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ABSTRACT

FIRE LOAD AND CHARACTERISTICS OF MODERN
HIGH-RISE RESIDENTIAL BUILDINGS

This thesis investigates the energy content of modern high-rise residential build-
ings in Istanbul. High-rise residential buildings are rapidly increasing due to urban-
ization and they are mainly constructed in dense areas of the city. Therefore, a fire
that occurs in one of these residential buildings might have significant consequences.
In order to perform a fire analysis, a fire has to be designed according to the energy
content of fire load of the compartments. Regulations have predefined fire load for
dwellings; but it does not always represent the fire load of a real fire scenario. Two
different high-rise residential buildings and 3 different low-rise buildings in Istanbul are
investigated. In these surveys; items inside the rooms, their dimensions and dimen-
sions of the rooms were noted. Knowing the energy content of the rooms fire load is
calculated for the rooms and apartments which resulted in calculating the fire load of
these modern residential buildings. An application is written in order to estimate the
heat release rate of the rooms which is used to compare the energy values between
the curve and the surveyed values. In total 5 different FDS analysis was performed
and it was found that fire spread can be slowed down or prevented if the furniture
is placed with 1.5 m spacing. It was also found that as the ventilation factor of the
compartment approached to 0.1, heat flux values increased. Energy content of these
high-rise residential buildings and low-rise dwellings compare well with mean values
stated in Eurocode standards for dwellings and specific rooms in order to estimate any

residential buildings hrr and fire load.



OZET

YUKSEK KATLI MODERN KONUT BINALARININ
YANGIN YUKU VE OZELLIKLERI

Bu tez Istanbul’un icindeki modern yiiksek katli konut binalarinm enerji icerigini
incelemektedir. Yiiksek katli modern konut binalarinin sayisi kentlesmeye bagl olarak
¢ok hizli artmaktadir ve bu binalar genellikle sehrin en yogun bolgelerinde inga edilmek-
tedir. Bu sebepten dolayi, bu binalardan birinde ortaya ¢ikacak olan bir yanginin ¢ok
ciddi sonuglar1 olabilir. Bu yanginlarin analizlerini yapabilmek icin oncelikle bu bi-
nalarin enerji igerigi ve yangin yikintn bilinmesi gerekmektedir. Yonetmeliklerde
konutlar i¢in belirlenmig bir yangin yiikii bulunmaktadir; fakat bu yangin yikii tiim
konutlar i¢in sabit oldugundan, gergek bir yangin senaryosunu dogru temsil edememek-
tedir. Istanbul icerisinde bulunan 2 farkl yiiksek kath konut binasi ve 3 farkli alcak
kathh konut binasi incelenmistir. Bu incelemelerde, binalarin i¢cinde bulunan esyalar,
esyalarin boyutlari ve odalarin boyutlar: not edilmigtir. Odalarin enerji igerikleri hesa-
plandiktan sonra, dairelerin yangin yiikleri hesaplanmistir ve sonug¢ olarak modern
konut binalarin toplam yangin yiiki hesaplanmigtir. Matlab kullanilarak bir uygu-
lama yazilmigtir ve bu uygulama ile odalarin 1s1 salinim hizi egrileri hesaplanarak
agiga cikan enerji ile hesaplanan enerji degerleri karsilagtirilmigtir. Toplamda 5 farkh
yangin simiilasyonu yapilarak, egyalarin yerlegtirilme mesafelerine bagh olarak yangin
yayilhiminin yavaglatilabilecegi veya 1.5 m’den daha biiyiik araliklarla yerlestirilirse
tamamen engellenebilecegi bulunmugtur. Bu analizlerin sonucunda, kompartmanin
agiklik faktorii 0.1’e yaklagtikca 1s1 akisinin degerlerinin arttigi bulunmugtur. Bu bi-
nalarin enerji igerigi Eurocode standardlarinin onerdigi ortalama degerler ile yakin
olup bu degerlerden yararlamlarak Istanbul’da bulunan konut binalari ve bu binalarin

igerisinde bulunan her bir oda i¢in ortalama bir enerji igerigi degeri hesaplanmigtir.
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1. INTRODUCTION

The urbanization around the world increases each passing year and as a result
high-rise buildings become more popular due to high population density and land price.
Therefore, researchers started investigating the effects of natural disasters on these
buildings due to the fact that a high-rise building houses much more people compared
to a low-rise building. High-rise structures are complex structures which behaves dif-
ferently compared to a low-rise structure. Unfortunately, while the earthquake effects
on high-rise buildings are widely researched, how fire affects these types of buildings is
not researched as much. There are earthquake risk maps, community resilience plans
that allows for a community to rebuild after an earthquake; but there is not a fire risk
map or fire resilience graphs. This is due to fire safety is still considered on individual
buildings. However, studies show that fire disaster could have devastating effects to

the community [1].

National Fire Protection Association(NFPA) provides fire loss data for US. Ap-
proximately 15,400 reported high-rise structure fires resulted in 46 civilian deaths, 530
civilian injuries and $219 million in direct property damage between 2007-2011 per
year [2]. One of the most catastrophic fire event is the falling of World Trade Centres
on September 11th terrorist attack in America which resulted in 2763 civilian casu-
alties. The collapse of these two buildings were caused by the fire fueled with vast
fire load from the impact of two airplanes [3]. Another unfortunate event took place
in 2017, London. Grenfell Tower fire started on fourth floor and spread through the
entire building almost in 10 minutes. Grenfell Tower fire lasted for sixty hours with
more than 250 firefighters trying to put out the fire. 72 people died in Grenfell Tower
fire which could’ve been evaded; but there was not a safe route for the occupants to

take so they could not evacuate in time.



In 2015 two year before the Grenfell Tower fire, an hotel named Address Down-
town, a 63-storey high-rise building in Dubai caught on fire. Fire started at 20th floor
and rapidly spread through the whole building like the Grenfell Tower fire; but there
was not any casualties, only 14 people getting slightly injured and 1 moderately in-
jured. This proves that, with proper fire safety design casualties can be avoided in a
severe fire disaster. It took four hours for firefighters to put out the fire and it took
two years to repair the fire damage. In 2012, Polat Tower Residence a 42-storey office
building caught on fire due to a faulty air conditioner. Fire rapidly spread through the
external insulation; but with the building’s fire-extinguishing system and firefighters’
help there were no casualties and the fire was put out. In 2009, Beijing Television
Cultural Center caught on fire due to unauthorized fireworks, it took six hours to put
out the fire with six hundred firefighters. In the end there was only one death and

seven injured people with more than $588 million damage.

It is very important to represent the fire scenario as accurately as possible in order
to have correct firefighting measures. According to NFPA most high-rise building fires
begin on floors higher than the 6th story. High-rise buildings are also more likely to
have fire detection, sprinklers which results in fires to not spread beyond their origin
room [4]. However, as the height of these high-rise buildings increases, amount and
the variety of combustible materials also increases which results in a higher fire load.
Therefore, in this study fire load and energy content of the high-rise buildings are also
investigated and provided for each apartment room by room. This way from the item

data collected for each room, room with the most fire load can be identified.

1.1. Background

Fire load is divided into two categories; movable fire load and non-movable fire
load. Movable fire load is mainly furniture and non-movable fire load is mainly built-in
structural elements and floor coverings. Fire load can be converted into gas temperature
related with time for a given compartment. Therefore, knowing the fire load of a
compartment; one can obtain maximum temperature, heat release rate, soot release

rate data of the compartment. The relation between fire load data and gas temperature



is given in Eurocode and The Society of Fire Protection Engineering(SFPE) standard.
Regulations give a deterministic fire load density value for each type of building and
this value might be conservative for some buildings. These deterministic values for
regulations are also set with the past conducted surveys; but building materials and
building contents change over time. Therefore, fire load data should be updated with

fire load surveys [5].

In 1990 a fire load survey was performed in India and both movable, non-movable
fire load was taken into account. Also room use, floor area and floor level on fire load
was analyzed. It was found out that the mean fire load was between 278 M .J/m? to
852M J/m?. Kumar and Rao also noted that the mean and maximum fire load had
an inverse proportion with the floor area and the building height had no effect to fire

load [6].

A series of surveys performed in Canada for low-rise buildings and apartments
show that the average fire load densities in rooms are: Kitchens — 807 (940) M J/m?;
dining rooms — 393 (576) M J/m?; living rooms — 412 (610) M J/m?; basement living
rooms — 288 (450) MJ/m?; primary bedrooms — 534 (753) M J/m?; secondary bed-
rooms — 594 (846) M.J/m?2. The values in the brackets represents 95 fractile values.
Kitchen has the highest fire load density compared to other rooms; but it is also noted
that bedrooms have the highest fire load due to high calorific values present in the
bedrooms [7].

There have been couple of fire load surveys performed in Hong Kong. First
one was performed in 2007 on 8 high-rise buildings. They found out that half of these
high-rise buildings had fire load density higher than 1135 M.J/m? [8]. Three years later
another fire load survey has been conducted by a company for 50 high-rise residential
buildings, and it has been found out that the average fire load density of these high-rise
buildings was 1400 M J/m? [9]. Table 1.1 summarizes and shows the fire load density

results from the previous surveys explained so far.



In conclusion, Kumar and Rao found that the mean and maximum fire load had
an inverse proportion with the floor area and the building height had no effect to fire
load. Bwalya found from his studies that the kitchen has the highest fire load density

and bedrooms have the highest fire load due to high calorific values present in the

bedrooms.
Table 1.1. Summarized fire load survey results.
PREVIOUS FIRE LOAD SURVEYS
Researchers Results
The mean fire load was between 278M.J/m? to 852M.J/m?. The mean and
Kumar and Rao maximum fire load had an inverse proportion with the floor area and the build-

ing height had no effect on fire load.
A.C. Bwalya, G. Lougheed, | Kitchens — 807 M J/m?; dining rooms — 393 M J/m?; living rooms — 412

M J/m?; basement living rooms — 288 M J/m?; primary bedrooms — 534

A. Kashef and H. Saber | M J/m?; secondary bedrooms — 594 M J/m?.

Out of 8 high-rise buildings, half of it had fire load density higher than 1135
M J/m?.

Ngan, S. and G. Lui

50 high-rise buildings surveyed in Hong Kong had an average fire load

Arup
density of 1400 M J/m?.

1.2. Objective and Scope of Study

There is not any fire load survey about high-rise buildings in Istanbul in the
literature. Therefore, in order to perform a fire analysis in Turkey, a fire load survey has
to be conducted. Buildings must be classified according to their fire load and designed
to meet the Turkish Building Fire Safety Regulations. Therefore, the objective of this
thesis is to provide fire load values for the high-rise buildings. In order to do this, the
gathered survey data is used to determine the fire loads for the high-rise residential
buildings. These 3 different fire load survey data is used to make an estimation on the
fire load for any high-rise building. This estimation can be divided into room types
and floor areas in order to estimate the fire load of individual rooms. Then, the heat
release rate is calculated for each compartment using the matlab code provided in this
thesis. This way an estimation on the maximum room temperature can be made in

case of a fire.



1.3. Organization of Thesis

The thesis is divided into five chapters.

Chapter 1 gives the introduction of thesis, reviews the surveys performed before
and their resultant fire loads and explains the objective of this thesis.

Chapter 2 reviews the literature for similar topics discussed in this thesis. Fire
loads surveys for all types of buildings and heights are also discussed in this
chapter. Literature on design fires and fire scenarios, fire modelling are also given
in this chapter.

Chapter 3 explains the methodology behind how the fire load survey is performed
and how the fire characteristics of the items are found.

Chapter 4 shows the results of the fire load surveys for each residential build-
ing and the fire characteristics of the items are also given. FDS analyses were
performed to find the fire spread time and conditions.

Chapter 5 presents the conclusions of this study and recommendations for future

work.



2. LITERATURE REVIEW

In recent years, researches have started to investigate the fire load in car parks [10],
dwellings [11], [12], [13]. They conducted surveys to find the fire loads and determine
the safety of high-rise buildings [14] and some conducted surveys to create a fuel load

mapping [15]; but in the scope of this thesis dwellings are investigated.

2.1. High-Rise Buildings

NFPA classifies a building as a high-rise building if the building has an occu-
pied floor which has a height greater than 23m above the lowest level where the fire
department vehicle can access the building [2]. High-rise buildings offer greater views
compared to low-rise buildings, they are generally constructed in central urban loca-
tions and have many services, transportation options near to them. Also the large
number of neighbours creates more chance to socialize [16]. Therefore, high-rise build-
ings tend to have more occupants and a longer distance to the exit, fire protection

becomes essential [4].

2.1.1. Fire Safety in High-Rise Buildings

Fire safety in any building is analysed for the following fire safety concerns [17]:

e Control of ignition
Ignition is the start of flaming combustion which marks the transition to the
growth period of fire [18]. This can be done by controlling the flammability of
the material inside the structure.

e Detection
In the incipient period of a fire, detection can be achieved by humans or detectors
such as smoke detectors or sprinklers. Sprinklers are activated by the heat detec-

tors installed inside them in order to control the fire or extinguish it completely.



Smoke detectors are more sensitive than heat detectors and they alarm the occu-
pants and firefighters.

e Prevention of structural damage
This can be explained as maintaining the structural integrity and stability in case

of a fire at elevated temperatures, in order to prevent the collapse of the building.

2.2. Fire Load Surveys and Fire Loads

Fire load depends on the combustible materials inside a building. Fire load is
generally given as fire load density (FLD) or fire load energy density (FLED) which
represents the fire load energy per square meter of floor area [18]. In order to calcu-
late the FLED, total energy which will be released from the complete combustion of
all combustible materials inside the compartment must be calculated. Energy (MJ)
contained in a dry fuel is calculated with the equation (2.1) and for fuels that has

moisture, equation (2.2) is used [18§]

E = MAH., (2.1)
E = MAH.,,. (2.2)

Fire load density ey (M J/m? floor area) for an area is calculated with the equation

ef:E/Af. (23)

Fire duration and heat release rate determines how dangerous the fire is, where they

both rely on the fire load density of the compartment. Fire load density is calculated

with the equation (2.3) or with the total bounding surface area of the compartment

(A¢) [18].



