equation in NEM2443. it has to be noticed however that the |atter is
based on the normal O production of a car with a running englne. It is therefore questionable if
this ventilation amaunt i3 alsa valld for a fire sltuation.
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2.6

Comparison with international guidelines

When the Dutch NEN2443 is compared 1o international guidelines displayed In Table S [20] it can
be observed that the statement that 1/3 of the car park fagade is open is a requirement which can
alsa be found in Belgium, Germany and Norway. Moreover, the other requirement in the
Metherlands that each open fagade has to have an apen area of at least 2.5% of the surface area of
the floor is camparable to the guideline in Great Britain, since at least two facades have to be apen
in the Netheriands which therefore is in line with the 5% open facade in Great Britain. It can also be
noticed that Austria and ltaly have a requirement for the total surface area of the complete
building which is higher than the requirements in the other sbserved countries, this would lead to
a larger open area for the building as a whole, however the open area per floor can potentially be
lower than is the case in the Metherlands. The latter statement is certainly true for countrles for
which the open area per floor can be lower than 33%.

Tahle 4. Comparison betwsen international guidelines, based on [30].

Minimal percentage open of facade Maxirmum
Distance Maximum
Counery fat:;;:t:::r Tacxl S0t e hetwaen height
foor turfaca g open facades
Austria 25% 50% - 70 [m] 8 [floors]
Belgiumn 33 % - - - 14 [m]
Germany 31% - - 70 [m] 22 [m]
Finland 30 % - - - A [floors]
Graat Britain - - 5% an [m} 15 [m]
italy - 0% - 2 =
The Netherlands 33% 5 21.5% 54 [m] 20 [m]
Norway 33% - - - 16 [m]
Switzerfand 25 % - 3 70 [m] -
Unived states of America 20 % variable - 80 [m] 23 [m]

':| At least one of these conditions, the 2.5% must be met for each open facade,
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Objective

The guideline which |s most often used for semi-open naturally ventilated car parks is mainly kased
on the amount of naturat ventilation instead of the heat and smoke removal in case of fire. Since it
is unknown if this will provide a fire safe situation in all conditions, an assessment of the fire-safety
of sem|-apen car parks ks made. This assesment will be based on the safety criteria discussed in the
previous paragraph and will include the influences of: the fagade opening area, wind effects,
location of open area, a balastrade and eventually structural beams. This is done in order to
provide an answer to the following reasearch question:

To what extent is there o risk in the safe deployment of the firebrigode during o cor fire in a semi-

apen cor park, when the amount of noturg! ventifation is in fine with the conditions as stated in
curreni Dutch guidefines, and when wind-effects o5 well os potentiolly worst-cose scenaries are
token into occount”

in order to provide an answer to the research question the following sub gquestions will be
answerad as well:

»  What are the general car park dimensions in the Netherlands?

»  Does the influence of wind provide a higher safety level in 2ll cases when compared to a
situation without wind?

= Does the distribution and |ocation of the gpening area in the fagade of the car park have a
significant influence on the fire safety leval?

»  Have structural beams placed at ceiling height a significant influence on the fire safety level?

» [Does the presence of a balustrade affect the fire safety level significantly compared to a
situation without a balustrade?
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4.1

4.2

Method

Plenary approach

The following strategy is followed in order to conduct the study to the heat and smoke removal of
semi-open car parks. First an identification of the Dutch regutation Is made, it is analyzed if, and
where potential risks in the existing regulation can be found. The next step is an identification of
the most common semi-gpen car parks and thelr dimensions. Subsequently, Computational Fluld
Dynamics {CFD) simulations are performed of the cases that are considered as potential hazardous
or the worst case possible within the regulation. These CFD simulations need to be tested on their
reliability before using them, for which a validation of the CFD simulations is made. The flow field
in the case-study for the validation has to be comparable to the flow-field in a semi-open car park,
which was found in a performed study of a 1.5 [MW] fire in a 88 meter long corridor, The validated
CFD-simulations of the worst case situations {which are represented by 7 different variants) are
assessed on the temperature and sight lenpth safety criteria as discussed in §2.2.2 which are:

1} A maximum temperature at 1.8 [m] height of 100 [°C].
2) A maximum temperature at 2.3 [m] height of 270 [*C].
3} A minimal sight length of 20 [m].

As a result of this it can be analysed if it is possible that unsafe designs of semi-open car parks can
be made that still satlsfy the guideline. The key elements of this approach will be described in this
paragraph.

Identification of general semi-open car park dimensions

In order to implement the discussed CFO-simulations it is necessary to perform a case-study to the
basic general dimensions of semi-open car parks. This is done by the combination of bird eye
images pinpointed on semi-open car parks in the Netherlands and distance determination tools
based on satellite maps. By the use of a certain sample size in performing this method it can be
determined which dimensions are most general for semi-open car parks in the Netherlands. The
spat check size is determined by using the following relations [31].

N= p~w-(§)_ (8)

. N {9)

N=—

1+ _N -

"P“.P

In which:
N =  Minimal sample size [-]
p percentage of specified category [-]
W =  percentage of non-specified category [-]
z =  z-value at the desired reliability {39%, 2=2,57) [-]
E =  required margin of error {15%) [%]
[, =  magnitude of population {1012] [-]
N =  corrected minimal spot check size for relative small populations [-]
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4.3

43.1

Pamemug [m]

By the use of a sample size of 75 car parks general dimensions for semi-open carparks in the
Metherlands have been determined. The obtained a reliability of 99% and margin of 15% is
calculated by the implementatian of the equations discussed in §4.2. In appendix 2 an averview of
the semi-open car parks of the spot check is shown. Fig. 9 and Fig. 10 summarizes the distribution
of car parks towards the length (interval 10 [m]) and width {interval 5[m]) respectively.

#® & 5 B 5 W 3 15 E a1 45 o=
Leverhe Im] Widr [r+]
Fig. 9. Distribution of langths of different car parks Fig. 10, tistribution of widths of different cer paris

The length of a carpark which is most commanly found is between 55 and 65 meters. This is used In
the simulation variants. Far the width of the car park a high occurance between 30 and 35 meters
is found. The reason for this is that in most of the carparks four rows of parkingplaces are divided
tw two driving lanes. This |= illustrated in Fig. 11 where the parking places are sketsched using blue
rectangles and the driving lanes are indicated by two arrows,
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Flg. 11. Schematic representation of car park width

Basic principles of Computational fluid dynamics

In this chapter a brief introduction of the baslc principles of computational fluid dynamics {CFD)
will be provided, which is mainly meant as explanation for definitions applied in of this report.
Mareover anly the aspects on which a decision has to be made for the cause of this research will
be discussed.

Computational fluid dynamics in general

CFD is solving fluid flow numerically. Thiz is done by an iterating process over finite volumes for
which the partial differential Navier Stokes egquations are implemented into a salver. Different
solvers are available, most familiar are: JASMINE, FDS, SOFIE, PHOENICS, CFX and FLUENT. It is
theoretically possible to solve tha Navier 5tokas equations completely by the use of direct
numerical simulation {DNS), in practice however this is very time-consuming and will require huge
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4.3.2

computational resources [32]. Moreover it's only used for very simple geometries for this reason.
Another approach is to predict the flow field by targe eddy simulation {LES}. In this method only the
large eddies are solved directly whereas the small ones are modeled using a turbulence model
which takes into account the "effect” of the small eddies. This doesn’t provide an exact solution,
however it's less time consuming than direct numerical simulation. It should be noticed that this
approach would still demand an extensive amount of finite volumes if a greater accuracy has to be
obtained then is the case for the implementation of the Reynolds Averaging Navier Stokes [RANS)
method. In this method the averaged Navier Stokes equations are solved, meaning that only the
mean flow |s solved and all eddies are modeled using a turbulence model, This approach isn't exact
but it is generally applicable [33]. For this research the decision is made to assess if by the use of
RANS rellable results can be obtained. If this isn't the case, then LES 5 the method which can be
used.

Turbulence models

As discussed in the previous chapter turbulence models are needed for the implementation of
RANS (and LES). The turbulence models discussed in this chapter are the standard k- model, the
standard k-w model and the Reynolds stress model. Which is just a fraction of the 16 different
madels which are available in Fluent [32], however the models discussed here are mast commonly
used.

Standard k-£ model

This is the turbulence model which is mostly used by technical consulting companies, moreover it is
known that the model provides relative reliable results in a broad variety of use [33] (which is in
combination with the relatively shart CPU time the reason that this model is used most often). The
model is half-empiric and based on a transport eguation for the turbulent kinetic energy (k) and
the dissipation velocity of this energy (g). The transport equations for the turbulent kinetic energy
are based on exact (analytically determined) equations, whereas the dissipation of turbulent
energy does show significant differences with the mathematically determined exact solution (this
because it's the empiric part of the model}. The k and £ can be seen as a source and a sink of
turbulent energy, which are a function of the velocity gradients, When large velocity gradients do
exist, k and £ will also be larger (and vice versa}. It should be noticed that the model is created with
a completely isotropic turbulent flow in mind, in which molecular effects are negligible. The model
should therefare only be used in these kind of fluid flows [34]

Standard k-w model

This model does in comparison with the standard k-e model also determine the transport
equations for the turbulent kinetic energy and the dissipation wvelocity of this energy. The
difference can be found in the fact that the transport equations and parameters which are used
are meanly meant for the determination of fluid flows near walls [33] (in the outer layer). This
model could potentially provide quite reliable results because of the relatively low height in
comparison to the length {large surface area of walls).

Reynolds stress model

This is the most detailed RANS model available in Fluent, in the creation of this model it isn't
assumed that the turbulence is isotropic. Therefore this is solved by additional transport equations
for each direction, moreover also the turbulent length scale is salved by the separate transport
eqguations. Eventually this results in 7 extra transport equatiens {for a 3 dimensional situation)
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4.3.3

which haye to be salved for 2ach node. For this reason the CPU time will Increase when this model
is used.