In a fire load survey; the combustible materials and their types, their location,
amount of the materials are noted. Additional information such as occupant char-
acteristics and potential sources of ignition is also collected. Fire load surveys need
to be updated regularly since the construction materials and material content inside
the apartments change with time [5]. The design fire loads given in regulations are
also determined like the earthquake loads, where the most extreme case is chosen to
represent the possible fire scenarios. Fire loads in the regulations are given as average,
80! and 95" fractile; but generally chosen between 80 and 95" fractile for design
fires [18]. Design fire load values are determined through fire load surveys where fixed
and movable fire loads are noted. Movable fire loads are the furniture, books and elec-
tronic items. Fixed fire loads are the combustible fixed materials such as; floor finishes,
doors, windows frames and cupboards [19]. Most of the times fixed fire loads are the
main contributors for a compartments total fire load. Culver found out that factors
like; location of the building, height of the building, age of the building, occupancy
characteristics of the room and room size also affected the fire load of a building or a

compartment [5]. Fire load surveys are done in four different methods:

Weighing method

Inventory method

e Combination of weighing and inventory method

Questionnaire method

2.2.1. Weighing Method

Weighing method requires a physical entry to the compartment by the surveyor in
order to document the characteristics of the combustible materials inside the compart-

ment. Here the masses of the combustible items are obtained by the direct weighing.

Six office buildings were surveyed by Caro using direct weighing method. All
combustible items inside the compartment were taken and then weighed. Then the
fuel load for the combustible items were calculated and for the enclosed combustible

items a factor was used to decrease their fire load properly.



Fuel load for the offices were grouped into categories of similar material composition.
Fuel load for these offices were calculated as a ratio of the total equivalent weight over

the floor area [20].

Ingberg performed a thorough fire load survey with the weighing method, where
the report showed fire loads for apartments, residences, schools and hospitals. Com-
bustible fire loads per floor area for the whole compartment were found out with the
weighing of the combustible materials in the representative area for that compartment.
The report shows that, in the fire load survey both fixed and movable combustible fire

load were taken into account [21].

Weighing method is not preferred as often compared to inventory method, but it
is generally used within the inventory method. Reason behind it that fixed fire loads
are hard to weigh and it is impractical most of the times. Therefore, fixed fire loads
are ignored for the weighing methods. Also some movable combustible items have
incombustible materials inside, which becomes hard to identify the percentage of the
incombustible material inside the combustible content. Another reason is that when
the surveyor tries to perform weighing method it also prevents the people working
inside from doing their job. Finally weighing method is very time consuming since

every combustible item inisde the compartment will be weighed individually. [22]

2.2.2. Inventory Method

Inventory method is the determination of the mass of an item based on its mea-
sured volume and corresponding density [23].Therefore, surveyor needs to enter the
compartment to list the combustible content and characteristics of the items. After
gathering the required data, mass of the items can be calculated using their densities
and measured volumes [23]. Using the data based on the net heat of combustion of the

fuel package, combustible energy of the compartment contents can be calculated [22].
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Culver and Kushner performed a fire survey with the inventory method in 1975,
collecting the visual data, such as observable physical characteristics of the items in-
side the compartment. The idea behind this method is that, there is a relationship
between the weight of the items and their measured dimensions(visual characteristics).
This relationship can be explained as a transfer function for weight expressed as phys-
ical characteristics. Items’ masses were developed from these transfer functions and
weights of the items used for the transfer functions were taken from the manufacturers
catalogues and previously weighed items. Total of 23 office buildings were surveyed in

the United States and the following information were gathered for the items:

e [tem type
e Construction material

e Dimensions

Transfer functions were used for the surveys. The fire loads shown in the study were
obtained by converting the weights of the items to equivalent weights of combustible

having a calorific value of 18.5 M J/kg [24].

Another fire load survey using the inventory method was performed by Kumar in
1993. The aim of this fire load survey was to update the existing fire load survey data
and Kumar performed the survey in a similar way Culver did. 8 office buildings were
surveyed in Kanpur, India. Like Culver, no reducing factors were used for enclosed
combustible items. The reason for using a reducing factor for enclosed items, can be
explained as the enclosed items are not going to get ignited. According to Kumar, he
did not use a reducing factor for enclosed items; because he assumed that the cabinets
or other kind of boxes, containers door could be open during a fire event. Kumar found
out that fire load intensities reported might be reduced by 10% when using a reducing
factor. Fire loads were calculated with the multiplication of items with their calorific

values [6].
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Issen added to Culver’s work and performed a fire load survey in 1980 for a
residential compartment. Issen also used transfer functions to calculate the weight of
the items. Issen said that the market place and available furniture during that time
had the same weight characteristics. Issen also did not use reducing factor for enclosed

items. Fire loads were calculated using the heat of combustion value for wood(18.5

MJ/kg) [25].

The difficulties of the inventory method is given in the following:

De-rating(reducing) factors

Transfer functions

Fire load estimation

Disruption of privacy

Reducing factors were not used by any of the people given here since the usage of
reducing factors have not been clearly defined. Even so, if people were to use reducing
factors; for the same enclosed item two different reducing factor could’ve been used
resulting in a different fire load. Reviewing the surveys that has used reducing factors,

Kumar found out that the difference would’ve been up to 10% [6].

Transfer functions without correct approximations for irregular shaped objects
drastically change the outcome of the fire load survey. If transfer functions which
have been used for the method, assumed that the items were standardized in size
and material; this will also effect the outcome of the survey, significantly. The low
standardization in the industry for furniture causes transfer functions to yield incorrect
results. Identifying and matching the pre-weighed items to the surveyed items inside
the compartment is essential to get quality survey results. Finally, to find the fire load
of the compartment Culver and Issen used the heat release rate of wood(18.5M.J/kg).
This might lead to very inaccurate results for compartments that have different items

such as liquid fuels, plastics and so on.
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2.2.3. Combination of Weighing and Inventory Method

This method combines the inventory method and direct weighing method to
find the fire load of the surveyed compartment. The surveyor can use both methods

depending on the situation to get the most accurate fire load data for the compartment.

In 1942 fire load surveys performed by a research group which used both weighing
and inventory method was reported in Building Materials Science (BMS) Report by
the National Bureau of Standards. In this fire load survey, residential buildings, offices,
hospitals and warehouses were covered. Direct weighing method was used for the items
that could be easily weighed; but for the floors and other fixed fire loads inventory
method was used. Windows, door frames and doors were used in the calculation with
their half weight. Research group did not use any reducing factors for the enclosed fire
loads inside the buildings. They also did not account for the items inside the cabinets
or desks. Like Culver and Issen they have taken the calorific value as 18.5M J/kg to
calculate the fire load. Fire load was assumed to be uniformly distributed among the

floor area [26].

In order to test how surface area and thickness affects fire loads, Yii conducted
a test in six sample university rooms, one sample of motel and several bedrooms in
flats. A fire load data sheet was created to simplify the data collection. Yii collected
both fixed and movable fire loads. She also divided the fuel loads into different types
of materials; plastic, wood and etc. Dimensions and mass were the most important
parameters that was recorded. Some of the combustible objects which was too heavy
or too large, their volume was used to calculate the mass using the materials density.
Surface area of the fuel exposed to the fire was also taken into account for the research

27].

Zalok surveyed commercial stores using, direct weighing method and inventory
method. He reported that using both methods simplified the survey process. Zalok
individually questioned the store owners to have a high quality survey and to collect

data as accurately as possible.
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A questionnaire was created to have a systematic and consistent data for the
survey and the fire load survey followed a similar procedure for all compartments.
Zalok classified the combustible content into three categories; textiles, plastics and
cellulosic. Similar to Yii, Zalok used direct weighing method for light-weight items and
also noted the material composition. Material percentages for combustible items that
had more than single material layer.Volumes for the items that are too heavy to weigh
was measured in order to calculate their masses using material densities. For surface
finishings and carpets Zalok calculated their masses with their volumes. Unlike Culver
and Issen; Zalok used items’ specific calorific values to calculate their energies. After
calculating energy values for all the items inside a compartment he calculated the fire

load density [28].

Direct weighing method and inventory method has some limitations when used
alone which will affect surveys vastly. Therefore, surveyors have used both of them
on their surveys depending on the situations that required the correct method. If
inventory method is used to determine an items’ weight, there will be an error up to
20%, depending on the surveyor, compared to direct weighing method [24]. Culver
says that the reason behind the difference between methods, is the estimation required
by the inventory method. Therefore, using direct weighing method will result in a
more accurate survey. Although it will not be as practical since it requires weighing of
every item inside the compartment and fixed items will slow down the process greatly.
So, the best course of action is using direct weighing method for small items and
inventory method for fixed items to reduce the time of the survey while keeping the
error margin as low as possible. Unfortunately, combination method also requires some
approximations and from the past studies it is seen that inventory method is generally
used to fasten up the process [27,28]. Since there is not a regulation or standardization
for furniture items used inside the buildings, surveyor needs to be good at matching
the items inside the compartment with the pre-weighed items. This methodology
also disrupts the privacy and may affect the business depending on how much time
the survey will take. Even though combination survey is faster both direct weighing
method and inventory method, if the survey is performed on a large building it will

still take a great amount of time to complete the survey.
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Finally, combination methodology also suffers from the uncertainty of determining
the total energy released from the compartment as it depends on the heat of combustion

taken for the items inside the compartment.

2.2.4. Questionnaire Method

Questionnaires are prepared depending on the building types and given to the
occupants of the buildings. Questionnaires have an explanation sheet attached to them
and the method depends on the measurements and then furniture selection tables in
order to compute the fire loads [22]. After the selection, heat of combustion values for

the selected items will be multiplied with their weight to estimate the fire load.

Kose surveyed single-family dwellings with the questionnaire method. Kose pre-
pared a questionnaire that had a list of standard furniture and goods commonly found
inside the apartments. The questionnaire also had a sheet with figures of the furni-
ture attached and questionnaire were then sent to the occupants. The survey did not
account for the clothing stored inside the compartments and some measurements were

needed to be done by the occupants [29].

Bwalya et al. completed a pilot survey for 74 residences with a web-based ques-
tionnaire method. The questionnaire was mainly sent to the employees of the Institute
for Research in Construction (IRC) at the National Research Council of Canada. Like
Kose, the questionnaire had a pre-determined list of household items found inside the
dwellings. Participants were also able to choose the items’ size, quantity and what
materials they were made of. Unlike Kose, Bwalya did not send any figures for the fur-
niture and Bwalya also did not collect any measured physical data regarding the items.
Therefore, items inside the compartment and how they were placed heavily relied on
the assumptions. The survey collected data about the rooms inside the building. Such
as the type of the building, number of windows and number of exits for the room.
Finally, Bwalya calculated the fire load using the highest values of heat of combustion

and weight which resulted in very high fuel loads than the actual fuel load values [30].
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Questionnaire method collects subjective data which affects fire load found from
the survey heavily. For example Kose did not collect any information about the gaps
inside the bookshelves. Therefore, holes inside bookshelves, drawers and wardrobes
were were based on assumptions. Verification of the data collected from questionnaires
is not easy. Inaccurate measurements performed by the occupants for Kose’s case
shows the disadvantage of questionnaire method. It can also be said that it is one
of the biggest drawback of this method compared to the direct weighing method and
inventory method. The advantages and disadvantages for the survey methods are

summarized in Table 2.1. In this thesis inventory and questionnaire method was used.

Table 2.1. Advantages and disadvantages of existing surveying methodologies.

Advantages Disadvantages

Has the highest accuracy amongst
the survey methods for the movable | Cannot identify fixed fire loads

Direct fire load
‘Weighing Takes too much time compared to
Good estimation of fire load the other surveys

value for irregular shaped objects

Fire load calculation for both fixed
Disruption of privacy
and movable items

Inventory
Transfer functions
Accurate values for fixed items
Inaccuracy for the movable
items removed with direct Disruption of privacy and
L weighing method functionality
Combination
The most accurate survey Long survey time
method between the 4 methods
Requires the least survey i
Difficult to verify data
time
Questionnaire

Inaccurate and
No disruptions of privacy
insufficient data

or functionality of business
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2.3. Design Fires and Fire Scenarios

Design fires are used in the design of buildings against possible fire scenarios.
To obtain the design fires; aside from surveys, hand calculations, published curves or
parametric fire equations are used [18]. Buildings are designed with performance-based
fire safety and are also analyzed for their fire protection with the performance-based
design. In order to perform a fire safety analysis, proper selection of the design fire
or design fires according to the fire safety design objectives given in the regulations is
needed. SFPE explains how to create a fire scenario in order to do a performance-based
fire safety analysis. Fire scenarios have different conditions such as the characteristics
of the fire, geometry of the compartment and the occupants inside the building [31],

hence every fire scenario is unique.

According to SFPE [31] fire characteristics are given as:

Ignition sources

Growth

Flashover

Full development

Extinction

Design fire scenarios are chosen from the available data on fires and with using engi-
neering judgement to identify probable and impactful fire scenarios [31]. These char-

acteristics represents the stages of a fire event and it is shown in Figure 2.1.
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Figure 2.1. Stages of a fire.

In order to observe a fire event, an external source of heat is needed to raise
the temperature of an object to its ignition temperature [18]. These external ignition
sources can be gas heaters, cigarettes, candles, etc. After ignition fire starts to grow
which is called the growth stage. Incipient stage ends with the ignition and the start
of the growth stage. Fire growth depends the combustible materials type, amount and
how they are placed inside the fire compartment. Fire keeps growing until it reaches
to a point where the external heat source is no longer needed. Fire starts to spread
through other flammable objects and hot gases and smoke form a thick layer on the
ceiling due to buoyancy. Therefore, it is important to note that flashover can not occur
in an open fire [18]. Hot layer at the ceiling results in a temperature increase and when
the temperature reaches 600°C' flashover occurs. Drysdale states that flashover is not
a precise event, instead it must be considered as the transition from a localized fire to

combustion of all exposed combustible surfaces inside the fire compartment [32].

After flashover event, heat release rate increases rapidly until it reaches the max-
imum value and fire becomes fully developed at this point. Fully developed fire has a

steady heat release rate at peak value.
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The peak heat release rate value depends on the fire area and the available fuel inside
the fire compartment [31]. Fully-developed fires” duration and the peak heat release
rate value govern the response of the structural elements [28]. A fully-developed room
fire is either fuel controlled or ventilation controlled. It depends on the amount and
size of the openings, such as windows and doors, to determine if the fire is ventilation
controlled or not. In order to estimate the decay and extinction of the fire, it is impor-
tant to figure out what is controlling the fire. In ventilation controlled fires, fire burns
out due to the lack of oxygen which sustains the fire; but in fuel controlled fire, fire

burns out when all the fuel runs out.