It is expected that this model will pravide better results in case the eddles have a preferrad

direction. Which is for example the case in spiral

shaped eddies. However it should be noticed that

the implementation of this model would not result in more reliable results for all cases [33][24).

Wall treatment

The turbulence models have their utilization in the core of 2 room, that is to say fluent flows

refatively distant fram walls and other abstacles.

It is therefore necessary to implement a method

which can calculate the fluent flows close to walls. The later is called the wall treatment, which will

be explained in this paragraph.

The flow nearby walls (the inner layer) can be subdivided in three different layers [33][34], namehy:

*  Viscous sub-layer or linear sub-layer
= Buffer zone
*  Log-law layer

In the layer closest to the wall {the viscous sub-layer) the flow can be considered as almost laminar.

In this layer the molecular viscosity plays 8 dominant role in the velocity and heat- and mass
transport. The layer most remote from the wall but inside the inner layer is called the log-law layer,

in this layer turbulence plays the most dominant

rale in the determination of the above mentioned

parameters. The layer between these layers is called the buffer zone, in which the two mentioned

effects have a comparable influence.
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Fig. 12. Schematic representation of lapers nearby walls [32],

To determine the flow nearby a wall or obstacle

it is necessary to asses in which layer the first cell

near the wall is located. To determing this, the Y' value can be used. This value |s also called the
dimensionless wall distance, and is calculated in with following equation:

{10)
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4.3.4

In which:

¥ = Y-plus value or dimensionless wall distance [-]
= Density of fluld [kg'm™]

Distance of first node to wall [m]

= =  Sheer stress in first node from wall [Nlm'z]
Dynamic viscosity [kg'm™s™]

- = T
1]

T
]

Fig. 13 shows that as a function of ¥* the U" velocity profile can be calculated for the viscous sub
layer or the log law layer. In the viscous sub layer the velocity profile can be determined cause here
the statement that u'=y’, where u’ is the dimensionless velocity appears to be valid. However
implementing this method would result in significant small cells near the boundaries, which in case
of the relatively large dimensions of a car park would result in an extensive amount of nodes. This
is undesirable because of the large CPU-time in which this would result, Therefore it is for this case
more desirable to create first cell dimensians which result in @ ¥* value that makes the calculation
of the velocity profile in de log law layer possible. As the name of this layer indicates the velocity
profile in this area can be expressed by a logarithmic equation, namely u'=k"In{¥"}+B. The ¥" value
to determine the velocity profile in this layer has to be between 30 and 300 (in Fluent) [33]. The
jargon implemented in the CFD to refer to this method 1s the use of wall functions. This name will
be used in this report.
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Flg. 13. Determination of U' as a function of ¥* {original graph from [35] which is altered for this report).

Wind pressure and turbulence intensity

In a case of the absence of wind the only driving force for the movement of heat and smoke In a
semi-open car park will be the buoyancy forces due to the differences in air densities created by
the high temperature of a fire, However since a semi-open car park can be effected by wind also
the created impulses of the wind on the smoke layer can potentially play a significant role in the
heat and smoke removal in semi-open car parks, To obtain insight in the influence of wind on a car
fire, different wind velocities will be created on the facade of the car-park model. This will be done
by determining the dynamic pressures belonging to certain velocities throughout the car park by
the use of Bernoulli's equation. To determine the turbulence intensities which are likely to belong
to the specified velocities it is necessary to take the landscape description and observed height into
account, For the landscape description the revised davenport roughness classification is used [36]
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which can be seen in Table 5. 5ince a car park can be found near larpe shopping ares’s ar near
industry and offices, it Is assumed that the appropriate aerodynamic roughness length is equal to a
“closed” situation.

Table 5. Revised davenport roughness classification [46)

¥p {m] Landscape description
0.eon2 Cpen sea or lake (irrespective of the wave size), tidal flat, smow-covered flat plain,
"saa" featureless desert, tarmac and cancrete, with a free fetch of several kilometers,

Featureless land surface without any notlceable abstacles and with negligible vegetation;

"S?ﬁggih' e.g beaches, pack ice without large rdges, morass, and snow-covered or fallow open
country.
0.03 Level country with low vegetation (eg. grass) and isolated obstacles with separations of
"Oéuen" at lzast SO ohstacle heights; 2.g. grazing land withaut windbreaks, heather, moor and
tundra, runway area of airports.
Cultivated area with regular cover of low crops, or moderately open oountry with
0.10 - ; fi g
"Roughly open” occasional pbstacles {e.g. low hedges, single rows of trees, isolated farms] at relative
herizontal distances of at least 20 obstacle helghts.
0.25 Recently-developed "young™ landscape with high crops or crops of varying height, and
e scattered obstacles {e.g. dense shelterbelts, vineyards) at relatlve distances of about 15
Rough :
pbstacie heights.
o "0ld" cultivated landscape with many rather large obstacle groups (large farms, clumps of
"ery ;nugh" forest) separated by gpen spaces of about 10 obstacle heights, Also low large vegetation
with small Interspaces, such as bush land, orchards, young densely-planted forest,
10 Landscape totally and gquite regularly covered with similar-size large obstacles, with open
"Eln-sed" spaces comparable to the obstacle heights; e.g., mature regular forests, homogeneous

cities or 'u!llagzs.

by Centers of large towns with mixture of low-rise and high-rise buildings. Alse irregular
*Chagtic" large forests with many clearings.

A second assumption that is made is that a higher turbulence intensity will result in & higher mising
factor of the incoming fresh air with the air Inslde a car park which has a high temperature and
smoke concentration. As a result of the high smoke potential of a car fire the higher mixing will
result in a larger surface area where the sight length will be minimal {in contrast to the a case with
a tower amaunt of mixing, in which the heat and smoke removal as a result of the wind pressure |s
assumed to be higher]. In precedence of this assumption it is determined that the higher
turbulence intensity will occur near ground level, The relation between the turbulence intensity
and the height from graund level |s shown in Fig. 14 where measurements are presented which
have been performed in a wind tunnel [37). The velocity profile can be expressed with 3 power-law
expression {with an exponent egual to 0.15) and the turbulence intensity (which |5 calculated by
dividing the standard deviation of the measured air velocities by the average air velocity at a
certain height) is inversely propartional to the helght. it can therefore be concluded that the
highest turbulence intensity can be found near to the ground level in a real situation as well,
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Fg- 14. Experimental wind velochty and turbulence intensity profiles [47]

Tao calculate the turbulent dissipation velocity and turbulent kinetic energy at a certain air velocity,
height and landscape description the equations displayed below can be used [38][39]. To make the
implementation possible, it is found that for a aerodynamic roughness length of 1.0 (“closed”) the
turbulent intensity is (1,) is about 40% at pedestrian height [40].

Uly) =Uﬂﬂi,|n[:"+-'"0) (11}
K Yo

Ui’ (12)
£ =
O =5en
Ky) =30 -UO) B
In which:
Ufy} = Velocity at height y [m's "]
Uist = Friction velocity [m's ']
K = Von Karman constant (0.42) [-]
¥ = Vertical coordinate [m]
Yo =  Aerodynamic raughness length [m]
(¥} = Turbulent dissipation velocity at height y [m’s}
kiv) = Turbulent kinetic energy [m’s™]
1y = Turbulent intensity [%]

Out of these equations can be converted that in the case that is known which dynamic wind
pressure on the surface of a car park building will lead to an air velocity through the building that is
interesting for this Investigation, the following relation can be used to calculate the turbulent
dissipation velocity and turbulent kinetic energy (in these eguations also Bernoulli's equation and
the relation p=Cop, [41] which gives the relation between the wind pressure on the building
surface {p,) and the ocutdoor atmospheric pressure at the same level in an undisturbed wind
approaching the building {p,} are Implemented}.
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In which:
P.fvl = Dynamic pressure at haight v [pa]
C, = Wind induced pressure coefficient [-]
P, = Ambient outdoor air density [kg'm™]

The wind induced pressure coefficient Is dependent of the direction of the wind. in the table
displayed below the wind induced pressure coefficient can be seen for different wind directions
compared to the narmal of the facade, for a rectangular shaped building with a flat raof of which
the widest facade is three times wider than the smallest one [41]. ODut of this table can be
concluded that for a case in which the wind flows strait inta the car park building, the C, will be
equal to 0.9,

Tabha 6. Wind Induced pressure coeffident for different angles [41]

Wind direction Com [-] C out [-] G-l
([comparad to normal on facade) [Com= G5 o}
0 0.6 -0.30 .90

30 0.5 -0.31 08l

B0 0.01 -0.53 0.54

o -0.65 -0.65 0.00

With the information described above it is possible to determine the turbulent dissipation velocity
and turbulent kinetic energy at a certain wind pressure used in a CFD simulatian.
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14.4.1

442

Basic principles of fire and fire-modelling
In this paragraph some basic principles of fire and fire-modelling which are used in the CFD-
simulations for both the case-study and the simulation of the different variants will be discussed.

Pool-fires
As discussed in §4.1 a 1.5 {MW] diesel pool fire was created In the corridor of the case-study. In
order to provide more insight In the dimensions of this fire a study is performed for a proper
implementation tnto the CFD-model. it is described in the case study [42] that eight diesel pans
where used to create the fire. Therefore it
is determined which height and diameter
one pan fire of 0.1875 [MW] would have. In
order to obtain this, it is calculated which
regression rate a diesel pan fire would have
with different pan diameters. The equation
used for this is:

P 1y e 1

4-P o -

RR@=2560000 08 T U e
Fig. 15, Regression rata and ;arne haelght data [43]

In which
RR =  Regression rate [mm’min™] 12 Wamm?mw‘"
= =  Power of fire [W] E ml :
¥ = Density of liquid [kg'm™) 'E |
d =  Diameter of pan fire [m] = 5L
a = High heating value {)'kg"'] % S
The result of this equation for diesel as a £ B e e e
liguid is plotted in Fig. 16, In the same ?ﬁ' 100 ' T '

< 1 Pun dismate
graph the regression rates are displayed as i

a function of the diameter for different Fig. 16. Regression rate for liquid pocd fires and plotted 0.1875 Mw
ligulds. Out of the graph can be obtained b
that one pan will have a diameter of roughly 46 [cm] (this is the point where the regressian rate of
diesel oll intersects the 0.1875 [MW] fire line), By the implementation of the results in the graph
displayed in Fig. 15 it can be abtained that the flame height of the fire is about 1.2 [m}. Therefore
the tatal volume of the fire created is estimated to be roughly 1.7 [m’], whleh is the fire volume

that is used in the CFD simulation of the case study.

Car-fires

out of the background information discussed In §2.2 it appeared that it's unlikely that there are
more than three cars an fire during a fire in a car park. Therefore three different heat sources are
used for the implementation of these fires intq the CFD-model. Moreover it is assumed that the
second car will burn 10 minutes after the ignition of the first car and the third car will burn 5
minutes after the second car starts burning, this Is in line with the fire curve used in the guideline
for mechanically ventilated car parks which is currently in development [44]. The fire curve of one
burning car is based on measurements performed by THO (Toegepast Natuurwetenschappelijk
Onderzoek] which are visible in Fig. 17, Moreover it is assumed that It takes 5 minutes from the
start of the fire before it is detected, after which the fire brigade will need 18 minutes to reach the
lacation of the car park and 5 more minutes to prepare their equipment on location and ta reach
the fire. Meaning that 20 minutes after the start of the fire, the firemen can have water on the fire
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as long as they can reach the fire in a safe manner, Meaning that the CFD-simulations will be
done till this point to assess the

situation on its safety using the

criteria discussed in §2.2.2. For the ® e b el it
fire curve of three combined car fires ' ' : :
visible in Fig. 18 it can be observed
that the heat release at this point is
roughly 9 [MW].

Far the smoke a production of 400
[m’ke™] burned fuel is assurmed with a
heat of combustion of the burning car

material of 25 [MJika-i]- The cars are " Fig, 17. Fire scanarios as measured by TNO [45]
simulated by a solid block of 1.0 x 4.2 _

x 1.7 m (h x | x w) above which a S Y
volume is created with the same size | p——-
where the heat is released, The b :::.11 heat releame |
distance between the car is based on 5 B .
the minimal width that a parking e : e
place must have on basis of the AL . -
requirements in  NEN2443  [25]. il S S .
Therefore based on a 1.7 [m] width ?F# -
car the distance between the cars is - A, Cop P et f

set to 0.65 [m] (minimal parking place o 1; 3:3: ;;n Em r;n sm mim u;] ﬁim e
width is 2.35 [m]). Tiwd 4]

Fig. 18. Fire curve for the case that three cars are one fire

Sight length through smoke
The normal definition of smoke refers to a combination of solid, liquid and pas residue of
combustion and the air in which these products are mixed [46]. in mathematical models this
definition isn't practical, most often the concentration of combustion preducts is used, expressed
in kg'm™. The smoke production is important because of its hindrance in case of evacuation of
peaple. This is hindrance is caused by the toxicity of the smoke and reduction of the sight length.
The sight length 1s dependent on several factors like [46]:

"  Contrast between the observed object and background

» The degree of lighting of the object

= The color of the smoke

= Other light sources of which the light Iz diffused

= Physiological effects of smoke, like eye irritation

= The power of observation which can be influenced by fire related stress

For a more general application most aspects discussed above aren’t taken into account and general
rules of thumb are used. These rules are based on the optical smoke density which can be
measured by the decrease of a light source over a certain distance. Out of this optical smoke
density the sight length can be determined on bases of studies which are preformed with human
subjects in the years 1960 to 1980,
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4.4.4

The following equations are a result of these studies:

1
SL 5 e— {17}
a 0SD
25
SL T — {18)
c 0SD
1.3
SL B s 19}
R 0SD
In which:
Sty =  Sight length towards light reflecting object [m]
St =  Sight length towards a light source [m]
St =  Sight length defined by the Dutch practical guideling [m]
0OsD =  Optical smoke density [m™]

In the calculation of the optical smoke density it is important to take the thermal power,
ventilation rate and the material that is burning into account. As the smoke production is linked to
the heat release of the fire. Moreover the ventilation rate is important because a lack of caygen for
the fire would in most cases results in larger production of smoke due to the incomplete burning.
For assessing the smoke production of a specific material standardized testing methods exist. For
example a static test in which all the burned products of a specific volume of the material are
collected and then mixed homogeneous, though this volume the light intensity decrease is
determined which is expressed in m’kg ' {m'm’kg ‘). The smoke production can differ significantly
between different materials. For the most generally used materials the value for the smoke
production is between 200 and 400 [m’kg ™).

In case of a car fire the smoke production can be larger than 400 [m’kg™] for short
moments especially for modern cars in which a significant amount of plastics are present. However
because this are only peaks in the total duration of a car fire, it Is realistic to set the smoke
production on an average of 400 [m°kg"] over the total time span of the fire [46]. To link this
smoke production to the heat release of a car fire in literature is found that the average heat
production of a kilogram “burned car” will deliver about 25 [MI'kg™] of heat. Out of which can be
determined that the smoke production is about 16 [m1M1'1] which is implemented in the
simulation.

Weighted sum of gray gasses model

Considering the irradiative heat transfer of smoke the soot concentration plays a significant role.
Heat is absorbed by these soot particles and subsequently transmitted by radiation, eventually
equilibrium between emission and absorption occurs. Mext to the soot particles other components
in smoke like carbon dioxide and vaporized water should be considered in the irradiative heat
transfer. These gases absorb and emit energy at specific wave numbers which is described by
guantum physics. For this reason approximation models exist which describe the radiative
properties of pases and smoke. In this research the weighted sum of grey gases model [WS5SGGM) is
used. In essence this model states that the total emissivity and absorptivity which is a function of
temperature and smoke density can be represented by the sum of a gray gas emissivity weighted
with a temperature dependant factor [47].
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44.5

Thermal capacity of walls

Considering the boundary conditions of the walls different approaches can be used, in the CFD-
model a one dimensional heat transfer model has been used. For the proper implementation of
the walls the thermal capacity of these walls is taken into account. Therefore temperature

dependant properties of the wall material are taken inte account. in Fig. 19 to Fig. 22 the
properties can be seen as a function of the temperature. It i3 visible that both gypsum and
concrete have a high peak in the specific heat around 100 [*C] which is a result of the moisture
content in the material. Moreover it can be observed that where the thermal conductivity of
gypsum increases with temperature, for concrete It decreases.
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4.5 Case study for validation

45.1 Description of case study

In the approach that will be used for the assessment of the fire safety of a semi-open car park the
role of Computational Fluid Dynamics (CFD) simulation is of high importance. In arder to make sure
that the results of these simulations will provide reliable results, a validation of the CFD-model is
performed. This validation is done by the use of a case study as described in the following paper:
Full-scale burning tests on studying smoke temperature and velocity along a carridor [42]. This
paper provides the experiments that were conducted in an underground corridor measuring 88 m
long, B m wide and 2.65 m high of which one end was closed. The sidewalls of the corridor were
made of concrete and the ceiling was made of gypsum. At the closed end a diesel pool fire was
created with a maximum heat release of 1.5 MW. The temperature underneath the celling was
measured using a total of 49 thermocouples and & thermal resistors along the length of the
corridor. In Fig. 23 depicted below an overview of the experimental layout can be seen.

b e | L s

Fig. 23. 5chematical overview of experimental layout.

CFD-simulations are performed under the same conditions as was the case during the experiments,
subsequently the results are compared. A comparison Is made on the temperatures underneath
the ceiling over the time span of the fire and the maximum temperatures that could be found over
the length of the corridor. These two results of the measurements are depicted in the figures
below. In Fig. 24 temperature as a function of time is shown for several positions from the fire. In
Flg. 25 the maximum temperature measured during the time span of the fire can be seen, where
on the herizontal axes the distance from the fire, and on the vertical axes the maximum
temperature is shown.
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Fig. 24. Alr tempearature undernaath calling. Fig. 25. Magimum temperature during a 1.5 MW fire

g 31



4.5.2

This case is appropriate for validation for several reasons, first of all the geometry of the corridor,
has a comparable height as the height of a common car park. Moregver the geometry is straight
on, without any oddities. A second reason i< that the created smoke layer isn't influenced by any
constrains [like jet-fans or opening) which makes it a free flooding ceiling jet which is comparakle
to the situation that can be found In a seml-open car park. A third reason is the created fire which
is a liguid pan fire that is well defined in literature. And a last reason is that all the necessary
boundary conditions to perform a CFR-simulation are known.