Fire event can be divided into two parts, pre-flashover fire and post-flashover
where pre-flashover governs the incipient stage and growth stage. During pre-flashover
phase toxic gas production, smoke release rate, temperature and heat release rate keeps
increasing. Eurocode assumes heat release rate as a linear increase for design fires at
pre-flashover phase [33]. Generally this correlation is expressed as a function of time
which is given in equation (2.4) [34] or equation (2.5). Both equations can be used for
t-squared fire curves. For equation (2.4) Q is heat release rate(kW), t is time after
effective ignition(s), « is fire growth coefficient(kW/s%). In equation (2.5) Q is heat
release rate( M), t is the time(s), k is a growth constant (s/\/(MW)) [18]

Q = at? (2.4)
Q = (t/k) 25)

Growth rate coefficient is the fire characteristic that defines how fast a fire grows. A

fire engineer can use the standards, such as Eurocode 1: Actions on structures exposed
to fire [33], in order to determine the fire growth rate coefficient of the compartment.
Values for the growth rate coefficient or the growth rate constant are given in Table
2.2 for slow, medium, fast and ultra-fast fires. These values produce the heat release
rate curves given in Figure 2.2. Growth rate constant is the time for the fire to reach
a size of 1.055 MW [18]. The choice of k depends on the geometry and the type of the

fuel.
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Numerical values for k£ and peak heat release rate for many different burning items are

calculated by Babrauskas [35].

Table 2.2. Fire growth rates for ¢? fires [18].

Fire growth rate | Value of k | Value of « Typical real fire
Slow 600 0.00293 | Densely packed wood products
Solid wood furniture such as desks
Medium 300 0.0117
Individual furniture items with small amounts of plastic
Some upholstered furniture
Fast 150 0.0466 High stacked wood pallets
Cartons on pallets
Most upholstered furniture
Ultrafast 75 0.1874 High stacked plastic materials
Thin wood furniture such as wardrobes
A
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Figure 2.2. Heat release rate for ¢ fires.

Post-flashover stage is the stage where fire is fully developed and compartment

becomes untenable due to temperature being higher than 600°C. Therefore at this

stage of fire, property protection and structural safety becomes the priority. Post-

flashover fires can be either fuel controlled or ventilation controlled.
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Most of the fires inside the buildings are ventilation controlled which means the oxygen
inside the room can not sustain the fire after some time. Glass will break at high
temperature, so windows are considered to be open after flashover [18]. This allows
more oxygen to flow into the room. Buchanan [18], Petterson et al. [36] explains how

to calculate temperature for post-flashover fires.

Heat release rate is the most important variable that defines design fires [34].
Therefore there have been many studies in order to find heat release rate of furniture
items. Heat release rate of furniture items are found with full-scale calorimeter tests
done by researchers. In this study for HRR calculations, required data is taken from
Kim and Lilley’s study [37]. These experimental values do not represent the real fires
in a perfect manner; because laboratory tests can not take radiation feedback into
account. According to Buchanan radiation feedback plays a key role in compartment

fires [18]; but it can not be replicated in cone-calorimeter tests.

2.4. Fire Modelling

Fires are categorized into pre-flashover and post-flashover fires as shown in sec-
tion 2.3. Post-flashover fires are used for structural design; because post-flashover
structural members’ temperature increases to a point where they experience a signif-
icant reduction in their capacity [18]. Pre and post-flashover fires can be represented
by zone models or computational fluid dynamic models. Generally pre-flashover fires
are observed in large open spaces such as car parks or fires inside a building with a
sprinkler that puts out the fire before it reaches higher temperatures. Since most of
the buildings have sprinklers it is important to appropriately model these fires. Zone

models are separated into two, these are two-zone models and one-zone models.
2.4.1. Two-Zone Modelling
In a fire event the fire is represented as a plume which produces energy and mass,

this behaves likes a pump for the mass from the lower zone to the upper zone through

a process called entrainment.
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During pre-flashover stage the compartment has two layers, hot layer and the cold layer.
Upper zone represents the hot layer and lower zone represents the cold layer, hence the
two-zone. In order to calculate the fire curve in a compartment fire, smoke accumulation
from the burning object, radiation effects and hot gas leaving the compartment while

fresh air coming in must be considered for the equilibrium equations.

Temperature in both layers are calculated separately with mass conservation and
energy balance differential equations, using time as the variable. Interaction between
hot and cold layers are calculated with mass and energy balance for each layer at
each time step is given in equation (2.6). Here, the first term is work done by hot
gases, the second term defines the work done by pressure of hot gases and the third
term relates to the net energy intake of the compartment by ventilation. On the
right hand side of the equation, the heat release rate of fire as well as heat loss rate
into the thermal boundaries (walls, floor and ceiling) are stated. The solution of this
differential equation is performed at each time step and such numerical procedure is
called " Two-Zone Modelling”. Two-zone modelling is mainly performed in CFast [38],
which calculates the movement of smoke and hot gases in compartments [18]. It also
calculates the maximum temperature reached inside the compartment for a given fire

scenario

dar  dp .
pCpZAE — ZAd_t + Cp ; m](T; - T) = Qf - Qwall - Qrad' (26)

2.4.1.1. Localized Fires. A localized fire is described as an open-air fire with unlimited

ventilation where the fire keeps growing as a function of time. Hot gases and smoke
are generally unconfined. Most of the fires in growth stage are considered as local fires.
These types of fires may be observed in large spaces such as atriums, theaters and car
parks. Local fire burning duration is controlled only by fuel type and fuel amount not

by ventilation.
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In local fires there are two different methods to calculate the temperatures at a specific
flame height. Flame height is calculated with equation (2.7) and here, D (m) repre-
sents fire diameter, Q (W) represents the heat release rate. Flame height determines
which method to use for temperature calculations. As fire gets larger, the flame height
decreases, and as fire intensity gets larger, the flame height increases. If fire impacts
the ceiling Hasemi method is used, otherwise Heskestad method is used Heskestad
Method and Hasemi Method localized fire illustrations are shown in Figure 2.3. Here
H represents height, L represents flame length and D represents the fire diameter.The

temperature calculations for localized fires can be found in Eurocode 3: Part 1-2 (2005)

Ly = —1.02D + 0.148Q°"*. (2.7)
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Figure 2.3. Fire Illustrations: (a) Heskestad Method, (b) Hasemi Method.

2.4.2. One-Zone Modelling

In post-flashover stage the division between the hot layer and cold layer is gone
and the compartment only has hot layer in it. Therefore two-zone transitions into a
one-zone model. In order to calculate temperature-time curve for a post-flashover fire,
Petterson et al. [36] has suggested the equation (2.8). Here T, shows the temperature
for the given time step, I, shows the constant heat release rate, it is chosen as a fixed
value depending on the fire load of the compartment, Iy is the radiation term. More

information on how the equation was derived can be found in the journal.
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Two-zone modelling is almost never used in calculation of post-flashover temperature
values due to the assumptions made for the two-zone modelling being incorrect for the
post-flashover stage. For one zone modelling instead of CFast, OZone [39] is mainly
used. OZone was developed as a one-zone model calculator in Europe and now it can
also calculate the temperature inside a compartment using two-zone modelling. Mainly
it uses two-zone modelling for pre-flashover stage and automatically switches to one-
zone modelling for post-flashover stage. OZone follows a similar procedure suggested

by Petterson et al. [36] for calculating the temperature
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2.4.3. Field Models

Compartment fires can also be modelled and solved using computational fluid
dynamics field analysis, which is a more complex approach compared to zone models.
Field models give thermo-dynamic and aero-dynamic variables for all discrete points
in a fire region. These computer programs use Computational Fluid Dynamics (CFD)
to model fires using a large number of discrete zones in a three-dimensional grid. Field
models are harder to execute and read compared to zone modelling, therefore they are
used for research purposes mainly. NIST developed a Fire Dynamics Simulator(FDS)
which simplified the CFD process. Nowadays FDS is used by designers to model pre-
flashover fires, but both zone modelling and field modelling can not accurately represent

post-flashover fires [18].
2.5. Summary
High-rise buildings are classified as buildings of heights greater than 23m above

the lowest level. In this project only 3 unique high-rise building was investigated.

According to the EN 1991-1-2 part 1, dwellings have a fire load of 948 MJ/m?.
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This value will be taken into consideration when comparing the case study fire load
results with the standard values, since there is not a fire load value given in Turkish
Buildings Fire Safety Regulations. In Turkish standard buildings are divided into risk
categories depending on their compartment properties. Depending on these properties
the standard suggests a fire rating for the structural members. Load carrying members
can be analyzed for the required fire rating given by the standard; but that would be

an unrealistic way to check the members’ fire safety for a real fire scenario.

In order to check the fire safety of the structural members, it is important to
design an accurate design fire for the given building or the compartment. Therefore,
first the fire scenarios have to be identified for the following building and then the
appropriate ones must be selected for the design fire scenarios. These scenarios should
define the characteristics of the building, fire and occupants. In order to create a
design fire, properties of the combustible materials inside the fire compartment needs
to be known. These are types of the combustible materials, amount of the combustible
materials and how they are distributed inside the fire compartment. For a real building,
these can only be found by performing a field survey for fire load or the fire load given
in EN 1991-1-2 for dwellings can be used; but it will be less accurate. Fire load
surveys are also useful in determining occupant characteristics and potential sources of
ignition. Potential sources of ignition which also effects the development, growth and

other effects of a fire are determined through the review statistics of fire events.

Fire researchers are constantly doing fire load surveys as time passes, their accu-
racy becomes lower hence researchers perform more surveys. Still, these surveys are
not easy to perform and their data is still relevant which can be used for comparison.
Fire load survey methods are; web surveys, inventory, weighing and combination of
weighing and inventory method. In this thesis inventory method was used for the fire

load surveys.
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Fire load is used to estimate the heat release rate for the design fire. If heat
release rate is known for a fire, then the fire engineer can perform the fire analysis of
the compartment. In this thesis an assumption was made to estimate the heat release
rate of the compartments which used the heat release data given by Kim [37] and then

scaled vertically depending on the fire load of the current compartment.
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3. METHODOLOGY

Bwalya said that heat release rate is the most important variable for a design
fire [34]. Research and statistics show that, most of the high-rise buildings that occur
only remain inside their origin room due to the watering system(sprinklers) [4]. In case
it does not, a fire engineer needs to design a fire with appropriate heat release rate
curve and point of origin. If the fire load and heat release rate is known for each room,
design fire can be modelled easily. Most of the fire modelling programs require fire
load, geometry of the fire compartment/apartment and heat release rate to calculate
the resulting temperatures of the fire. In order to find the heat release rate for a given
compartment in a building, a fire load survey needs to be conducted. Fire load surveys
are not easy to perform and they take time. Therefore, finding an efficient method
which reduces the time required for surveys is important. After the required data is
gathered, this data needs to be converted into fire load of the building. The accuracy
depends on how the survey is performed and it is not an easy task. Mainly inventory
method and combination methods are used for the surveys, as direct weighing method
takes too much time. Finally, after calculating the fire load density and energy values
of the desired compartments, a matlab code written in this thesis is used to calculate

the heat release rate for these compartments.

3.1. Fire Load Survey

Researchers have performed many fire load surveys as mentioned in literature
review section. Inventory method was used to survey the buildings. Although it was
not possible to add fixed fire load for the heat release rate calculation performed on
Matlab [40], it was still noted for the fire load calculation. Only 1 apartment type
is surveyed for each building. For example; a high rise building that had 4 types of
apartment, 1+1, 241, 3+1 and 4+1. Here +1 shows the amount of living rooms inside
the apartment and the number before the ”+” sign shows the amount of extra rooms.

These are; bedrooms, kids rooms or study rooms.
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A modern high-rise building has more than 60 apartments inside. Therefore, only one
1+1, 241, 3+1 and 4+1 apartment type was surveyed for this given high-rise building.
It was assumed that every 141, 241, 341 and 441 had the exact same layout for their
corresponding types. Toilets and hallways are excluded in the survey. It was found
out that bathrooms have a very low fire load compared to the other rooms inside the
apartment which lead to the conclusion that bathrooms could be neglected. Since the
fixed fire load is excluded in this work, it is also important to determine which furniture
is combustible and which is not. Stainless steel is a common material that is found
inside the modern refrigerators and ovens. Stainless steel is a non-combustible material
and it should not be taken into account for fire load calculation. After determining
which furniture will be excluded in the survey, dimensions of the remaining furniture
needs to be taken. If the floor area of the rooms are unknown, it must be measured
as well. It is also assumed that if there is an item which is used in both apartments,
that item will have the same materials. This means that a living room inside a 1+1
apartment and a living rooms inside a 2+1 apartment had same type of sofa for the
building that is being investigated. The difference between 2 sofas are the dimensions
which will change the resulting fire load. This way, it is possible to determine the fire
load densities for each type of room inside an apartment. The data collected from
the fire surveys are noted in the excel sheet prepared in this thesis to calculate the
furniture energy release. A survey template has been made and also used in this thesis
to facilitate the survey process and guide users on how to perform the fire survey
so they can use the provided excel file accurately. Users need to mark the type of
house they are investigating as the first step and then the total area of the apartment
needs to be measured. After this step users need to start surveying each room and
taking photographs of the furniture inside. How the apartment will be surveyed is also
explained in the survey. These steps are also numbered in the fire load survey which

is shown in Figure 3.1 and in Figure 3.2.
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FIRE LOAD SURVEY

1. What is the type of apartment that is being surveyed?

1+1 2+1 3+1 4+1 5+1

2. Total floor area of the surveyed apartment (m?).

3. Fill the following tables for the surveyed apartment.
Things to consider while filling the tables are given below:

e All the items that are taken into consideration should be photographed, so they can be
investigated later while filling the excel sheet.

Items can only be composed of 3 materials maximum. These matenals are:

Materials - Materials Continued
Acrylics Latex Foam
Aluminum PG
Brass Mylon
Ceramic Other food
Cooking Oil Pine wood (Soft wood)
Copper Plywood
Catton Paolyster
Fabric Polystyrene
Fiber Polyurethane foam
Fiberglass:Glass wool PVC
Flexible PVC Rice
Foam Rubber
Glass Stainless Steel
Gypsum//Plaster board Wood-Heavy Wood
Kerosene Woal

Figure 3.1. Fire Survey Part 1.