Comparison of simulation and measurements

The simulation results will be compared towards two different aspects, the temperature
distribution at several positions at celling height over the time span of the fire and the maximum
temperatures that occur during the fire over the entire length of the corridor. Several

baundary conditians have been tested by the
use of CFD. fig. 26 to fig. 28 show results
obtained from three different conditions. In
these graphs the time is depicted on the
horizontal axes and the temperature
underneath the ceiling on the vertical axes,
The solid lines give the measured result; the
dotted lines provide the simulation result,
Fig. 26 indicates that when adiabatic
boundary conditions are used this will result
in predicted temperatures which are
slgnificantly higher than measured, however
when the boundaries are set on the initial
temperature of 27 "C the temperatures will
ke lower in mast of the abserved palnts.
Bath the methods provide guite significant
errors:
= The error with an adiabatic boundary is
explained by the negligence af the
amount of heat which is absorbed in the
walls and ceiling over the relatively short
time of the fire. This results in
temperatures predicted by the model
that are too high.
= The emror with the boundaries set on 27
[°C] is explained by the fact that in reality
the baundaries will reach  higher
temperatures, resulting in a decreasing
amount of heat which is transferred
tawards the boundaries aver the time of
the fire.
Therefore the third methad is used which
takes the thermal capacity of the walls into
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account. The results indicate that this moadel does predict the temperatures in a more accurate
way. Fig. 29 shows the maximum temperatures over the entire length of the pool-fire found in the
simulatian compared ta the measurements for this method. Where on the horizantal axes the
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distance from the fire, and an the vertical axes the maximum temperature is exprassed. Fram this
result it is cancluded that the results from the CFD-simulation and the measurement are in good
agreement, and therefore that the madel predicts reality in a sufficient accurate way. In addition
the error defined as simulatian result minus measurement results is always positive. This Indicates
that when an error is involved this error will always be that the temperatures are slightly higher
than in reality. This assumes that the model provides a conservative result, If a result found by
simulatian |5 considered as safe, this would also be the case far reality which would probably be
slightly more positive.
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Fig. 29. Maximurm temparatures underngath celling over the time span of the fire

Cut of the results can also ba observed that
tha model has the largest absolute error close
to the fire. This error reduces with an increase
in distance from the fire. In order to evaluate
the simulated temperatures over the time
span of the fire In more detail, the results at
larger distances from the fire are assessed an
their accuracy {see Fig. 30). The percentage
difference (calculated with degrees Celsius)
between the measurement and simulation are  Fif 30. Cemparison :::‘:::t:;“ and measurements in
displayed in Fig. 31. The results show that a
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in which:

AnAS = Root mean square of error [%]

i = Time [5]

Heid =  Temperature found with CFD simulation [*C]
Kmessuremernt = Temperature found with measurements [*C]

In Fig, 32 the RMS is visible over time, eventually the average error over time at 17, 26, 42 and 59
meter are respectively 9.0%, 7.3%, 11.9% and 12.4%. At 5 meter distance from the fire which isn't
displayed in the graph the average error over time is 37.8%. This large error less then
approximately 10 meters from the fire is also visible in Fig, 29, therefore It is observed that the
rasults close to the fire will be less reliable, however based on four points the maximum error
found more than 10 meters from the fire is assessed 12% over time. The average error over the
four observed points was 10%, which was accomplished using the boundary conditions visible in
Table 7.
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Table 7. Used boundary Conditions for CFD simulation of case study

Chject Used

Grid Structured, minirmal call size 10 [em] with maximum grow rate of 1.05. Total 98,154 nodes

Unsteady sohver time 350 (s] / At=1 [s]

Covergence criteria Velocities: 10" [Energy: 10 |&: 10 |e:10° | DO: 107

Turbulence model Standard K-£

Wall treatment Standard wall functions

Radiation model Disgrete Ordinates

Walls 10 heat transfer T{t=0}= 171°C] in which the thermal capacity of concrete (walls and floor) and
gypsum (ceiling) are included.

Curtlet pressure outlet, 4P=0 [pa] temperature of entering air is 27["C].

Heat release rate of Maximum 1.5 MW, for fire curve a linear increase is assumed.

fire

Yolume fire determined by regression rate of Houkd pool fires which resuited in a fived fire volume of 1
im*

Smoke Generation of 0.1 kg/MW

Emissheity and Welghted Sum of Gray Gases Madel {WSGGM)

absorption
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4.5.3

Determination of simulation characteristics
In this paragraph the following CFD-model characteristics are presented: Grid sensitivity, Influence
of turbulence model and the wall treatement.

Grid sensitivity

To determine if the results obtained are grid independent, a grid sensitivity study is performed.
Several simulations have been run in which only the grid size was changed. The results have been
evaluated using the same analysis as discussed in §4.5.2 where the average error over time over
four points is determined. The grid size is changed leaving the first cel size near the boundaries
10[cm] In the direction of the normal on the surface, this is done to leave the Influence of the y-
plus value unchanged. The grid sizes are roughly doubled for each case. In fig. 33 the different
grids are visible, in this figure the detailed grid in the area around the fire {displayed in green) can
be seen. Moreover it is visible that the first cells at the boundaries are left unchanged in size and
the amount of nodes ranges from 28,380 to 580,635 In Fig. 34 the assessed simulation results for
the different grid sizes can be seen. In this graph the number of nodes are set on the horizontal
axes and the average error on the vertical axes. Qut of these results can be observed the grid size
influences the simulation results in a significant way. The average error differ from 10% to 26%.

Detail .

i —
52,430 nodes

580,635 nodes 338,865 nodes 8l | 156,980n0des - |98 154 nodes
Fig. 33. The six diffarent grid slzes which are used, tha amount of nodes are vizslble for each casa,

Moreover it can be seen that when more than 52,430 nodes are used the emror differs between
10% to 15%. Since from this point the error differs no more than 5% it is assumed that a grid
independent solution is obtained. The minimal grid size for this simulation is determined to be one
grid refinement smaller then the first time the error was below 15% which therefore is: 98.154
nodes,

The characteristics of this grid are:

= Astructured grid.

= First cell size normal on any boundary is
equal to 10 [em].

=  The maximum growth rate for one cell to the
adjoining one is 1.05.

=  The length over which the error is observed is
59 [m], therefore it is determined that the
maximum length over which the cells grow
must not exceed this length. Because
otherwise the stated accuracy could be
different.
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Fig- 34. Average RM5 of arror ovar four points as a function
of the amount of nodes.
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influence of turbulence model

it is demonstrated in §4.5.2 that rellable results were found when the measurement results of the
case study are compared with the CFD-results. In order to determine the influence of the
turbulence model, different turbulence models have been tested by. Two other turbulence models
have been tested In addition to the standard k-2 model; the standard #-w model and tha Reynolds
Stress model as discussed §4.3.2 The method used for the comparisan is equal to the method as
discussed in £4.5.2 which provides an average error over time. The results of this comparison are
displayed In Fig. 35, Out of which is observed that another turbulence model isn't likely to provide

better results with the use of the current grid and boundary conditions.
Déffaremce bebesen Wobelence moddls
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R

#a/ prnge RME of amar o ar four poirte %]
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K-epailon K-nmaga Reynolds 3iress

Fig. 3&. Comparison on rellabllity by the use of different turbulence madels

Application of the wall-functions

As discussed in §4.3.3 the ¥ value needs to be between 30 and 300 in order to pravide a sufficlent
prediction of the velacity profile nearby the boundaries, To asses if this is the case over the total
time span of the fire, the ¥* value is observed over the length of the corridar for the entire time
interval. Out of these results the graphs displayed in Fig. 36 and Fig. 37 have been developed. in
these graphs the Y value is plotted as a function of time and distance from the fire In longitudinal
direction. The graphs show that the ¥' value is between these values for the majority of observed
points {moreover it can be seen that the value is only exceeded with approximately 17% for about
100 secands at a lacatihan less than 10 meters fram the fire).
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Fig. 36. Y-plus value at cailing o a herlzontal line over the length of
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Flg. 37. ¥-plus value at ceiling in a horizontal ling ower the length of
the corridar displayed cwer time observed from tap.
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4.6

4.6.1

46.2

Transition from validation case to car park simulation

[hscription of transition case

The discussed validation case in §4.5 has a free flooding ceiling jet which is comparable to & case
concerning a semi-apen car park. However where the validation case describes a case in which the
flow iz mainly in one direction the case of a semi-open car park will be omnidirectional. Therefore a
transition case is used in which the same fire is created as in the valldation casze yet with a
geometry comparable to a car park. The used geometry is 3 result of the study on general
dimensions for semi-open car parks as discussed in §4.2 and the outcame of the case study. The
resuits af the transition case are compared to the Alpert's correlation [50] (depicted below) which
gives the velocity and temperature of a free flooding ceiling vet as a function of distance from the
fire, heat release of the fire, ceiling height and starting temperature,

By the use of this it is checked if the created model will also provide reliabile results for a case in
which the flow is multidirectionai.

U=U.1'9|5+M

{T)'{H )5,16 Izl}
S f ppifd
T=538.2 ’(H3 +T, 122}
(r/H
In which:
U = Velocity [m's!]
T = Temperature [°C]
O = Heat release [kyv]
r = Distance from fire [m]
H = Ceiling Height [m]
T = Starting temperature [*C]

Comparison of simulation and transition case

It has become clear that the CFD-simulations of the case study show results which are comparable
to the results of the measurements. in this chapter the transition towards a simulation of a car
park will be discussed.

implementation of obtained resuits of case-study

As a result of the general car-park dimensions as discussed in §4.2, the dimensions of the car-park
model for the transition case towards a semi-gpen car park are chosen to be 35 [m] x 65 [m] {width
¥ length). For the height 2.4 [m} is used. The fire created inside the car park is similar to the pool-
fire used in the case study and is placed in the middle of the car park, moregver the created grid
has the same characteristics as discussed in §4.5.3. The walls are completely open (pressure
outlets} which makes the comparison with the Alpert’s correlation possible. This correlations is
only valid far 3 complete amnidirectional free ceiling jet smoke layer which is created by the
eliminations of walls. The applied grid can be seen in Fig. 38 where the pressure outlets are
displayed in red and the fire valume in green,
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Fg. 38, Uzad grid (652,533 nodes| for transitlon case towards simulation of semi-open car park

Comparison with Alpert’s correlations

For the comparison the velocitles and temperatures 4.15 [m] underneath the ceiling are manitored
in longitudinal- and perpendicular direction of the fire. These results are displayed in Fig. 39 to Fig.
42 whera on the horizantal axes the distance from the fire is presented, and on the vertical axes
the temperature and the velocity. In the graphs the simulatlon results are displayed in red and the
results obtained by the Alpert's correlations in blue. It can be observed that the prediction more
than two meters from the fire does show good agreement with the carrelation. Therefore it is
assumed that in case of an omnidirectional free ceiling jet smoke |layer the CFD model also predicts
the temperature and velocities in an accurate way. As a result of this it is stated that the CFD
model will predict the airflow pattern inside a car park in a sufficient accurate way to allow
comparisan aof results between different variants,
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4.7

47.1

Set-up of simulation of semi-open car parks

It has become clear that the CFD-simulations of the transition case shows results which are
comparable to the results of the Alpert's Correlation. In this chapter the results of the simulation of
‘the car park varkants will be shown,

Implementation of obtained results out of transition case

The dimensions of the car park which are obtained in §4.2 and already used 54.6 are also used for
the simulation of the different variants, and are 35 [m] x 65 [m] {wiith x length). For the height 2.4
[m] i5 used. In these simulations the cars are placed on one end of the carpark, which i visible in
Fig. 43 where the volumes for the heat release of these cars are displayed In green. The
implementation of the cars does influgnce the amount of cells used, due to the expansion the
volume where the heat is released {where smaller cells are used). The total amount of nodes of the
simulation of variants 1 to & discussed in § 4.7 s 930,147 nedes. The amount of nodes for vanant 7
is much larger because of the implementation of the structural beams (discussed in appendix 1)
arcund which a grid of 13 [em] is used, the amount of volume cells is 1,941,417,

Fig. 3. Example of used grid and geometry (930,147 nodas; open walls on long sides; dozad short sidas; no structural
haarings)
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472 Heat and smoke implementation check

Considering the heat peneratlan near the cars Table & shows how the temperature above the cars
increases as a result of the heat generation. In the table close-ups of the cars are pravided which
are displayed with a doubling time interval up ta 480 seconds after which snap shots are displayed
with an interval of 240 [s]. It can be observed that the implementation of the different car fires
with three different volumes above the cars whete the heat is released separately is successful
since the cars start burning within the Aashover points as discussed in §4.4.2. Moreover the
stratification of the smoke layer due to the density differences is present. The results don't show
any imegularities and are considered valicd.

Tabbke 8, Temperaturs above burning cars in varient 1

Time 30 [s] Time 60 [5] Time 120 [s]
Time 240 [s] Fire 480 [s] Tima 720 [s]
Timg 550 [5] Time 1244 [s]
Temperature ["c] “ _
10 144 230 340 450

The smoke production of the fire in variant 1 is made visible In Table 9 where an isometric view is
provided. In the table the lacal sight length is provided with a minimum of O meter and a maximum
of 74 meter {this is the longest distance diagonal throughout the car park]. Out of the table can be
observed how the smoke layer develops throughout the car park, it can be seen that the smoke
layer will travel the total length of the car park within 240 seconds {for variant 1). Moreover the
expected layering of the smoke layer is visible. These results don't show any irregularities and are
considered as valid.
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Tahle 9, Lacal sight length aver time in variant 1

I
W

=

Tirme 30 [s] Time 60 [5] Time 120 [s]

Y
|

=

Time 240 [s} Tima 480 [&] Tirma 720 [1]

|
|

Time 960 [5] Fima 1200 [5]

=3

Local sight length [m] 0 ) 37 55 74

Different simulation variants

in arder to provide results with the use of CFQ which can provide insight in the objective (3] it is
necessary to choose the simulation variants in such a way that they will provide results in both
waorst case situations and provide insight in the influence of wind induced ventilation in a semi-
open car park, The layout of these variants iz linked to the outcome of the method discussed in
4.2 and the reguirements of the cumrent guidelines. Based on the method and the guideline
reguirements it |5 analyzed if statement 1.ed or 1.e.di discussed in $2.4.2 will result in the smallest
opening area for the most general dimensions of a semi-open car park. For the proper testing of
the guideline some situations will be tested which just meet the requirements stated in the
guideline, This will represent the worst case situations. On the other hand to determine the effect
of wind induced ventilation on a car fire inside a semi-open car park, an approach is chosen in
which the open area of the facade of the car park is maximized to provide a situation in which wind
can play a significant role, however this is done with the restriction that It is possible to handle
modelllng requirements in a accurate way. Sketches of the variants which are analyzed are
displayed in Table 10 where the open area |5 displayed in blue and the cars on fire are coloured
red. The used grid for this simulation will be the result of a grid sensitivity study as discussed in
§4.5.3, The position of the cars is chosen In such a way that it complies with the general
distribution of cars with the geometry of the car park taken into account. In this type of car park
it's likely that a road for driving around in the car park is {ocated near the short edpes. The cars are
therefore placed taking a minimal road width into account [based on NENZ2443). For the outside
temperature 9.8 [°C] is used, since this the average outside temperature over a year in the
Netherlands [51].

g 41




Table 10. Bescription of different simulation variants

Sketch of simulation varlant

Description

Variant 1

In this variant the walls over the length of
the car park are completely open. The
short sides are closed. Wind effects aren't
taken into account,

Referred to as: leng sides Completely
Open No Wind [CONW)

Variant 2

In this variant the apenings over tha
length of the car park are reduced so they
match the 33% requirement of the
MNENZ2443 exactly.
Referred to as: Long sides Partiolly Open
No Wind (PONW)

Variant 3

In this variant the walls over the fength of
the car park are completely open. The
short sides are closed. A wind pressure s
set on the boundary which will result in a
wind velocity of raughly 1.5 [m/s].
Referred to os: loeng sides Completely
Open 1.5 (m/s] Wind (CO1.5W)

Variant 4

In this variant the walls over the length of
the car park are completely open. The
short sides are closed. A wind pressure is
set on the boundary which will result in a
wind velocity of roughly 5 [m/fs].

Referred to as: long sides Completely
Open 1.5 [m/s] Wind {CO5W)

Variant 5

In this variant the openings over the
length of the car park are reduced so they
match the 33% requirement of the
MENZ2443 exactly the location is shifted
however.

Referred to as: Long sides Paortially Open
and Tronslated No Wind [POTNW)

Variant 6

In this variant the walls over the length of
the car park are open with exception of a
1 [m] high balustrade, The short sides are
closed. Wind effects aren't taken into
account.

Referred to as: Long sides Paortially Open
and Balustrode No Wind {POBNW)

Variant 7

In this wvariant the openings over the
length of the car park are reduced so they
match the 33% requirement of the
NEN2443 exactly statement L.Ed. in §0).
However also structural bearings are
taken Into account (its dimensions are
discussed in appendix 1)

Referred to os! Long sides Partially Open
and Structural Beams No Wind (POSBNW)
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51

Results

In this paragraph the results of the different variants are presented. These are separated in the
results for the temperature criteria and the sight length criteria.

Temperature safety criteria

The results considering the safety criteria of the maximum temperatures under which a safe
deployment of the fire brigade is still possible (as discussed In §2.2.2) are displayed in Table 11 and
Tahle 12. In these tables the temperatures are displayed at a horizontal plane at 1.8 and 2.3 meter
height relatively, with a time interval of § minutes. {n Table 11 significant differences are visible in
the ternperature distribution at 1.8 meter helght between the different varlants. For varlants 1, 3,
4 and & the magnitude of the area where the temperature is higher than the 100 [*C] criteria is
relative small compared to the other variants. Moreover the location of this area is situated near
the burning cars, whereas it is largely dispersed for the other variants, When variant 1 and & are
compared, the results are guite similar, however variant & does show temperatures which are
slightly higher meaning that the heat removal is affected by the balustrade. When variants 2 and 7
are compared these results are simifar on first sight, however the propagation of the high
temperatures in longitudinal direction seems to occur with a lower velocity for variant 7 than is the
case for variant 1, meaning that the smoke removal is affected by the structural beams. Though
both variant 3 as 4 implement wind induced ventilation, a significant difference in behaviour can
be observed. It appears that the smoke {ayet develops into the direction of the wind in variant 3
{back layering of the smoke front). Despite of the wind effects the temperature increases in the
tongitudinal direction, after 20 minutes this layer has almost travelled the total length of the car
park and covered more that 50% of it. This behaviour isn't visible in variant 4 where the area where
the temperature increases stays limited to a refative small area, moreoyer back layering doesn't
seem to occur and the propagation in the longitudinal direction is minimal. The results of variant £
show that the temperature inside the car park will increase over the total length, moreover it
appears that the largest increase is found at the closed corner near the burning cars. From this
corner the temperature layer expands throughout the car park, At the opposite side of this corner
the temperature is significantly lower, meaning that heat is removed by the opening at this
location guite effectively,
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Table 11. Temperature at 1.8m height

20 min

15 min

10 min

5 min
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The results of a haorizontal plane at 2.3[m] height are displayed in Table 12, notlce that the
maximum temperature is set to 270 [°C] as discussed in §2.2.2. It can be noticed that the results
seermn much more identical than was the case at 1.8m height. Variants 1,2,5,6 and 7 show
comparable results since the location and magnitude of the area where the temperature |5 argund
270 [*C] seems to be quite similar. Variants 3 and 4 show the largest difference, due to the effect of
wind the area with temperatures higher than 270 [°C] changes drastically, however for variant 3 it
can be seen that eventually [after back layering is started) the size of the area becomes roughly
equal to the other variants. When variant 1 and 6 are compared it is noticed that the surface area
af the highest temperature at 20 minutes is just slightly larger for variant 6. Comparing variant 2
and 7 it is shown that the temperature layer is expanded more in perpendlcular direction for
vartant 7 than is the case for variant 2. |n variant 5 it's visible that the high temperature layer
develops more towards the cpening at the bottom edge than in the oppesite direction.

Table 12. Temperature at 2.3m height
5 min 10 min 15 min 20 min

B EE
By
| ¥ S W
A = e B
A A aa
B-E E e
ECE ki

Temperature [*C] | EeEeaT e - A

10 75 140 205 270

(oMW

Variant 1

Variant 2
{PONW)

Variant 3
015w

Variant 4
[CO5wW

Yariant 5
[POTHW)

Variant 6
[PORNW]

Variant 7
{POSENW]
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2.2

Sight length safety criteria

In this chapter the local sight langth at different heights will be discussed towards light sources, in
Table 13 the local sight length at a horizontal plane at 1.5m is displayed and in Table 14 the local
sight length at 1 m height. The results shown in Table 13 provide the sight length dependence on
the variant, there exist clear differences between the variants. Observing the results of variant 1, 5
and & the smoke layer seems to be created at the opposite side where the car-fire Is positioned.
This is explained by Tahle 9 shown in §0. This table shows that the smake layer travels the length
of the car park above 1.5[m] height, and falls below this height at the moments that it meets the
opposite wall. This effect also plays a role in variant 2, however due to the presence of the side
walls the smoke layer does come down close to the fire as well. Moreover the effect of a smoke
layer coming down at the moment it reaches a wall is also visible at the comer near the fire in
variant 5.