Fraction 1s the percentage for the chosen material inside the item. Fraction must be a
number between 0 — 1 and summation of the fraction values must be equal to 1.




+ Common room ttems are summarized in the following table.
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COMMON ROOM ITEMS
Must Have Items in Corresponding Rooms
Living Room Kitchen Extra Room Bedroom
L sofa Cupboard Wardrobe Side table
Armchair Oven Carpet Bed
Carpet Bed Carpet
Television Desk Wardrobe
Tv Unit Side table Floor Pouf
Chair Chair Desk
Dining Table
Cabinet
Coffee Table
Curtain
Uncommon Room Items
Living Room Kitchen Extra Room Bedroom
Christmas Tree Tabhle Computer Television
Wardrobe Chair Sofa Sofa
Bockshelf Small Dreszer | Small Dreszer
Bookshelf

* (General material composition for room items, use these 1f you do not know the material
composition. Fractions for the corresponding material 1s given inside the parentheses.

Items Material Composition
L sofa’Sofa Polvurethane Foam (0.4), Fabric (0.2),
wood-heavy wood (0.2)
Carpet Acrylics (0.5), polystyrene (0.5)
Television Glass (0.9), copper (0.1)
Tv unit Plywood (1.0)
Chair Polyurethane foam (0.6), fabric {0.2),

wood-heavy wood {0.2)

Dining Table Wood-heavy wood (1.0)
Oven Stainless steel (0 no ignition), glass (1.0
Bed Latex foam (0.6), cotton (0.3), wood-
heawvy wood (0.1
Desk Plywood (1.0) or wood-heavy wood(1.0)
Side table Plywood (1.0) or wood-heavy wood(1.0)
Floor Pouf Cotten (0.8), fabric (0.2)
Wardrobe Plvwood (1.0) or wood-heavy wood(1.0)
Cabinet Plywood (1.0} or wood-heavy wood(1.0)
Curtain Cotton (1.0}

Figure 3.2. Fire Survey Part 2.

Materials that are available in the excel which are commonly used in modern
furniture are given in the survey as well. Material composition for the furniture are
also given in the survey for the items that are unknown to the users. This way users
can take the fractions given in the table to perform the analysis. For fixed fire load 3

different floor types provided.
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If the floor is a different type which is not provided in the template, user needs to
find the material composition. Tables are also provided for each room in order to help
the users note the furniture for the appropriate rooms. Survey template is made for
apartment types that have 1 living room, 1 bedroom, 1 kitchen and 3 extra rooms in
total. Table numbers can be modified for the apartment types that have more or less
rooms. These tables are given in Figure 3.3. Finally a table is also given for the users
to note floor area for each room which is shown in Figure 3.4.
*» Common floor types are given in thf following table. If floor type is ceramic. marble

they will not burn. Rarely walls will also be composed of the given floor type items. If
this is the case, please note it under floor fire load.

FLOOR TYPES
Floor Type Material Composition Thickness (cm)
Laminate (most common) | Plyvwood and thin plastic laver 1
Solid Hardwood Wood-Heavy wood 14
Carpet (less likely) 50% polyester 50% wool 0.5

Tables:
Living Room
- Dimensions (cm) . Material . Number
Items Width Depth Height .. Fraction X
Composition of items
(cm) (cm) (cm)
Floor Fire Load
Kitchen
- Dimensions (cm) . Material . Number
Items Width Depth Height . Fraction .
Composition of items
(cm) (cm) (cm)
Floor Fire Load

Figure 3.3. Fire Survey Part 3.



4. Floor area of the rooms.

Foom Names

Floor Area (m%)

Living Room

Kitchen

EBedroom

Extra Foom 1

Extra Room 2

Extra FEoom 3

Figure 3.4. Fire Survey Part 4.

3.2. Excel Sheet Calculation

31

In this thesis an excel sheet is prepared to calculate the energy release from

surveyed room items and then adding these energy values to calculate the total energy

released from a room in a fire scenario. Excel is the step 2 for the calculation of fire

load of a compartment. Worked examples will be given in the case studies and results

chapter.
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Users need to input the following information:

e [tem Names and Dimensions
e Void Ratio

e Material Composition and Fractions

3.2.1. Item Names and Dimensions

[tem names are written under their corresponding room name. This way the user

can track the items. This is the first column in the excel table which can be seen in

Figure 3.6.

Living Room DIMENSIONS(x,y,z){cm) VOID RATIO  |VOLUME(m’)
0

o oo|lo |0 | o0 |o|o(o|o|D

Figure 3.6. Item names, dimensions, void ratio and volume.

Item dimensions are width, depth and height. User needs to input these data as
centimeters. Here width and depth can be written under x and y columns, z column
represents height. The important part here is the volumetric approach. Volumetric

approach, assumes every object as a box.
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Therefore, for this assumption to work accurately, items that have shapes different
from a rectangular prism such as; sofa, chair or tables, maximum distances will be
measured. Using these distances a rectangular prism shaped item will be created
which will represent the item. How these distances are taken is also shown in figure

3.7.

Figure 3.7. Chair dimensions.

3.2.2. Void Ratio

Void ratio is the second crucial part of the volumetric apporach. After user
measures the max distances of an item, the void ratio has to be estimated in order to
calculate the volume of the item. An imaginary prism will be created with the width,
depth and height of the chair shown in Figure 3.7, but this will be an overestimation
for the volume of this chair. Approximately this chair will have only 20% of the prisms
volume hence the void ratio will be chosen as 0.8 for this item. Using the equation

given in (3.1) volume of the chair is calculated

Volume = x xy x 2z — x * y * 2 * (voidratio). (3.1)
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3.2.3. Material Composition and Fractions

In order to calculate the energy value of an item 3 variables are needed. These
are density, calorific heat value and volume of the item unless the mass is known.
If the mass of the item is known, then calorific heat value and mass will be enough
to calculate the energy. In this study, inventory method was used for the fire load
survey which means that dimensions of the items are known; but the mass is unknown.
Although the mass is unknown, material composition of the items inside the rooms can
be found. Most of the materials are commonly used in the world and their density,
calorific heat values are known. Materials that are available in the excel are taken from
the values given in SFPE handbook [31]. Their density values and calorific heat values
are shown in Figure 3.9. Here users will pick the furniture material composition from
a drop-down menu, shown in Figure 3.8, that uses the material table given in Figure

3.9.

MATERIALTYPE
Polyurethane foam [~ Fabric Wood-Heavy Wood
Paolystyrene ~ Fabric Wood-Heavy Wood
Polyurethane foam
| eve Polystyrene LPG
Rice
| Rubber Palystyrene LPG
| stainless Steel Copper LPG
Wood-Heavy Wood
1 Woal v LPG LPG
Wood-Heavy Wood | Polyurethane foam Fabric
Cotton LPG LPG
Wood-Heavy Wood LPG LPG
Wood-Heavy Wood LPG LPG
Plywood LPG LPG
Paolyurethane foam Fabric Wood-Heavy Wood
Plywood LPG LPG

Figure 3.8. Material composition drop-down menu.
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CALORIFIC VALUES
Materials -1 cal. values(MJ/kg) |~ | Density(kg/m™) |~
Acrylics 30,5 1190
Aluminum 31,06 2700
Brass 9,5 3400
Ceramic 0 3000
Cooking Oil 39,92 1
Copper 2,5 8940
Cotton 18 80
Fabric 15 100
Fiber 14,52 16
Fiberglass:Glass wool 26,1 16
Flexible PVC 22,1 1100
Foam 25,44 28
Glass 21 2700
Gypsum/Plaster board 1] 800
Kerosene 48,78 820
Latex Foam 40,6 81
LPG 48,78 820
Marble 0 2711
MNylon 24 1169
Other food 12,61 1
Pine wood (Soft wood) 19,5 415
Plywood 13,05 544.6
Polyster 30 1345
Palystyrene 41,96 1035
Polyurethane foam 24 48
PVC 22,1 1400
Rice 14,71 301
Rubber 35 1100
Stainless Steel 28,9 7900
Wood-Heavy Wood 13,59 630
Wool 23 1,5

Figure 3.9. Material density and calorific heat values.

Household furniture items are mainly made of 2 or 3 materials. Common items
such as; table, wardrobe, desk, cupboards, side tables, small dressers, coffee tables or
curtains are made of a single material. In opposition; sofa, chair, floor poufs or cushions
are made of 2 or 3 materials. After choosing the materials from the drop-down menu
for the items, users must enter the fraction for the corresponding material in order
to calculate the energy release value. Each materials’ calorific value and density will
be multiplied with its’ fraction value and added up to calculate the furniture density
and calorific value. Users must enter the fraction values under the fraction part, total

fraction value must be equal to (1.0).
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Fraction part of the excel table is shown in Figure 3.10. Finally after choosing the
material composition and inputting their fractions, density and the calorific value of
the item is calculated and users enter how many of the same furniture is present inside
the room and energy content for that item is calculated. Energy content is given to
the user after they input the number of items which is given in Figure 3.11. Energy
release values are calculated with equation (3.2). Here V is volume(m?®), AH is calorific

value(MJ/kg), p is density(kg/m?) and No is number of items

EnergyReleased(MJ) = AH x px Nox* V. (3.2)

FRACTIONS

Figure 3.10. Fraction values.

CALORIFIC VALUE(MJ/kg) | DENSITY{kg/m?}| Number of ltems | ENERGY RELEASED{MJ)

0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00
0 0 0,00

Figure 3.11. Energy release values.
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3.3. Heat Release Rate Calculator

Matlab R2020a [40] is used in creation of this application. Heat release rate
calculator, calculates and draws the heat release rate curve for items chosen by the
user and it also calculates the total energy release value from the area under the curve.
The application has 3 tabs, main tab is the Hrr_calc where user chooses the items that
have similar properties to the items they have surveyed. Application uses the data
given by Kim [37] and combines the heat release rate data of individual items with
linear interpolation to create the hrr curve. Fire is assumed to be in post-flashover
state to use the combination method in order to draw the graph. Here, since the
items are not exactly the same material or size, energy release of these items will not
be the same of the surveyed room. Currently, there is not any method available to
calculate the hrr of an item exactly other than burning the item inside a full-sized
calorimeter. To solve this problem, vertical scaling of the graph is assumed where the
area under the graph will be equal to the energy release of the surveyed items inside
the room. Items Info tab has information for all the items that are provided inside
the application, such as material composition. These items information are also taken
from the Kim’s work [37]. Although, some experiments are way too old and missing
detailed explanation regarding their material composition. Room Items tab provides
information regarding the items that are common for each room type of a dwelling. It
also provides average fire load values for room types as well as entire dwelling, these
values are calculated from the surveys performed for the thesis. This way the user can
compare their values with the provided values or just use the values given inside the
application to create an accurate hrr graph to perform their fire analysis. Items info

tab and room items tab are given in Figure 3.12 and Figure 3.13.
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Pressing the ”Calculate HRR” button will display the heat release rate graph on
the left side of the application which is given in Figure 3.14. An information box will
also show the peak heat release rate value (MW) and the total energy released (MJ)
for the chosen values. Title of the graph is editable, so it can be changed and named
after the compartment that is currently being analyzed. Matlab will also provide an
excel file where the data points are available for each heat release rate value and its’
corresponding time value, these values will be available for both scaled and unscaled

scenarios. The excel file will be stored inside the same folder where the application is

and it is shown in Figure 3.15.

LIVING ROOM COMEINED HRR

35
3y
251 ‘
4 - *
or |
E Tatal Eneqy Released = 1196 MJ
s | Maximum HRR Value = 3.00 MW
o ."\_
== h

TN

| \
| \
1 _| N\
| \
0.5 —|| “m.__ﬁ__x
I|
| .
0 | | | I T |
0 ] 10 15 20 25 30 b

time(min)

Figure 3.14. Heat release rate graph example.
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Timefs)  HRR[MW] Time(s) | Unscaled HRR{MW)

[} 0 1] L1}
20 0,333322EB 20 0,465536354
40 1,3227TFE2 40 1, 72003
&0 2,97E3652 &0 4047262132
BD  3,0D43772 BD 5, 45675056
100 2,902312 100 4, BETEE231RE
120 2,6722568 120 4, 2855972172
140 24652552 140 3, TEO2DT4EL
1D 2,2B33152 180 3,354E3545
1D 2,124%48EF 180 3,037503416
200 1,363636 200 Z,3550T0583
220 1,BES3B0E 220 2,110 70RET
240 1,7721R32 240 1, 656552961
260 1,60961712 280 1,254654413
280 1,6065288 280 0, 205193182
300 1,53468 300 0,620E26476
320 1,476E16E 320 0,3EETED14E
30 1,4207517 340 0, 215668642
360 1,37BETZ2 350 0,026355197
3BD 1,2E7765E 3BD 0026321872
400 1,210R45 400 0,DD0SEELER
420 1,12R89205 420 i}
440  1,0509E816 440 0
450 1 DDZEAT0L 40 o

Figure 3.15. Heat release rate excel output example.

3.4. Summary

Fire load and heat release rate values are the most important values a fire engineer
needs to know in order to perform a fire analysis. Therefore, a fire load survey has to
be performed to find out the realistic fire load value of a compartment. Alternatively,
if a survey can not be conducted Eurocode [33] fire load density values can be used
with lesser accuracy. Generally, a fire survey is conducted for analysis and then either
the heat release rate value given by Eurocode is taken for a faster analysis or FDS
programs are used with ignition method to calculate the hrr for the room. After the
survey is conducted; items are noted in the excel file to calculate the fire load and fire
load density values. Finally using the application created in this thesis, heat release

rate for individual rooms are calculated.
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4. CASE STUDIES AND RESULTS

Turkish Buildings Fire Safety Regulations does not provide any fire load value
to design a fire for dwellings. Only option for a fire engineer in Turkey to model a
design fire is, either doing a fire load survey or using the fire load values provided
for dwellings in Eurocode. Therefore, in this thesis 8 different apartment types were
surveyed, 4 3+1, 2 2+1, 1 1+1 and 1 44+1. From 8 of these apartments 4 of these (1
3+1, 1 241, 1 441 and a 141) belong to a high-rise building, Building A, other 2+1
belongs to another high-rise building and the remaining 3 3+1 apartments belong to
different low-rise buildings to increase the sample size. Building A 341 apartment was
physically surveyed, although others were surveyed by the home residents and their
fire loads are calculated through the data they have provided with the survey given
in section 3.1. After the surveys are performed the steps given in methodology was
followed to calculate the energy values of the apartments and heat release rate curves.