Table 13. Local sight length at 1.5m height

& min 10 min 15 min 20 min

Variant 1
{CONW)

Variant 2
[PONW)

Variant 3
{COL.5W)

(O05W)

Variant 4

Variant 5
[POTHW)

Variant &
[POBNW)

Variant 7
{POSBENW)

Local sight length [m]
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The srmoke layer in wvariant 7 seems to behave In a different way. Due to the mixing effect
caused by the structural beams the smoke layer falls down from the moment it starts developing in
the longitudinal direction, The effect of a smoke layer falling down Instantly is also visible in
variants 3 and 4, where due to the higher turbulence intensity the mixing of the smoke layer is
influenced. |t tan be observed that downstream of the fire the visibility is reduce Instantly. For
variant 2 this effect is eventually also visible upstream of the wind and in the longitudinal direction
as well. In variant & the mixing of the smoke layer also plays a role, at 15 and 20 minutes it is visible
that near the boundaries over the length of the car park there exlst two areas where the smoke
layer is lower. This is caused by the higher turbulence created by the effect that in and outflow
pwer the apening are closer together [due to the 1m high balustrade}. For varlant 5 it appears that
the smoke removal throughout the opening nearest to the fire is guite effective. The sight length
from the fire towards this opening stays relatively large over the total time span of the fire.

Table 14, Local sight length at 1m haigh

5 min 10 min 15 min 20 min

Varant 1
{CONW]

Variant 2
{PONW]

Variant 3
{LOL1.5W)

Yariant 4
[CO5W]

Variant 5
[FOTHW]

Variant &
{PORNW)

Variant 7
{POSBNW}

Local sight length [m]

Q 19 37 S& 74
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When the results of Table 14 are taken into account, it is visible that when assessing the vislbility
the height at which this is done is of importance. The difference between the results at 1.5[m] and
1[m] are significant. The visibility at 1.5[m] is far more limited than the visibility at 1[m] height. At 1
[m] height the burning cars are visible from almost all locations inside the car park far the variants
1, 4 and 6 whereas the visibility after 20 minutes towards the fire is limited for the other variants.
An effect that 1s not visible at 1.5 [m} is the effect of the outside air that is transported towards the
fire. For variant 2 it is visible that this new outside air is cooler and therefore lower positioned. This
air flow towards the fire creates two large eddies near the closed walls over the length of the car
park {after 10 minutes). It eventually appears to create two smoke free areas at 1[m] height
whareas the rest of the car park is filled with smoke. This effect is also visible at the opening near
the fire in variant 5 where the outside air pushes the smoke layer away, which has a positive effect
on the visibility. In variant 7 the effect also accurs near the openings, however tha effect is |ess
effective. This is most likely a result of the mixing of the air underneath the structural beams. For
the variants 3 and 4 similar results are found as for the case at 1.5 [m] height. At 1[m] height the
effect of the higher turbulence intensity is visible as the smoke layer does come down in the
downstream direction instantly (in variant 3 eventually also upstream).

pag. 48




6.1

6.1.1

Discussion

In this chapter an analysis will be made on the results of the different variants which are discussed
in §4.8 and which results were shown In §5. The analysls will contaln a study on the behaviour of
the car over the time span of the fire, as well as a direct comparison on certain moments in time,
Moreover eventually the area’s where a safe deployment of the fire brigade is still possible is
provided far each variant.

Analysis of car park behavior over time
In this chapter the CFD-results wifl be analyzed over the total time span of the car park fire, bath an
explanation of this analysis approach as the results of this anakysis will be provided.

Explanation of analysis approach

The results obtained and shown in 4.7 provided insight in the safety criteria at a 5 minute interval.
In order to ensure that these results did provide a good image of the car park behaviour over the
total time span of the fire it is desirable to make an analysis which covers this complete time
domain at a smaller time interval. This is done by the implementation of a total of 392 monltar
points half of which monitoring the temperature at both 2.2 [m] and 1.B [m] and the other half
manitoring the local sight length at 1.5 [m] and 1 [m]. These monitar points are placed on twao
cross-sections visible in Fig, 44 and Fig. 45.

= <—

Flg. 44. cross-section In longitudinal direction Fig. 45. cross-saction In perpend lcular directlon

The results obtained from these monitor points are plotted in a 3d surface plot, which provides a
specific variable as a function of time and location. An example of this is visible in Fig. 46 where the
local sight length at 1m height is plotted over time and location for variant 7. As visible in Fig. 47
the results become mare clear when they are assessed from a top view. In this praph the locatlon |s
plotted on the horizontal axes and the time on the vertical axes. It is visible that the first car that is
lit is located at 59 [m] since here the local sight length is reduced to zers fram the start of the fire.
It also is visible how the sight length reduces over the |ength of the car park with an increase in
time. Similar piats are made for the ather cross-section and for the other variable {temperature),
and will be discussed in the following paragraph.

Lacsl saght bl 6l .0 bolghl Lacal =gh Enpth 1 1.0m fag

S —_— Loaaton i long Tuda chhon [#5 Localian b krgdudsl drsetisn [m|

Fig- 46. Surface plot of lacal sight length at 1m height Flg. 47. Top view of local sight length at 1m halght

L
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6.1.2

Implementation of analysis to different variants

The created surface graphs which are a result of the analysis over the time span of the fire are
visible in appendix 4 to 9. It can be seen that for the sight length both the result towards a light
source as to a light reflecting object are displayed. The results of both the sight length as the
temperature will be discussed. Note that the maximum displayed values are equal ta the maximum
safety requirements for the temperature (as discussed in §2.2.2) and equal to 74 m for the local
sight length {which is the maximum distance in diagonal direction throughout the car park)

Variant 1 {CONW)

From the results of the local sight length at 1.5[m] height, which is displayed in appendix 8, it can
be observed that directly above the fire (at 58[m) In the longitudinal and at 15[m] in the
perpendicular direction) the sight length is immediately reduced to zero. However it can also be
observed that it is very likely that firemen can see the fire for the entire fire duratian and therefore
also the necessary 20 minutes after ignition. The area where the sight length is limited is mainly
{ocated in a relative small area near the fire. Moreover when the local sight length in perpendicular
direction is observed at 20 minutes it can be seen that on the line starting 30 [m] away from the
fire towards the fire, the local sight length is larger than 20 [m] for the largest part on this line,
which therefore results in an average local sight length which will be larger than 30 [m) over this
line. Since this average local sight length is higher than 30 [m] the fire will be visible at 1.5m height
and therefore also at 1.0[m] height. Qut of the temperatures on head height [1.8 [m]) and an
2.3[m] visible in appendix 4 and 5 can be observed that close to the fire these limits are exceeded
however further away from the fire the temperatures are acceptable. The fire brigade can reach
the fire from at least one direction to put water on the fire.

Varlant 2 (PONW)

Considering the local sight length at 1.5[m] height as displayed in appendix B it can be observed
that around 700 seconds after ignition the visibility towards the fire chances dramatically in the
longitudinal direction, moreover after 500 secands the visibility in the perpendicular direction
starts to decrease significantly. At 1000 secends the visibility is reduced to zero meaning that the
fire brigade isn't able to see the fire from 30 meter distance any more. This is true for 1.5 [m]
height and 1.0 {m] height as well since on the line starting 30 [m] away from the fire towards the
fire, the local sight length is lower than this value. Assessing the temperature it can be seen in
appendix 4 and 5 that around 600 seconds after the ignition of the car fires the temperature at 1.8
[m] is above the temperature criteria of 100 [°C] constantly. This is visible in both the longitudinal
as perpendicular direction. The result of this is that In reality the fire brigade wouldn't be able to
approach the fire based upon the temperature criteria for this. Assessing the temperature at
2.3[m] height it's visible that for this helght the temperature will exceed the safety criteria close to
the fire instantly, howewver this area increases from around 600 seconds and is increasing from that
point forward. This occurs in both the longitudinal as perpendicular direction. Meaning that this
safety criteria considering a safe deployment of the fire brigade isn't met either.

Variant 3 (CO1.5W)

From the local sight length at 1.5{m] height which is displayed in appendix 8 It can be observed
that in perpendicular direction in the wake of the fire the visibility reduces to zero in a relative
short time interval. The visibility in longitudinal direction starts to decrease at a later point in time,
starting from approximately 600 seconds when the second car starts burning. Approximately 100
second later also the visibility upstream the fire in perpendicular direction starts to decrease
rapidly. The result is that around 700 secands after the ignition the fire isn’t visible anymare at
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1.5[m] height. Due to the high turbulence of the air, the mixing of the smoke layer results in a
limited visibility of the fire at 1jm] height as well. Therefore the fire isn't visible for firemen fram
around 700 seconds. Taking into account the temperatures it can be seen that the temperatures at
1.8 [m] are significantly lower than is the case for variant 2. The temperature criteria at 1.3 [m]
height aren’t reached meaning that based on these criteria the deployment of the fire brigade
would be relatively safe. When the temperature criteria at 2.3 [m] are assessed 1t is visibile that the
area at which this criterla s reached Increases from the moment that the second car starts
burning. Moreover the results aren't equal at both sides of the cars in perpendicular direction. It
appears that due to the wind effects the stratification of the smoke layer disappears in such a
manner that even the highest temperatures are mixed, resulting in a lower average temperature
than is the case when stratification does dccur as in variant 1, 2, 5, 6 and 7. Based on thase results
It is concluded that the criteria at 2.3 [m] height are reached after 600 seconds. However the
distance is not more than 10 meter away from the fire.