Finally, heat release rate curves are given for each living room as an example.

4.1. Apartment Type 3+1

4.1.1. Building A

Building A is a high-rise building with 36 storeys. It has a total of 89 1+1
apartments, 47 241 apartments, 106 3+1 apartments and 21 4+1 apartments. If the
whole building was to be engulfed in flames and assuming that all the furniture was
burned (excluding any fire load which would increase the total energy release such as
steel, concrete and fixed fire load), a total of 15.72210°M J energy would be released.
The building also had a fire load density of 783.4M.J/m?. In the following sections,
pictures that were taken during the survey of 3+1 apartment will be shown. Inventory
method was used to calculate the fire load of the furniture. There is also a floor plan

available for this apartment which is shown in Figure A.1.
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4.1.1.1. Kitchen. In the kitchen, only cupboard and the stove was measured, as they

were the ones that provided the maximum fire load for kitchen compared to the other
furniture and since the fixed fire load was not taken into account due to the floor being
ceramic, other furniture that provided way too low fire load were neglected. Fridges’
outer shell is made of stainless steel [41] and stainless steel is a material that does
not ignite. It is known that fridges might cause fire due to electrical shortcuts; but in
modern buildings people buy quality refrigerators which have stainless steel as an outer
shell. Therefore, for kitchen, refrigerators are excluded in fire load calculation. Building

A kitchen cupboard and oven is shown in Figure 4.1 and in Figure 4.2, respectively.

Figure 4.1. Building A kitchen cupboards.
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Figure 4.2. Building A kitchen oven.

In total there are 9 cupboards and a single stove to take into consideration in
Building A kitchen. For ease of calculation, a single cupboard was measured and it
had a 60x60 cm width and depth with 40 cm height. The oven had a 90 cm length, 60
cm depth and 50 cm height. Cupboards are made of plywood and the oven is mainly
made of stainless steel which does not ignite, but the glass is ignitable so only the glass

was added to the fire load.
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Using the plywood and glass calorific values taken from SFPE Handbook [31], kitchen
had a total energy of 2547 MJ. Kitchen has a floor area of 11.35m? and dividing
the energy value to the floor area, fire load density for the kitchen is calculated as
345M J/m?. This calculation is given in Figure A.3. Average dwelling fire load den-
sity is 780M J/m? [33] and if a survey was not performed, a fire engineer had to use
780M J/m? instead of 345M J/m? while modelling a design fire for a fire scenario inside
the kitchen.

4.1.1.2. Living Room. Living room generally has the most furniture due to the high
floor area it has inside the apartments. Therefore, it is expected that it would have
the most fire load. It would not be a wrong assumption and studies have shown that
for dwellings, bedrooms and living rooms have the most fire load [7]. Living room has

a floor area of 48m?. Here the moving fire load items are:

L sofa

e Carpet 1

e Carpet 2

e TV unit

e TV

e Chairs

e Curtains

e Dining Table
e Cabinet

e Wardrobe

In order to make calculations faster, all of the items are assumed as square or
rectangular boxes which is explained in the methodology section. For example L sofa
has a maximum width of 240 ¢cm and a maximum depth of 250 cm with a height of 70
cm. Multiplying the volume with a void ratio of 0.8 volume of the L sofa is found as

0.84 m3.
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Unlike the previous items given in kitchen, L sofa is not made of a single material but
instead it has mainly 3 materials. This means that in order to calculate the calorific
value of this L sofa as accurately as possible, a weighted average of these 3 materials
needs to be taken. L sofa or sofas in general are made of polyurethane foam, fabric
to cover the foam and the legs are made of wood or heavy-wood. Thus, a fraction
number is assigned to polyurethane foam, fabric, heavy-wood and these are 0.5, 0.3,
0.2, respectively. In total, L sofa has an energy value of 3227 MJ. Front view of the L

sofa is shown in Figure 4.3.

Figure 4.3. Building A living room front view of L sofa.

Modern carpets are made of acrylics and polystyrene [42]. Acrylic has high fire
resistance; but it also has a high calorific value. Carpet 1 and carpet 2 has same
materials and carpet 1 is shown in Figure 4.3 under the L sofa. Carpet 1 has 500 cm
width, 300 cm depth and 0,5 cm height. Carpet 2 has 400 cm width, 250 cm depth and
0,5 cm height. With the help of the dimensions, carpet 1 and carpet 2 energy values
are calculated as 3023 MJ and 2015 MJ respectively.
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Television units’ size depend on the occupants; but in this thesis it is seen that
generally for apartment types that are bigger than 241, occupants prefer a box type
television unit. In this apartment the television unit has 350 cm width, 40 cm depth
and 150 cm height. It is made of plywood only. It is the biggest item inside the living
room after the L sofa. In a fire scenario, this television unit will release 7225 MJ of

energy. Television unit is shown in Figure 4.4.

Figure 4.4. Building A living room front view of the television unit.

Television is made of glass and copper. Television has more glass than copper,
such as 70% glass and 30% copper. The television has 140 cm width, 40 cm height and
5 cm depth. Multiplying the density of the television with its calorific value, television
will release 1978 MJ energy in a fire scenario. Television is shown in Figure 4.4 which

is in the middle of the television unit.
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There are 8 chairs inside the living room. Although 2 chairs are different than
the other 6, overall they have almost the same materials, so they are assumed as same
chairs. Chairs are made of polyurethane foam, fabric and wood. Chairs have slightly
more polyurethane foam compared to the sofa and this is included in the material
calculation. Therefore, chairs are made of 60% polyurethane foam, 30% fabric and
10% wood-heavy wood. Dimensions of a single chair are, 50 cm width, 40 cm depth
and 100 cm height. Taking the weighted average for calorific value and density of these
3 materials and then multiplying the density with the calorific value; chairs release

1001 MJ energy in a fire scenario. Chairs are shown in Figure 4.5 and Figure 4.6.

Figure 4.5. Building A living room dinner table chairs.
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Figure 4.6. Building A living room chair number 2.

Curtains are mainly made of cotton. There are 6 curtains inside the living room
and a curtain has 120 cm width, 5 cm depth and 290 cm height. Curtains generally
have the same height as the storey and they are used in a way that 2 curtain side to
side should be enough to cover a wall of the room. In total curtains release 826.85 MJ

energy in a fire scenario. Curtains are shown in Figure 4.3.

Dining table is only made of wood-heavy wood. It has 250 cm width, 80 cm
depth and 90 cm height. It releases 2275 MJ energy in a fire scenario. Dining table is

shown in Figure 4.5.

In living rooms there is a console unit where people store their plates and glasses.
In this living room there was a console cabinet which was a little bit small compared
to the size of room. Dimensions of this console cabinet are, 220 cm width, 40 cm depth
and 30 cm height. The cabinet is made of wood-heavy wood only. In a fire scenario

the cabinet releases 2336 MJ energy. Cabinet is shown in Figure 4.5.

Finally the last item inside the living room is wardrobe. Wardrobe is the only
item which is different from a regular living room furniture and the reason behind that

is the layout of this apartment.
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The wardrobe inside the hallway is too close to the living room and there is not a door
or wall that separates them, hence the wardrobe is included to living room for the fire
load calculation. Wardrobe is made of plywood and it has 100 cm width 50 cm depth
and a 200 cm height. Multiplying the volume of this wardrobe with the calorific value
of plywood, total energy of this wardrobe is calculated as 2949 MJ. Wardrobe is shown

in Figure 4.7. Living room density calculations are given in figure A.2.

Figure 4.7. Building A wardrobe side view.

In conclusion, in a post-flashover event living room releases a total of 33171 MJ
energy. Dividing this energy to the floor area of the living room, fire load density is

calculated as 691 M J/m?.
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Mean value for dwellings fire load density is given as 780 M.J/m? in Eurocode. It is

seen that this would be an overestimation for the given room.

4.1.1.3. Kids Room 1. In apartments that have an extra room besides the living room

and bedroom; occupants with a child give the room to their kids. Since this might not
be the case for every occupant and the extra rooms might have a different use, in this
thesis an assumption has been made which takes the average fire load density value
for these rooms to calculate the fire load density. In Building A these 2 extra rooms
are used as kids room. Kids room 1 has a floor area of 11,55 m?. Kids room 1 has the

following furniture inside the room:

Wardrobe
e Bed

Carpet
Side table
e Desk

Floor pouf

Wardrobe is made of only plywood and its dimensions are; 150 cm width, 60 cm
depth and 290 cm height. Wardrobe yields 2565 MJ energy in a fire scenario. Wardrobe

is shown in Figure 4.8.
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Figure 4.8. Building A kids room 1 wardrobe front view.

There are a couple of ways to calculate the amount of energy released from a bed
during a fire. Generally bed is divided into two pieces as mattress and the wooden
frame under it. In this thesis, in order to keep the simplicity, same method has been
used where the bed is divided into 3 main materials. These are latex foam, cotton and
wood-heavy wood. Bed has 60% latex foam, 30% cotton and 10% wood-heavy wood.
It has 200 cm depth, 90 cm width and 50 cm height. Here the height is chosen smaller
to the original height to make an accurate rectangular prism representation of the bed.

Thus, in a fire scenario bed releases 4000 MJ energy. Bed is shown in Figure 4.9.
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Figure 4.9. Building A kids room 1 bed side view.

Kids room carpet is made of acrylics and polystyrene. Carpets in this building
have the same material composition. Kids room carpet covers 240 cm width, 210 cm
depth and 0,5 cm height. In a fire scenario carpet releases 1015 MJ of energy. Carpet

can be seen in Figure 4.9.

Bedrooms and kids rooms have side tables near their bed. In this room there is
only 1 side table which is made of plywood only. It is a circular table, but as explained
before all of the furniture here is assumed to be a rectangular box and then missing
area is deducted from the calculated area. The side table has 40 cm width, 40 cm

depth and 65 cm height. Side table releases 205 MJ energy in a fire scenario.
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The desk inside the room is not a continuous one. Therefore, in this thesis it is
divided into two pieces to get the most accurate result. The desks are made of plywood.
First piece of the desk has 87 cm width, 77 cm depth and 5 cm height. Second piece
of the desk has 99 cm width, 15 ¢cm depth and 5 cm height. In a fire scenario first
piece releases 330 MJ energy and the second piece releases 73 MJ energy. This desk is

shown in Figure 4.9.

Finally there is a floor pouf inside the kids room and a plastic chair. Plastic chair
is not included in the fire load calculation. The cushion is made of 2 materials and these
are cotton, fabric. Material composition is 80% cotton and 20% fabric. Floor poufs
dimensions are 48 cm width, 48 cm depth and 60 ¢cm height. In a fire scenario floor
pouf releases 202 MJ energy. Floor pouf is shown in Figure 4.9. Fire load calculations

of each object using the excel sheet is given in Figure A.2.

In conclusion, in a fire scenario kids room 1 releases a total of 8391 MJ energy
which is lower compared to living room. On the contrary the dividing the energy value
to the floor area, fire load density is found as 726.51 M.J/m? which is higher than
the living room. Kids room 1 also has a closer fire load density when compared to

Eurocode’s dwelling fire load density value.

4.1.1.4. Kids Room 2. Kids room 2 has a floor area of 10,59 m?. Kids room 2 has the

following furniture inside the room:

Wardrobe
e Bed

Carpet
e Desk
Bookshelf

Wardrobe is made of only plywood and its dimensions are; 150 cm width, 60 cm

depth and 290 cm height.
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Wardrobe yields 2565 MJ energy in a fire scenario, the wardrobe is identical to the one

in the kids room 1. Wardrobe is shown in Figure 4.10.

Figure 4.10. Building A kids room 2 wardrobe side view.

The bed inside the kids room 2 is also almost identical to the bed inside the kids
room 1. It has the same material composition and the dimensions, except height of the

bed is 55 cm. Bed releases 4401 MJ energy in a fire scenario. Bed is given in Figure

4.11.
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Figure 4.11. Building A kids room 2 bed side view.

Kids room 2 carpet covers 240 cm width, 210 ¢cm depth and 0,5 cm height. In a

fire scenario carpet releases 1015 MJ of energy. Carpet can be seen in Figure 4.11.

Kids room 2 has a desk that is made of only plywood with dimensions of 120 cm
width, 60 cm depth and 60 cm height. In a fire scenario it releases 425 MJ energy.
Kids room 2 desk can also be seen in Figure 4.11 behind the bed. Finally kids room
2 has a bookshelf which is made of plywood. The bookshelf has 70 cm width, 40 cm
depth and 100 cm height. In a fire scenario it releases 138 MJ energy. Bookshelf is
shown in Figure 4.12. Fire load calculations of these items are done by the excel sheet

shown in Figure A.2.
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Figure 4.12. Building A kids room 2 bookshelf front view.

In conclusion, in a fire scenario kids room 2 releases a total of 8545 MJ energy
which is also lower compared to living room. Dividing the energy value to the floor area,
kids room 2 has a fire load density of 806.87 M J/m? which is higher than the living
room. Kids room 2 also has a higher fire load density when compared to Eurocode’s

dwelling fire load density value.

4.1.1.5. Bedroom. Bedroom has a floor area of 18.13 m? and from the previous studies,

it is expected that the bedroom will have the highest or the second highest energy

release in a fire scenario [7]. Bedroom has the following items:

e Wardrobe
e Bed

Carpet
Side table
e Desk
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e Floor pouf

Bedroom wardrobe has 282 cm width, 60 cm depth and 290 cm height. It is only
made of plywood. In a fire scenario wardrobe releases 4824 MJ energy. Wardrobe is

shown in Figure 4.13.

Figure 4.13. Building A bedroom half wardrobe.

There is a queen size bed in the bedroom. It is made of latex foam, cotton and
wood-heavy wood which means it has the same material composition like the beds
inside the kids rooms. The bed has 210 cm width, 160 cm depth and 65 ¢m height. In
a fire scenario it releases 9710 MJ energy. Bed is shown in Figure 4.14. There are also

2 side tables near the bed which is made of plywood.
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Both have same dimensions and these are; 70 cm width, 70 cm depth and 60 cm height.
In a fire scenario these side tables will release 2315 MJ energy in total. They can also

be seen near the bed in Figure 4.14.

Figure 4.14. Building A bedroom queen size bed.

Carpet is made of acrylics and polystyrene. The dimensions of the carpet are;
300 cm width, 195 cm depth and 0.5 cm height. In a fire scenario carpet releases 1180
MJ energy.