Varlant 4 {CO5W)

Cansidering the local sight length at 1.5[m] height as displayed in appendix & it can ba observed
that in perpendicular direction in the wake of the fire the visibility reduces to zero in an even more
rapid manner then was the case for yvariant 3. However from tha visibility doessn’t chance upstream
the fire or in the longitudinal direction. Therefore the requirements baszed upon the safety criteria
regarding the sight length are met. Observing the temperatures it is concluded that the wind has a
significant influence on this variable. Ouring the time span of the fire it can be approached by the
fire brigade in a relatively safe manner in bath the longitudinal and upstream in perpendicular
direction.

Variant 5 {POTNW)

The local sight length at 1.5[m] height, displayed in appendix 8 it shows that at 1.5 [m] height the
visibllity changes pradually in longitudinal direction. After 20 minutes the visibillty is minimal
However when a line starting 30 [m] away from the fire towards the fire is considered, it is visible
that after 20 minutes the local sight length over this ling |s never lower than the distance towards
the fire. Therefore it's concluded that the fire is visible at 1.5 [m] height in perpendicular direction
for the total time span of the fire. This is also true for the other direction and height. Therefore it is
concluded that based upon the sight length the fire brigade can reach the fire in a relatively safe
manner. With respect to the temperatures 1t 15 shown that at 1.8 [m] height the temperature
criteria will be reached if the distance up to the fire is more than 10 meters. This is valid both in the
longitudinal as the perpendicular direction around 900 seconds after ignition. However there also
exists an area where the temperature criteria is not met. Considering the temperature criteria at
2.3 {m] this criteria is not met in perpendicular direction within 20 minutes. Bases upon the
temperature criteria it can therefore be stated that there are rather large areas where safe
deployment of the fire brigade isn't possible, nevertheless it's possible for firemen to reach the
area between the areas where the criteria are not met. From those positions It is possible to
extinguish the fira.
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Variant 6 {POBNW)

Considering the local sight length at 1.5[m] height as displayed in appendix 8 at 1.5 [m] height
visibility is comparable to the visibility as discussed for variant 7. The visibility criteria are met at
1.5[m] and 1 [m]. Therefore the fire brigade can reach the fire in a relatively safe manner. When
assessing the temperature criteria it's visible that these are [as well as discussed for variant 1) met
at a 1.8[m] height for hoth directions. In addition it can be observed that the criteria for 2.3 [m)]
height are met in the lomgitudinal direction whereas in the perpendicular direction these
conditions aren’t met, allowing one direction for the firemen to approach the fire.

Variant 7 (POSBNW)

The local sight length at 1.5[m] helght presented |n appendix 8 show that at 1.5 [m] helght visibility
does change most rapid of all simulated variants. The smoke layer reaches this height about 100
seconds after ignition in longitudinal direction. The smoke layer expands constantly from this point
forward. In perpendicular direction the visibility changes in an equally rapid manner. At 1[m] height
the smoke layer does change rapidly after 100 seconds as well. The visibility toward the fire is
reduced to zero after about 800 seconds. For the fire brigade this will result in zero visibility which
makes a safe deployment impossible. Considering the temperature criteria it's visible that at 1.8
[m] height the temperature starts to increase constantly about 600 seconds after ignition. The
distance from the edge of this {ayer is more than 10 meters from the fire within the time span of
the simulated fire. This is trug in both the perpendicular as the longitudinal direction. Based on this
criterion a safe deployment of the fire brigade therefore isn't possible. Moreover assessing the
temperature at 2.3 [m] it's visible that the safety criteria considering this height are not met in
perpendicular direction within approximately 900 seconds after ignition.
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6.2

Analysis on bases of direct comparison on specific location

In order to provide a better relation between variants a direct comparison on a specific location in
the car park is made. This comparison |s based both on the temperature and the sight length
criteria. In Fig. 48 the graph is visible in which the temperatures on 1.8[m] height and 10 meters
remate from the first car are displayed. in this graph the time is displayed on the horizontal axis
and the temperature on the vertical gne. It is visible that variant 2, 7 will reach the maximum value
of 100 [°C] within 20 minutes. The reiation between the different variants can be assessed.
When the temperature on 1.8 [m] helght is taken intc account, the order in which the
different variants can be placed based on their performance from hest to worst

iswvariant: 4, 1, 6, 5, 3, 7, 2. A simllar assessment can ke made at 2.2[m] height. e :;
This is displayed in Fig. 49 which shows that the maximum temperature 5 | —— oo 3
reached at 2.3[m] helght in variant 2 and 3. A clear distinction in performance | —— vanant 4
from best to worst is hard to make since differences In results are relatively """"i"""':
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It can be observed that varlant 2,3 and 5 perform waorse than variant 1, & and 7 on this safety
criteria. The results for the sight length are shown in Fig. 50, where an the horizontal axes the time,
and on the vertical axes the local sight length is displayed. For variant 2, 3 and 7 a rapid decrease In
visiblity is shown. From best to worst the variants can be placed in the follawing order- 4,6 & 1, 5,
3, 2, 7. Variant 1 and & perform at a simllar level based on this sight length criteria, Eventually the
safety criteria regarding the sight length at i[m] height is assessed (Fig. 51). The results are
comparable to the 1.5[m] height, however at  1[m] height variant 2 shows a better performance
than variant 3.
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6.3

Area of car park which is approachable for the fire brigade

As an extension of the analysis, in this paragraph the obtained
results for each variant from the temperature and sight length
criteria are combined into one figure. This is shown in Fig. 52
to Fig. 58 where different hatched areas are presented. These
areas represent unsafe areas for firemen to approach the fire
with an interval of 5 minutes starting 10 minutes after ignition
of the fire. These areas are based upon the 1.8[m] height
temperature, the temperature at 2.3[m] height and the
visibility toward light source at 1.5[m] height. An explanation
on how these figures are created is provided in appendix 3.
The legend of these figures is displayed below:

[ = safe area for firemen @ time < 20 minutes
Unsafe aea for firemen @ time 2 10 minutes

Unsafe area for firemen @ time 2 15 minutes

Unsafe area for filremen @ time 2 20 minutes

The white areas will be relatively safe for firemen to approach
the fire over the total time span of the fire, The hatched area
will be unapproachable after a certain time interval because
the temperature will be toa high or visibility towards the fire is
too low. This analysis shows that there are significant
differences between the seven varlants. It varies from almaost
an entire car park area which is approachable, to an
inapproachable area that covers the complete car park after
10 minutes. Furthermore for wvariants 1, 4 and 6 the
unapproachable area Is limited to the location close to the fire
Based on these results it can therefore be stated that in 2 fire
situation the firemen will be able to approach the fire
relatively safe and extinguish it. For the variants 2, 3 and 7
there isn't an area available which allows an approach in a safe
manner after 20 minutes. For variant 2 and 7 this is the case
after 15 minutes whereas for variant 3 this Is the case after 20
minutes, Variant 3 therefore is significantly safer then variant 2
and 7 through they all do not meet the safety criteria.
Comparing variant 2 and 7 it's visible that in variant 7 the
Inapproachable area after 10 minutes is larger than for variant
2, meaning that the performance of variant 7 is more worse
then variant 2. Variant 5 Indicates that there exists an area
which is approachable for firemen, however this area is
surrounded by area’s in which the temperature will exceed the
safety criteria. It's therefore questionable if it's really safe for
firemen to enter this area, because it's possible that in the
situation that the firemen aren’t capable/able to extinguish

N

area

Fig. 58. Variant 7 (POSBNW), unsafe area
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6.4

the fire within 20 minutes they can be trapped inside this area. Based on the 20 minutes criteria
variant 5 is considered as relatively safe with the remark that it's safety level is significantly lower

than is the case for varlant 1, 4 and 6.

Safety level assessment for all variants

Based upon the analysis provided in the previous chapters, it's possible to provide a final
assessment on the safety level of each variant, in Table 15 this assessment is provided. Each
criteria is assessed in two directions namely the longitudinal direction (= dir) and the perpendicular
direction [y dirl. In the case that a safety criteria is reached within 20 minutes it's time will be
displayed in red. This time is displayed in minutes. When the criteria are not met in two different
direct/ons this will result in an insufficient safety level, hecause there isn't approachable direction
towards the fire.

Table 15. Safety leval assessment for all variants with on bates of safety critaria.

Sight length Temperature

vatiant 1[m] 15 [m] 1.8 [m] 2.3 [m] ::::;:r':::t'
% dir y dir * dir ydir w dir y dir % dir y dir

1 20 20 20 20 20 20 20 <20 sufficient
2 £20 20 <15 =15 <15 <10 £15 <20  insufficient
3 215 =15 =15 £1% 20 20 <20 20 insufficiant
&4 20 20 20 20 20 20 20 20 sufficient
5 20 20 20 20 n <20 20 <20 questionable
& 20 20 20 20 20 20 20 <20 sufficlent
? 515 =15 £5 <10 515 =10 20 £15  insufficient

™) There is an area which complies with the safety erlterla, however this area is surrounded by area which don't compby. Its
safety is therefore questionable,

Tha assessment of the safety level is provided in the most right column of Table 15. This shows a
sufficient safety level for variant 1, 4 and & and an insyfficient safety lavel for variants 2, 3 and 7.
Moraover it visible that the safety level of variant 5 is assessed to be guestionable, this is a result
of the temperature criteria at 1.8[m] height in longitudinal directian.
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Conclusions

Based upon the seven different variants which are assessed, the sub questions can be answered:

= |Whot gre the general cgr park dimensions in the Netherands?
Based on an assessment of 6% car parks in the Netherlands it can be concluded that the
most general car park dimensions are between 55 and 65 meter in fength and between 20
to 35 mater in width.

= Does the influence of wind provide a higher safety levef in ofl cases when compored to 6
situation without wind?
The presence of wind doesn't provide a higher safety level In all cases when compared to
the same situation without wind. However it can also be concluded that when wind
pressures are present which lead to air velocities inside the car park around 5 [mls'l] this
will ensure safe upstream situations.

= Does the distribution and focation of the opening area in the focode of the car pork hove g
significant influence on the fire safety level?
If the open fagades aré mainly placed on ane end in comparison to a distribution over the
camplete |length, will the fire safety level significantly,

= Hove structurel beoms ploced ot ceifing height a significant influence on the fire safety
fevel?
Structural beams placed perpendicular on the mean smoke layer direction will result in a
higher mixing of this smake layer with the fresh air underneath, which reduces the
visihility towards the fire and safety level significantly.