The bedroom has a single desk and a floor pouf. The desk is made of plywood and
the floor pouf is made of cotton and fabric. The desk has 140 cm width, 45 cm depth
and 80 cm height. The floor pouf has 50 cm width, 40 cm depth and 45 cm height. In
a fire scenario desk and floor pouf releases 1982 MJ, 132 MJ energy respectively. The
desk and the pouf is shown in Figure 4.15. Bedroom fire load calculations are given in

Figure A.3.
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Figure 4.15. Building A bedroom desk and the floor pouf.

To summarize, bedroom releases 20138 MJ energy in a fire scenario which is the
second highest energy release for this apartment. Dividing 20138 MJ to floor area of
bedroom, fire load density is calculated as 1111 M.J/m?. Bedroom has the highest fire
load density and it makes sense since it has smaller floor area compared to the living
room. It also matches Bwalya’s studies [34] and other surveys that are performed on
dwellings [43]. This means that for this apartment, bedroom provides the most risk
in a fire. So, for a fire design a fire engineer should consider designing a fire in living

room and bedroom separately.
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Table 4.1. Apartment 341 of Building A moving fire load and energy values.

3+1
Room Names | Total Energy()M.J) | Room Area(m?) | Fire Load(M.J/m?)
Living Room 25354 48,00 528,21
Kids Room 1 8391 11,55 726,51
Kids Room 2 8545 10,59 806,87
Bedroom 20138 18,13 1110,74
Kitchen 4104 11,35 361,62
Apartment Total: 74348,93 99,62 746,33

Living room has an energy release of 25354 MJ, this value was used to calculate

the heat release rate of the living room. Unscaled heat release rate of the living room

has initial items that were present in the room, peak hrr value is 10 MW and it releases

3903 MJ. Dividing the original energy value, 25354 to 3903, scale factor is found as 6,5.

The graph is scaled vertically with the scale factor and the new peak value is found as

63.55 MW.

Buikding A 341 Living Room COMBINED HRRE
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Figure 4.16. Building A living room heat release rate curve.
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4.1.2. Low-Rise 3+1 Apartments

In this section there will be only results based on the data provided by the people
who filled the survey according to their house. There are 3 3+1 apartments in total,
these are apartment A, B and C. Apartment A has a total floor area of 154 m?,
apartment B has a total floor area of 113.54 m? and apartment C has a total floor area

of 92.5 m?2.

4.1.2.1. 3+1 Apartment A. Apartment A has the biggest floor area compared to other

3 341 apartments surveyed in this thesis. The survey filled out by the home resident is
given in Figure 4.17, Figure 4.18 and Figure 4.19. Here, the material composition was
unknown to the person who performed the survey, thus the materials are taken with
the compositions and fractions given in the survey table which is shown in Figure 3.2.
Using the excel sheets with the information provided by the survey, energy values and

fire load densities are found. Excel calculations are shown in section A.2.

FIEE LOAD SURVEY

1. What iz the type of apartment that iz being surveved?

1+1 2+1 3+1 4+1 5+1

L] [ L] [
2. Total floor area of the zurveyed apartment {m®).

154

Figure 4.17. Fire survey apartment A part 1.



Tables:
Living Room
Dimenszions (cm) Material . Number
Items \:;:t}h f-:::';’ H(:.EI;“ Composition Fraction of items
Dining =
Table 150 85 s !
Chair 42 43 100 ]
Television | _ 97 15 54 1
| Cabinet 70 30 50 1
“‘:r:irob 200 60 130 1
Sofa 90 75 120 ]
Coffee = -
Table 50 60 6 -
Carpet 300 150 1 2
Fixed Fire Load
Laminate 1100 400 1
Kitchen
Dimensions (cm) Material Number
Items Vs | DE T EEE|  Composition Fraction | ¢ tems
Table 120 65 60 | Glass 1
Chair 12 1= 65 4
Oven 90 60 60 1
Cuphoard | 50 30 100 8
Carpet 150 100 1
Fixed Fire Load
Ceramic
Bedroom
Dimenzionz (cm) erial
Items Width Depth Height Ci\:]:osition Fraction I:;Iil:lel::
(cm) (cm) (cm)
Bed 200 210 65 1
Wardrob 1 250 5 | 210 1
Side -
Table 5¢ b - :
Carpet 200 125 1
Fixed Fire Load
Laminate

Figure 4.18. Fire

survey apartment A part 2.
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Extra Room 1
Dimensions (cm) Material Numbe
Items [ Widh | Depth | Heght iti Fraction | [t e
(cm) (cm) (cm) Composition of items
Bed 210 120 65 2
Carpet 120 75 1 1
Desk 135 65 70 2
Wardrob | 339 60 | 210 1
Cabinet 75 60 130 4
Fixed Fire Load
Laminate
Extra Room 2
Dimenszionsz (cm) :
Items idth Depth Height C}::l:::‘i:ilon Fraction f;::lgl:;
(cm) (cm) (cm)
L Sofa 200 65 50 1
Desk 120 60 60 B
Cabinet 150 25 210 2
Carpet 300 120 1
Fixed Fire Load
| Laminate

4. Floor area of the rooms.

Room Names Floor Area (m°)

Living Room 44
Kitchen 25
Bedroom 35

Extra Room 1 30

Extra Room 2 20

Figure 4.19. Fire survey apartment A part 3.
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Table 4.2. Apartment A Energy and fire load density values.

3+1 Apartment A

Room Names Total Energy(MJ) | Room Area(m2) | Fire Load(MJ/m2)
Living Room 15654 44,00 355,78
Kids Room 1 23068 30,00 768,93
Kids Room 2 6155 20,00 307,76
Bedroom 16558 35,00 473,08
Kitchen 6898 25,00 275,90
Apartment Total: 68333 154,00 443,72

Fixed Load
Living Room 6055 44,00 137,62
Kids Room 1 4129 30,00 137,62
Kids Room 2 2752 20,00 137,62
Bedroom 4817 35,00 137,62
Kitchen 0 25,00 0,00

Apartment Total: 17753 154,00 115,28

Table 4.2 shows the energy values and fire load densities for each room. Here

the living room has 355,78 M.J/m? fire load density which is close to the values that

are found by other studies [43]. Kids room 1 has the highest fire load density in the

apartment. It was expected that bedroom would have the highest density, but due to

the high difference in total energy value, kids room 1 has a higher fire load density.

Living room releases 15654 energy during a fire, released by the moving fire load. Using

the matlab application, hrr curve of this room is given in Figure 4.20. Original input

releases 3628 MJ and using this value, scale factor is calculated as 4,31. After vertically

scaling the graph with the scale factor, hrr curve for the living room is obtained.
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Building A 3+1 Living Room COMBINED HRR
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Figure 4.20. Apartment A living room hrr curve.

4.1.2.2. 3+1 Apartment B. Apartment B is the second low-rise apartment that was

surveyed and it is the oldest apartment in this study. The survey is filled out by
the home resident following the guidance provided by the survey. The person who
performed the survey had no trouble in identifying the material compositions of the
items that were made with a single material. Material compositions of the items such
as sofas and chairs proved to be difficult to identify by the surveyor. Survey results
are shown in Figure 4.21, Figure 4.22, Figure 4.23 and Figure 4.24. From all the
apartments that are surveyed in this study, this was the only apartment that had solid

hardwood as its flooring.



1. What iz the type of apartment that iz being surveyed?

1+1

-

13

1+1

[]

3+1

alln

2. Total floor area of the surveyed apartment (m®).

Figure 4.21. Fire survey apartment B part 1.

Tables:
Living Room
Dimenzions (cm) Material . Number
Ttems \?E]::?l EE:]:E' I'l{?il}” Composition Fraction of items
Chair 41 45 57 B
Tahle 100 210 50 1
Loveseat | g 50 65 1
Loveseat 120 50 65 1
TV Unit 110 45 50 1
Cabinet 105 90 200 1
Curtain 160 1 195 4
Sofa 80 &0 a5 1
Floor Fire Load
= [ [ 1]
Hardwood
Kitchen
Dimensions (cm) Material . Number
Ttems 1?::_‘31 IE:]:E' H{EE?[ Composition Fraction of items
Chair 41 45 87 4
Dining =z =
Table 0 105 80 1
Cuphoard 40 40 40 4
Oven 80 &0 45
Floor Fire Load
Ceramic | [ [ I [ [ T T 1

Figure 4.22. Fire survey apartment B part 2.
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Bedroom
_ Dimenzions (cm) _ Material . Number
Items \?:i*lh IE:E:P I'::?fujl_[ Composition Fraction of items
Bed 210 205 40 1
Side table £8 40 H 7]
Wardrobe a0 80 100 1
Curtain 160 1 100 1
Floor Fire Load
Solid
Hardwood
Exira Room 1
Dimenzions (em) Material . Number
Ttems \TE:E:.]I IE:];:P I'EE?_[ Compaosition Fraction of items
Bed 100 205 40 1
Study -
Table 117 64 77 1
Chair 46 42 g4 2
Curtain 160 1 100 2
Wardrobe 180 70 100 1
Floor Fire Load
Solid
Hardwood
Extra Room 2
_ Dimensions (cm) _ Material . Number
Items 1};:? IE:E:P ﬂfﬁ?t Composition Fraction of items
Bed 100 220 8 1
Study =
Table 117 64 75 1
Side table 58 40 40 1
Wardrohe 150 70 200 1
Chair 46 42 89 1
Curtain 160 1 100 1
Floor Fire Load
Solid
Hardwood

Figure 4.23. Fire survey apartment B part 3.

4. Floor area of the rooms.

Room Namez Floor Area (m’)

Living Foom 30
Kitchen 135
Bedroom 20

Extra Room 1 17

Extra Room 2

Figure 4.24. Fire survey apartment B part 4.
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The information given by the home resident was then inputted into the excel

sheet created to calculate the energy and fire load density values for this apartment.

Material compositions, fractions and void ratio of the items for each room is given in

section A.3. Results of these calculations are given in Table 4.3.
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It is seen that living room releases the most energy, followed by the bedroom, in a fire
scenario; but it has a low fire load density while the kids room 2 and bedroom has
higher density. Therefore, kids room 2 and bedroom should be investigated for a fire
scenario.

Table 4.3. Apartment B Energy and fire load density values.

341 Apartment B

Room Names Total Energy(MJ) | Room Area(m2) | Fire Load(MJ/m2)
Living Room 12729 30,00 424,30
Kids Room 1 9398 17,00 552,84
Kids Room 2 7734 12,00 644,50
Bedroom 12234 20,00 611,69
Kitchen 3571 15,00 238,07
Apartment Total: 45666 94,00 485,81

Fixed Load
Living Room 5309 30,00 176,98
Kids Room 1 3009 17,00 176,98
Kids Room 2 2124 12,00 176,98
Bedroom 3540 20,00 176,98
Kitchen 0 15,00 0,00

Apartment Total: 13981 94,00 148,74

In this apartment, living room has 8 chairs, 2 love seats, 2 sofas, 1 TV set, 1
cabinet and 4 curtains. Inputting these data into the matlab application, unscaled
energy release is found as 3823 MJ. Living room releases 12729 MJ energy, so the scale
factor is calculated as 3,34. After vertically scaling the graph with 3,34 hrr curve for

the living room is obtained and shown in Figure 4.25.
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Figure 4.25. Apartment B living room hrr curve.

4.1.2.3. 3+1 Apartment C. Apartment C is the final low-rise apartment that was

surveyed and it was physically surveyed by the author of this thesis. It is also the
newest apartment, with the building age of 0, in this thesis. This apartment had the
most wardrobes compared to the other dwellings. Fire load survey filled by the author

is shown in Figure 4.26, Figure 4.27 and Figure 4.28.

1. What is the type of apartment that is being surveyed?
1+1 2+1 3+1 4+1 5+1
i .

2. Total floor area of the surveyed apartment (m®).
133.52

Figure 4.26. Fire survey apartment C part 1.



Tables:
Living Room
— Dimensions (cm) - Material ] Number
Items Width Depth Height ... Fraction .
(cm) (cm) (em) Composition of items
Chair 45 45 90 PFoam | Fabric 513 7
Takble Markle 1
Carpet 150 290 0.3 1
Pouf 40 60 7 P.foam | Fabric T3 2
L sofa 252 190 80 1
Sofa 1 90 80 73 1
Sofa 2 55 80 100 2
Cabinet 1 170 40 80 wood 1
Curtain
Tv unit 12 45 30 Plyw. 1
T 108 3 68 1
Floor Fire Load
Laminate | | | | | | [ |
Kitchen
- Dimensions (cm) _ Material . Number
Items Width Depth Height o Fraction .
(cm) (cm) (cm) Composition of items
Cupboard 50 35 70 Plyw. 10
Oven 60 2 60 Glass 2
Floor Fire Load
Marble | | | | | | [ |
Bedroom
— Dimensions (cm) - Material } Number
Ttems Width Depth Height C .- Fraction £
(cm) (cm) (cm) omposition of 1tems
Ward. 1 90 50 185 Plyw. 2
Ward. 2 210 60 210 Plyw 1
Bed 200 160 70 1
Side table 50 45 3 Plyw 2
T 70 5 55 1
Ward 3. 100 45 140 Plvw 1
Ward 4. 130 40 200 Plyw 1
Carpet 210 145 0.5 1
Curtain
Floor Fire Load
Laminate | | | | | | [ |

Figure 4.27. Fire survey apartment C part 2.
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Extra Room 1
_ Dimensions (cm) _ Material . Number
Items Width Depth Height o Fraction .
(cm) (cm) (cm) Composition of items
Ward 1. 185 60 225 Plyw. 1
Bed 125 190 65 1
Side table 57 45 53 Plyw 1
Small dre. a0 50 o0 Plyw. 1
Ward 2. 70 50 200 Plyw. 1
SDt:i 130 60 200 | Plyw. 1
Carpet 213 140 05 1
Curtain
Floor Fire Load
Laminate | | | | | |
Extra Room 2
— Dimensions (cm) - Material } Number
Items Width Depth Height o Fraction .
(em) (em) (cm) Composition of items
Loveseat 190 20 20 1
Small dre. 70 45 20 1
Side table 55 45 80 1
Wardrobe 22 63 280 1
Study 135 70 75 1
Carpet 145 145 05 1
Curtain 150 1 280 4
Bed 0 190 60 1
Floor Fire Load
Laminate | | | | | L[]
4. Floor area of the rooms.
Room Names Floor Area (m?)
Living Room 3042
Kitchen 12.72
Bedroom 19.62
Extra Room 1 14.69
Extra Room 2 15,04

Figure 4.28. Fire survey apartment C part 3.
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Looking at the information provided by the survey, bedroom and extra room 1

have a lot of heavy furniture such as wardrobes and beds. It is expected that these

rooms will have a high fire load density. This data is inputted into the excel sheet to

calculate the energy and fire load density values which are given in Table 4.4. Excel

sheet used to calculate these values are given in section A.4.



Table 4.4. Apartment C Energy and fire load density values.
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341 Apartment C

Room Names

Total Energy(MJ)

Room Area(m?2)

Fire Load(MJ/m?2)

Living Room 12507 30,42 411,14
Kids Room 1 11962 14,69 814,30
Kids Room 2 15102 15,04 1004,13
Bedroom 16912 19,62 861,97
Kitchen 3225 12,72 253,52
Apartment Total: 59708 92,49 645,56
Fixed Load
Living Room 2990 30,42 98,30
Kids Room 1 1444 14,69 98,30
Kids Room 2 1478 15,04 98,30
Bedroom 1929 19,62 98,30
Kitchen 1250 12,72 98,30
Apartment Total: 9092 92,49 98,30
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Living room releases 12507 MJ energy which is lower than most of the other
rooms. Generally, living room has the highest energy release due to the floor area
being larger than the other rooms. It is also interesting to note that all of the low-rise
apartment living rooms have similar fire load density value. Fire load density value for
living room is also similar with the studies performed in USA [43]. As expected, kids
room and bedroom had the highest fire load density. Although, a fire analysis should
be performed for bedroom and kids room 2 or even kids room 1, living room hrr curve
is given as an example. Living room has 7 chairs, 1 L sofa, 3 armchairs, 4 curtains, 1
cabinet and a TV set. These items release 4255 MJ energy, multiplying with the scale

factor 2,94 living room hrr curve is obtained and shown in Figure 4.29.
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Figure 4.29. Apartment C living room hrr curve.
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4.2. Apartment Type 241

4.2.1. Building A

Building A was described in the beginning of section 4.1.1. This apartment was
not surveyed by a home resident or the author; but the floor plan with the furniture
inside it was available. Therefore, this apartments fire load and fire load density values
are calculated over the floor plan. Floor plan is shown in Figure 4.30. Each items’
dimension was individually measured from the floor plan and their material composition
was taken as suggested in the survey template. For the shapes, chairs were assumed

to be same as the chairs inside the Building A 341 apartment.

Figure 4.30. Building A 241 floor plan.

Fire load and fire load density values are calculated with the excel. Excel tables
that are used in the calculations are given in section A.5. Table 4.5 shows the energy

and fire load density values for each room.
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Table 4.5. Apartment 241 of Building A fire load and energy values.

241
Room Names Total Energy(MJ) | Room Area(m2) | Fire Load(MJ/m2)
Living Room 22449 34,60 648,83
Kids Room 1 8530 12,07 706,71
Bedroom 19039 17,61 1081,17
Kitchen 4104 11,90 344,90
Apartment Total: 54123 76,18 710,47
Fixed Load

Living Room 3401 34,60 98,30
Kids Room 1 1186 12,07 98,30
Bedroom 1731 17,61 98,30

Kitchen 0 11,90 0,00
Apartment Total: 6319 76,18 82,94

From the table it can be seen that living room releases the most energy and

bedroom has the highest fire load density. Also living room has above average fire load

density value compared with the previous apartments and studies. Hrr curve for the

living room is calculated with the items that are present in the room. These are; 1

wardrobe, 3 sofa, 1 TV set, 6 curtain, 1 cabinet, 3 coffee table and 8 chair. Unscaled

energy release is 4885 MJ compared to the 22449. Scaling the energy value with 4,6

hrr curve for the living room is obtained and shown in Figure 4.31.
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Figure 4.31. Building A 2+1 living room hrr curve.
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4.2.2. Building B

Building B is a high rise building with 44 floors. It has 4 different apartment
types ranging between 141 to 4+1. There is only information regarding a single 2+1
apartment inside the building. The apartment was not surveyed; but information about
the furniture was gathered through the floor plan and photographs of the furniture.
Figure 4.32 shows the floor plan for the apartment. Apart from the photographs list
of items and their material compositions were also available which made the fire load
survey easier. Excel tables that are used for the calculation of the fire load and fire
load density values are given in section A.6. Fire load density and energy values are

given in Table 4.6.

Figure 4.32. Building B 2+1 floor plan.



Table 4.6. Apartment 241 of Building B fire load and energy values.
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241
Room Names Total Energy(MJ) | Room Area(m2) | Fire Load(MJ/m2)
Living Room 11737 27,26 430,56
Kids Room 1 4997 10 499,73
Bedroom 16280 17 957,62
Kitchen 3632 12,18 298,21
Apartment Total: 36646 66,44 551,57
Fixed Load

Living Room 2680 27,26 98,30
Kids Room 1 983 10 98,26
Bedroom 1671 17 98,30

Kitchen 0 12,18 0,00
Apartment Total: 5333 66,44 80,27

Table 4.6 shows that bedroom has the highest fire load density with high energy

release. It is expected that bedroom would have the highest FLD value as most studies
show that this is the case and previous survey results also back this data up. Even
though in some apartments bedroom was not the highest, it was very close to the
highest FLD value. Living room fire load density value for this 2+1 apartment is
similar to the previous 341 apartments; but with less total energy release. The data
gathered about the furniture is used to create the hrr curve for the living room. The
initial items release an unscaled energy of 4621 MJ which is lower than the actual
energy release for this living room. Vertically scaling this value with 2.54, hrr curve

for the living room is found and shown in Figure 4.33.
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Figure 4.33. Building B 2+1 living room hrr curve.

4.3. Apartment Type 141 and 4+1

4.3.1. Building A

A 141 and a 4+1 apartment type was surveyed over the floor plan explained in
section 4.2.1. Items were measured over the floor plan with AutoCAD, and assumed
to have the same material composition with the items surveyed in the Building A 341
apartment. Floor plan for 1+1 and 441 apartment types are given in Figure 4.34 and
Figure 4.35, respectively.
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Figure 4.35. Building B 441 floor plan.

The 1+1 apartments kitchen and living room is merged. This causes a huge
increase in the fire load for the living room. 2 different excel files are created to
calculate the energy and fire load density values of each apartment. Table 4.7 and

Table 4.8 shows the fire load density values for 141 and 4+1 apartments, respectively.
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Table 4.7. Apartment 141 of Building A fire load and energy values.

1+1
Room Names Total Energy(MJ) | Room Area(m2) | Fire Load(MJ/m2)
Living Room + Kitchen 25140 30,87 814,37
Bedroom 18954 16,25 1166,42
Apartment Total: 44094 47,12 935,78
Fixed Load

Living Room + Kitchen 3035 30,87 98,30
Bedroom 1597 16,25 98,30
Apartment Total: 4632 47,12 98,30

Table 4.8. Apartment 441 of Building A fire load and energy values.

441

Room Names

Total Energy(MJ)

Room Area(m?2)

Fire Load(MJ/m?2)

Living Room 22282 48,50 459,43
Kids Room 1 8212 11,73 700,04
Kids Room 2 9754 13,35 730,61
Kids Room3 8212 11,55 710,95
Bedroom 24153 28 862,62
Kitchen 4104 11,2 366,46
Apartment Total: 76717 124,33 617,04
Fixed Load

Living Room 4768 48,50 98,30
Kids Room 1 1153 11,73 98,30
Kids Room 2 1312 13,35 98,30
Kids Room3 1135 11,55 98,30
Bedroom 2752 28 98,30

Kitchen 0 11,2 0,00
Apartment Total: 11121 124,33 89,45




84

Tables show that both apartments bedroom has the highest FLD compared to
the other rooms. 441 apartments living room has an average fire load density value

while the 1+1 apartments living room is double this amount.

4.4. Summary

In total 8 apartments were surveyed in the scope of this thesis. From the gathered
data, an average, minimum and maximum values for each type of room can be made.
Table 4.9 provides fire load density values for living room depending on their floor area.
It is seen that as the floor area of the room increases fire load density values decrease.
It is also important to observe that the difference between the minimum and maximum

values are smaller for the rooms that have a floor area larger than 35 m2.

Table 4.9. Living room FLD values summarized.

Moving Fire Load Density Total Fire Load Density
Fire Load Density(MJ/m2) Living Room <35 m2 | Fire Load Density(MJ/m2) Living Room <35 m2
Min | Mean | Max Standard Dev. Min | Mean | Max Standard Dev.
411,14 | 545,84 | 814,37 179,53 509,44 | 659,88 | 912,67 169,37
Fire Load Density(MJ/m2) Living Room >35 m2 | Fire Load Density(MJ/m2) Living Room >35 m2
Min | Mean | Max Standard Dev. Min | Mean | Max Standard Dev.
355,78 | 447,81 | 528,21 86,80 454,08 | 546,11 | 626,51 86,80

Table 4.10 summarizes the bedroom data provided in this thesis and shows the
minimum, maximum and average fire load density values of the bedrooms depending
on the rooms floor area. Same outcome is observed here as well, where the floor area
increases FLD values decrease. Also compared to the living room FLD values bedroom

has approximately 1.5 to 2 times bigger values.

Table 4.10. Bedroom FLD values summarized.

Moving Fire Load Density Total Fire Load Density
Fire Load Density(MJ/m2) Bedroom <20 m2 | Fire Load Density(MJ/m2) Bedroom <20 m2
Min | Mean | Max Standard Dev. Min | Mean | Max Standard Dev.
861,97 | 1035,58 | 1166,42 123,56 960,27 | 1133,88 | 1264,72 123,56

Fire Load Density(MJ/m2) Bedroom >20 m2 | Fire Load Density(MJ/m2) Bedroom >20 m2

Min | Mean Max Standard Dev. Min | Mean Max Standard Dev.

473,08 | 649,13 | 862,62 197,45 571,38 | 773,66 | 960,92 195,20
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Table 4.11 and Table 4.12 shows the FLD values for the extra rooms and kitchens
that are surveyed in this thesis, respectively. Extra rooms and kitchens that are sur-
veyed in this thesis either have under 15 m? or slightly higher floor area which resulted
in a decision of not classifying these 2 rooms with their floor area. Extra rooms have a
difference of 700 M J/m? between the minimum and maximum value which is caused
by the usage of this room. Some of the families chose to use the room as a second
living room with less density. On the other hand some people used it as a kids room
with high density of furniture which resulted in a higher fire load. In this study it
was observed that kitchens have a very low FLD value. This might be the result of
not taking refrigerator into consideration while calculating the fire load. Refrigerators
have a very complex material composition which makes the calculation very difficult
and making a simplified assumption very hard regarding their composition. Recently a

study performed by NIST [44] also did not account for a refrigerator inside the kitchen.

Table 4.11. Extra room FLD values summarized.

Moving Fire Load Density Total Fire Load Density
Fire Load Density(MJ/m2) Extra Room | Fire Load Density(MJ/m2) Extra Room
Min | Mean | Max Standard Dev. Min | Mean | Max Standard Dev.

307,76 | 676,41 | 1004,13 180,00 406,06 | 800,70 | 1102,43 163,97

Table 4.12. Kitchen FLD values summarized.

Moving Fire Load Density Total Fire Load Density
Fire Load Density(MJ/m2) Kitchen | Fire Load Density(MJ/m2) Kitchen
Min | Mean | Max | Standard Dev. | Min | Mean | Max | Standard Dev.

238,07 | 305,53 | 366,46 52,59 238,07 | 305,53 | 366,46 52,59

Finally, Table 4.13 summarizes the fire load density value of the aparment, in
order to make an appropriate comparison between the Eurocode’s suggested dwelling
fire load density value. It is seen that the difference between the mean value and
the Eurocode’s suggested value is very small and the standard deviation found in this
study is also very close to the Eurocode’s standard deviation (180 MJ) [33]. Therefore,
Eurocode’s suggested value can be adapted for the fire analyses made on the dwellings

in Turkey.
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Although, the dwelling value suggested is suitable; the more accurate way of performing
the analysis would be to create a room fire based on the rooms’ FLD instead of the
apartments total FLD due to the most of the fires not reaching flashover. Figure 4.36

shows a Gumbel distribution graph made with the results collected in this thesis.

Table 4.13. Summarized apartment total fire load density values.

FIRE LOAD DENSITY OF APARTMENT

Min | Mean | Max | Standard Dev. | Eurocode Dwelling
526,06 | 728,15 | 1034,08 150,32 780
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Figure 4.36. The probability density function of dwelling fire load as Gumbel

distribution.

4.4.1. Fire Spread Analysis

HRR application creates a curve, but this curve is only accurate for the worst
case scenario where all of the items inside the compartment is ignited at the same time.
Therefore, to make the curve more accurate, Pyrosim, a CFD software based on large

eddy simulation, has been used to track the fire spread times between the items.
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Fire spread inside the living room and bedroom was studied. 1 analysis was made
for the living room and 1 analysis was made for the bedroom. In this study, kitchen
was neglected for the fire spread analysis due to the fact that kitchen’s fire load is
mainly fixed. Therefore, a fire inside the kitchen will quickly spread between the
cupboards and grow. Bedrooms and living rooms have mainly moving fire load, and
their geometry also changes from apartment to apartment which affects the distance
between the items. Living room and bedroom models created for this study is given
in Figure 4.37 and Figure 4.38, respectively. In Figure 4.37 living room has 2 windows
which are assumed to be closed at the beginning and they will open at 400°C. Pyrosim
manual suggests that the mesh boundaries should be placed at least 1 m away from
the openings. Otherwise the smoke movement will not be properly observed, so in this
study mesh boundaries were placed 1 m away from the exterior walls. This way a more
realistic approach was achieved. In all of the scenarios, analyses lasted until the fire
spread to at least 2 items. Meshes are chosen as 0.1 m in the fire compartment and 0.2
for the outside of the fire compartment which is fine meshing for fire compartment and
coarse meshing for the outside of the fire compartment. Mesh size is calculated with
the equation (4.1) [45] and here, Q represents the total heat release rate of the fire,
Poo is the air density kg/m?, ¢, is the air specific heat k.J/kgK, g is the gravitational

constant m/s? and T, is the ambient temperature (K)

R I

= (m)g- (4.1)



Figure 4.37. Living room fire spread model.