= Does the presence of a bolustrode affect the fire safety fevel significantly compared to a
situgtion without a bafustrode?
Taking into account 3 balustrade of 1 meter height it appears that this doesn’t have a
significant influence an the safety level as long as the fagade in longitudinal direction are
comgletely open for the remaining arsa.

Based upon the findings in the research, the research question can be answered:

To what extent [s there o risk in the sofe deployment of the firebrigade during o cor fire In o semi-
open cor park, when the amount of natural ventifation is in fine with the conditions as stoted in
cwrrent Dutch guidelines, ond when wind-effects as well o5 potentiplly worst-case scenarins are
token into gooount

There potentially exist a significant risk in the safe deployment the the firebrigade during a
car fire in a semi-open car park when the amount of natural ventilation is in line with the
conditions as stated in current Dutch guidelines. Moreover wind effects shauld be considered in
the design since it influences the safety level significantly.
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Recommendations

As a result of the research described in this report new research gquestions did arise. Folfowing

recommendations for future research are made.

Car park propertles refated:

To perform and assessment with ather types of car parks as well.

To perform a CFO-simulation in which the car park is filled with cars, in order to assess the
infiuence of not taken this into account,

Internal ramps aren’t taken into account in the simulation, for further research the
influence of these ramps could be determined.

The apenings used ln the simulation where all completely open, in reality it is know that
perforated plates or plants are placed at these openings. The influence that this has on
the safety level is still unknown and open for future research.

To determine how many car-parks in the Netherlands are comparable to varlant 2, 5 and 7
in order to determine the fire safety level of current car parks.

Fire research related:

The smoke production of cars is based on relatively old research in which old cars where
set on fire, New cars contain more plastics which would potentially lead to a higher smoke
proeduction. Therefore research on the smoke production of new cars would lead to a
hlgher accuracy of the simulation results.

In this research it's assumed that when the temperature is too high more than 10 meters
fram the fire, the fire can't be extinguished by the fire brigade. An investigation on this
distance should show is this is 3 correct assumpticn.

Modelling related:

To perform CFD-simulations with different fire curves in order to assess the influence of
the fira curve has on the results.

it has become clear that when the air velocity {created by wind) changes from 1.5 [m’s™]
to 5 [m's '] the fire safety level increases sipnificantly. The air velocity at which a sufficient
safety level is obtained can now be determined.

it has become clear that a balustrade of 1 meter does not result in a significant lower
safety fevel. The helght at which this does result in a strong decrease in the safety |evel
can be determined.

it has become clear that 1/3 apen area criteria can lead to an insufficient safety level. The
minimum open area where the safety level changes from sufficient to insufficient can now
be determined. '
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Appendixes

Appendix 1, determination of dimensions of structural bearings

Ir this section the dimensions of the structurat bearings of simulation variant 7 are discussed. The
dimensions of the double T elements are hased on a 2 [I:N‘m"] load which complles with the
calculations in MENG702 for structural bearings. The geometry and dimensions of the used
elements are visible in Fig. 52 and the graph out of which the dimensions are determined is visible
in Fig. 60. Moreover the Implermentation into CFD can be seen in Fig. 61 and Fig. 62.

O R SR )

Fg. 59. ysed dimensions for CFD simulation Fig. 60. Graph out of which the dimensions of the deuble T
ehement are determined

ol b
Py | S S PRI B i |

FIg. 61, Owerview of total model in gambit Fig. 62. Detail of grid in area around the cars
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Appendix 2, study on general car park dimensions

In the flgure below the pinpointed bird eye images of the car parks taken into account for the
identification of general car park dimensions can be seen. Addresses are displayed undermeath the
picture, The addresses and place {2l In the Metherlands) are displayed for the car parks from left to
right fram the first row to the next.

Fig. 63. Pinpointed bird eye images by the we af satelite maps

Mathlldelaan 2 Eindhoven| Korte Kolfstraat 235 Oordrecht] Henri Dunantstraat 5 Heerlen| Kaardesteeg 11
Leiden]  Fwaanstraat  Tilburg | High-tech  campus  Eindhowven| Handelsphein 51 Amstelvesn]
Stadsplein 101 Amstebeeen| Handelsplein 51 Amstelveen| Bijlmerplein 700 Amsterdam| Beursplein 15
amsterdam| ¥an Bleiswijkstraat B Amsterdam| Albert Schweitzeraan 131 Apeldoorn| Laan 5 - 7 Den Haag |
Lutherse Burgwal 25 Den Haag| Lutherse Burgwal Den Haag| Amsterdamse Veerkade 20 Den Haag|
Schimmelt 50 Eindhoven| Michelangolaan Eindhoven| Ekkersrijt Eindhoven| Van Loenshof 62 Enschede | Lem
Dulstraat 3 Gouda] Stationstraat 28 Heerlen] Klompstraat 11 Heerlen| Putgrasf 10 Heerlen| Ullestraat 4
Heerlen| Schapenkamp 12 Hilversum | Draverslaan 11 Hoofddarp| Prof. Debeyelaan 31 Maastricht| fert van
Wesstraat 16 Rotterdam| Weena zuid Rotterdam| Kromme elleboog Rotterdam| G. ). de jonghweg
Rotterdam| Geerweg 4 Sittard| 5int Jacobsstraat 1 Utrecht| Paardenweld 9 Wtrecht| Rijnkade 16 Utrecht|
Croeselaan Utrecht| Strosteeg 4% Utrecht] Leeuwenstraat Z Aotterdam| Crispijnstraat 8 Rotterdam|
Jaarbeursplein 26 Utrecht| Griffioenlaan 1 Utrecht| Pelsterstraat 15 Groningen| Popkenstraat 5 Groningen |
Nieuwe parklaan Den Haag| Pijkestraat 1Nijmegen| Spoorhaag Houten| Prinsessesingel Yenba| Arsenaalplein
venle| veemarktstraat TIburg| Korte Breehof Dordrecht| Van Godewl|ckstraat Dordrecht| Houtkopersplaats
Dordrecht] Ir. 1P, van Muijlwiikstraat 175 Arnhem| Erasmusdomein 14 Maastricht] Torenlaan 1E Assen|
Mercuriusplein 211 assen| Floridaplein 2 Haarlam| De Whtstraat 22 Haarlemn| Reglsseurstraat S Almere|
Regisseurstraat 1 Almere | Schoutstraat 110 Almere| Muntmeesterhof 82 almere| Concordiastraat 13 Greda |
Stationsplein 6 Enschede| Albinusdreef 2 Leiden| Langegracht 3 Leiden| Stationsplein 1 Zwolle| Assiesstraat
2 Zwolle| van Wevelinkhovenstraat 8 fwolle| Westerstraat 250 Emmen| Op de Keizer 1 Deventer|
Wilhelminalaan 12 Alkmaar| Dijk 16 Alkmaar|

pag. G2



Appendix 3, determination of area for visibility towards fire

In this section can be seen how the border intill where there is visiblity towards the fire is defined
out of the local sight length. Its visible that this is based on an estimation of the sight length in g
certain direction. This estimation is drawn on the contours by the use of half circles, the border is
drawn on the edges of these circles.

FE. 6. Determination af harder in 1l where there is vislbility towerds the fre.
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Longitudial direction
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Appendix 7 | Langitudial direction Perpendicular direction

Lol =ighl kopgit o 1 Crv Pedgkl

el sight. largih m 10m hemgh

am

i m
Lol
st = i
3 I B
-g =
-1
n p = an L 1) L1 8 0 5 A = E 1]
Leeshznn dmrchr |n| Loz o6 I ampad e srecIer 1) st
e Trcal nigH angit i § f1r 1mighl L3z saghl bengik a1 Crv Feigel
- . K
p " w
~ b o
- X { =
= . 4% = 4
B 3 i
= B b EY
m
= mil x
1 "
= "] g] A ] o 15 Al Fol L o

] 7] ]
oy _ spadiad i Kegeazsl it [ Locaiar n pegerdizuba: d rutins ‘m|

Lical sighl mgh M 1 O Faighe

Locw Sign Bngh 4 1 Om haigh

Variant 3
T 5 B
g
a & W = £ 7
T ]
E H
- .
= &4 = E 5 E =

L a ] - a0 A 5 in 15 ¥ w

Lazsion ot kagidal dwct on . Lacwint _n_._):ﬂ::_lf-_h_r__ﬁi-.l'mlur:‘;
Lacwl asgirs inngih sk 1 Jm Feght Lot shgivs fnrggh &k 1 D beighi

=t
et iy b
s = =
m : !
[ L i
m
=
) | o il = 1] 8 i -] i = i}
Loszrand 17 ingdus crescapn [m| Losa |2 cHp=HAr e Bioeckon ||
o7 Loz aghl lngih s 11 m heghl LacH st baglh o 10 baaphl
[ETi]
L
z = i
] E -
= = 5
¥
-1
o X x in L1} "\ g L] : 15 a = k&
Lsrahar migragriical d e jm| Loz ar in pripsiedcuin dimuan o

Locie digvl ndi w1 O haighl Tnzal aghl sngit w1 fim heegrt

130 w200
il
100 " L
o ] i1 .
£ = i z
! i E
= I kil
1]
= Fill
10 [
10 A 1] al 1] . =5 [ i % F] * T
Luiutun it bnginlal dimzizn [ Lucalia n peperdizua- drien jm)
Lacsd aghe barglh ok 1 D b Lol £hghvt Trogeh 1 Diers Felighe
i1 1] L1 2]
L] i
o=
B T =
)
: !
m
=

x n L] H (1] 5 x -] ]
Lrcaian in long e dessamn |6 Lu_ sl in penpsandioua cire:bon fir]




Appendix 8

Longitudial direction

Perpendicular direction
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Appendix 9 I Longitudial direction Perpendicular direction
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