Figure 4.38. Bedroom fire spread model.
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4.4.1.1. Living Room Analysis. Living room has 10 chairs, 2 sofa, 1 TV unit, 1 dinner

table and a cabinet. Carpet, curtains and fixed fire load were not included in the
fire spread analysis. The HRR curve applied to the sofa was taken from the Matlab
application and given in Figure 4.39. It was assumed that the sofa was burning at the
start, this is shown in Figure 4.40, to fasten up the analysis process. The analysis was
stopped after 250 seconds and at this point all of the items inside the living room were
burning which is given in Figure 4.41. After 129 seconds from ignition of the sofa;
fire spread to the chair leg and caused an ignition, which had an ignition temperature
of 250°C (triggers an automatic ignition when the surface reaches this value). The
chair was 1.30 meters away from the sofa and at the time of ignition, the chair had
a 11.9 kW /m2 incident heat flux. This value coincides with the data provided by
Babrauskas [46], according to his findings an item which is 1.3 meters away from the
fire source will ignite over 10 kW /m2 heat flux. Second item ignited after the chair was
the TV unit which ignited after 145 seconds of the couch fire ignition. Remaining items
were ignited 30 seconds after the TV unit ignition. Heat flux values of the items are
given in Figure 4.42. After ignition, heat flux devices follow the HRR curve assigned

for the items.

Sofa Heat Release Rate
7000
6000
5000
— 4000
= 3000
2000

1000

0 100 200 300 400 500 600

Time(s)

Figure 4.39. Living room sofa HRR curve.



Figure 4.40. Living room FDS analysis at 109 seconds.

Figure 4.41. Living room FDS analysis at 248 seconds.
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Figure 4.42. Living room furniture heat flux graphs.
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4.4.1.2. Bedroom Analysis. Bedroom has 1 queen-size bed, 1 wardrobe, 1 desk and 2

small dressers near the bed. In bedroom analysis the queen size bed was ignited. Heat
release rate curve of the bed, innerspring mattress and the box spring is included, is
given in Figure 4.43. It has a peak heat release of 1.98 MW and total fire duration
is 900s. After 65 seconds of the ignition, small dresser near the bed which was close
to the door ignited. The small dresser had an incident heat flux of 11,96 kW /m2.
There were 2 small dressers near the bed where one of them was close to the door
and the other one was close to the window. It was observed that the dresser near the
window ignited after the wardrobe which was closer to the fire source compared to the
wardrobe. Wardrobe had an incident heat flux of 9,65 kW/m2 and the small dresser
near the window had an incident heat flux of 11,35 kW/m2. Heat flux values of the
items are shown in Figure 4.44. Although the peak heat release rate and total energy
release of the fire was lower compared to the living room fire, flashover was observed

100 seconds after the bed’s ignition.

It is seen from these analyses that fire spread relies on; peak HRR value, fire area,
distance between the items and ventilation factor. Second item’s ignition time is mainly
affected by the peak HRR value and fire area. Distance between the fire source and
the items have a lesser impact on fire spread compared to the peak HRR value. There
is a limit heat flux value on materials found by experiments [46] and without sufficient
HRR value fire spread will not be observed. Fire analyses also show that when the item
has an incident heat flux greater than 10 kW /m2 ignition occurs. Ventilation affects
the flashover occurrence inside the compartment. Babrauskas suggested a flashover

factor which is calculated with the equation (4.2)

Q = T50A,\/Hy(KW). (4.2)
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Table 4.14. Summarized fire spread times for living room and bedroom analyses after.

Fire Spread Times(s)

Living Room

Bedroom

First Item Spread

Second Item Spread

All Ttems Ignited

First Item Spread

Second Item Spread

All Ttems Ignited

129

145

250

65

80

130

Table 4.14 shows the fire spread times for the first, second and all items after the

ignition of the fuel. Although Table 4.14 provides fire spread times for both rooms,

how heat flux is affected from the ventilation and distance is not known. Therefore, 3

extra analysis were made to find the effects of ventilation factor and distance on heat

flux values.
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Figure 4.43. Bedroom bed HRR curve.

100
90
80
70
60
50
40
30
20
10

Heat Flux(kW/m?2)

Incident Heat Flux

Time(s)

Wardrobe

—— Desk

Small dresser near
door

Small dresser near
window

Figure 4.44. Bedroom furniture heat flux graphs.



93

4.4.1.3. Heat Flux Analyses. 3 different scenarios, scenario A, scenario B and scenario

C were examined in heat flux analyses. In all scenarios the HRR curve was same, fire
area was same and the width of the corridor was same. In scenario A, there was a
12 m long 4 m width corridor with a single opening which has 2 m width with 2 m
height and it is 4.5 m behind the fire source. Fire area is a 2 m x 2 m square which
has 5.5 m distance between the closed side of the corridor and 4.5 m distance between
the opening. The nearest heat flux device is placed at 0.1 m away from the fire source
on the closed side of the corridor and every other heat flux device is placed at 0.5 m
spacings. This corridor is given in Figure 4.45. Heat flux values for each distance is

shown in Figure 4.46.
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Figure 4.45. Scenario A corridor with one opening.
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Figure 4.46. Scenario A corridor with one opening heat flux graphs.
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In scenario B the same corridor was used in the analysis with 1 opening on both
ends this time that has the same width and height and it is shown in Figure 4.47. Heat
flux devices are also placed in the same places of scenario A. Heat flux values for each

distance is given in Figure 4.48.

Figure 4.47. Scenario B corridor with two opening.

Heat Flux Change Over Distance

60

50

I
o

Heat flux(kw/m?2)
w
o

20
P N M ~ - .\
= — \/t./'/:/,:M — — ==
— — o e N - PN
10
. 4’4_/
0 50 100 150 200 250 300 350 400 450 500 550 600 650
Time(s)
——Heatflux 2.5 ——Heatflux3 ——Heatflux 3.5 Heatflux4 ——Heatflux 4.5 ——Heatflux 5
——Heatflux 5.5 ——Heatflux 6 ——Heatflux 6.5 ——Heatflux 7 ——Heatflux 7.5 ——Heatflux 8

Figure 4.48. Scenario B corridor with two opening heat flux graphs.
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In scenario C the corridor length was changed from 12 m to 20 m. In this analysis
there was only 1 opening which had same dimensions of the previous scenarios, but
this time the fire source had 5.5 m distance between the opening and 12.5 m distance
between the closed end of the corridor. Heat flux devices are placed with the same
distance integers. This time there are more heat flux devices compared to the first two
scenarios due to the corridor being longer. The corridor and heat flux values are given

in figure 4.49 and Figure 4.50, respectively.

Figure 4.49. Scenario C corridor with longer corridor and one opening.
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Figure 4.50. Scenario C corridor heat flux graphs.
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From the heat flux graphs of these 3 scenarios, it is seen that ventilation factor
affects the heat flux value the most. This can be seen from the scenario B where the
peak heat flux value read is approximately 50 kW /m?, for scenario A peak value is 13
kW /m? and for scenario C peak value is 14 kW /m?. Table 4.15 shows the ventilation
factor for scenario A and scenario B. Table 4.16 shows mean ventilation factors for
living room and bedroom. Figure 4.51 shows that as the ventilation factor gets closer
to 0.1 maximum room temperature increases and in scenario A and scenario B the only
difference is the amount of openings. Ventilation factor is 100% higher in Scenario B
which leads to a 400% difference in peak heat flux value. This difference in heat flux
is caused by the maximum temperature. Radiation is the main source of heat transfer
in compartment fires and when temperature increases, 7T}, radiation heat flux increases
in Tg4.

Table 4.15. Ventilation factors.

Ventilation Factor

Scenario A | Scenario B

0.0295 0.0589

Table 4.16. Ventilation factors for rooms.

Ventilation Factor

Living Room <35 m2 | Living Room >35 m2

0,084 0,230
Bedroom <20 m2 Bedroom >20 m2
0,105 0,053

Ventilation factor A,VH,/A(m”)

0.10 0.05 0.033 0.025
T T T T
L Fuel Ventilation
L controlled controlled
ogrooo
g
=
5 |
£ 500
2 L

: Large openings Small openings
0 L 1 N | 1 N 1 1

0 10 20 30 40

Inverse ventilation factor AJA,VH, (m'J/Z)

Figure 4.51. Ventilation factor vs temperature.
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There is a 30% difference between the nearest two heat flux devices for scenario
A and C. The change between the values read from the consecutive heat flux devices
go lower after 1.5 m. In scenario A and scenario C, the heat flux devices placed on the
end of the corridor has a slightly higher heat flux value compared to the devices that
are placed right before them. In all of the 3 scenarios peak heat flux value read from
the device drops around 30 —40% between the 0.1 m and 0.6 m and between the 0.1 m
and 1.1 m this change increases to 45 — 50%. This occurs due to the smoke gathering
at the end of the corridor which increases the heat flux from the radiation effect. In
conclusion; scenario A and scenario B shows that peak heat flux value is exponentially
affected by the ventilation factor as ventilation factor gets closer to 0.1. Scenario A
and scenario C shows that distance loses its effect after 1 m. Babrauskas’ study shows
that wood can ignite around 4.3 kW /m? [47] in 5 hours. The surveys performed in this
study shows that modern dwelling furniture is heavily composed of wood. Therefore,
fire spread time estimations will be based around the ignition time of wood. Taking this
assumption into consideration; for living room fires furniture should be placed at least
1.5 m away from each other to prevent fire spread as much as possible, but generally
this is not possible. Therefore, 1 m distance should be maintained to slow down the
fire spread as the peak heat flux value drops around 45%. Assuming that the items are
placed with 1 m distance, fire will spread after 5-6 minutes (considering the time for
the first items ignition and growth phase) to the second item and the entire room will
be ignited after 8-9 minutes of initial ignition. In living room analysis a higher HRR
curve was used compared to bedroom, but fire spread was observed 65 seconds later
compared to the bedroom. The closest furniture to the fuel was chair with a distance
of 1.3 m while the closest item in bedroom analysis was a dresser with a distance of
0.7 m. This also coincides with the findings of scenario A and scenario C analysis.
It should also be noted that in these analyses the fuel was assumed to be burning at
the beginning so in a real fire scenario there will be more time for the occupants to

evacuate.
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5. CONCLUSION AND RECOMMENDATIONS

In this thesis, 8 apartments were surveyed. Some of these apartments were phys-
ically surveyed and the remaining apartments were surveyed over the floor plan and
photographs provided by the home owners. The goal of this thesis was to create an
easy methodology to perform fire surveys and find the fire loads and heat release rate
curves of the dwellings and rooms inside the dwellings. After the template was created,
it was provided to 2 different non-fire engineer person who lived in different apartments
to perform the fire load survey inside their houses by following the guide written on
the template. It was an overall successful process and the survey was completed with
minimal questions. After calculating the fire load density and energy values, matlab
application was used to calculate the heat release rate curve. Heat release rate is
the most important variable and it is needed by any analysis program to perform fire
analysis. Therefore, using the data provided by Kim [37] an application was created.
Application provides the HRR curves that are available in NIST website and linearly
interpolates them to create the HRR curve for the room. Since the items are not ex-
actly the same and the dimensions are different, energy values do not match and this
problem is solved with the vertical scaling in order to find the HRR curve of the room.
To understand fire spread speed and fire character, FDS simulations were conducted.

Based on the work done in this thesis following conclusions are made.

e In Turkey, as the floor area of the room increases people tend to not increase the
furniture proportionally which results in a lower fire load for bigger floor area.
This also coincides with Kumar and Rao’s findings [6].

e Survey results show that living room and bedroom releases the most energy in a
fire scenario. Therefore, it is logical to create a design fire in one of these rooms as
a fire engineer in Turkey. Past studies also show that the risk of a fire occurring
in a dwelling is highest for the bedroom followed by the living room.

e Height of the building did not have an effect on the energy release or fire load
density values. Therefore, fire load surveys performed on a dwelling should not

need to be classified based on the buildings height.
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e Rooms have a fire load density mean value between 305 M.J/m? - 1135 M.J/m?
which has a high range and this shows that fire analysis should be performed in
a compartment instead of using a fixed value for the entire dwelling.

e Volumetric approach was used in this study where the maximum furniture di-
mension in x, y and z axis are measured and created a rectangular prism. Then
the missing part from the prism is deducted to estimate the volume of the furni-
ture. Volumetric approach showed promising results when compared to the item
weight, energy released values given by Bwalya [34].

e Distribution graph and the minimum, mean and maximum values provided in
this thesis for dwellings show that Eurocodes [33] suggested dwelling fire load
density value can be adapted in Turkey to create a design fire.

e Heat release rate application gives curves which have very high peak values due
to the assumption of the worst case scenario, 63.55 MW found in living room
analysis shown in Figure 4.16, but there is a huge gap in the literature to compare
this value. Although this value is higher than the peak value allowed by Eurocode
[33], it is quite close to the peak hrr value provided by Heitaniemi [43]. Therefore,
HRR application can be used for post-flashover design fires and after modifying
the application with ignition times, HRR application will result in accurate pre-
flashover design fire curves.

e In a ventilation controlled fire, fire spread to a furniture that has a distance of 0.5
m to the fire source is affected by the ventilation factor more than the distance.

e Furniture should be placed at least 1.5 m away to prevent fire spread. To slow it

down, the minimum spacing is 1 m.

For further studies, more fire load surveys should be performed in dwellings to
increase the sample size. This way the minimum, mean and maximum values will be
more accurate. Void ratio assumption can also be improved by finding an approximate
void ratio for the most common items such as sofas, chairs, tables and desks. This can
be done by finding the mass of the item and trying to match the mass with changing

the void ratio.
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There is a lot of room for improvement of the Hrr_calculator application. Adding
an ignition time input will increase the accuracy of the application and this way the
room fire can be investigated in different time intervals other than just post-flashover
state. As the application uses combination method to find the heat release rate curve,
sometimes the peak values stack and it results in an unrealistic peak value. More
furniture items can also be added to the app such as table, desk, carpets which will also
improve the accuracy of the application. With these improvements to the application,

it is expected that vertical scaling will not create high peak values.

To find more accurate fire spread time and speed, more FDS analysis should be
performed. During these analyses furniture can be placed in different distance intervals,
opening factor can be changed or the initial ignition can be performed with a small

burner to find the most accurate fire spread results.
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APPENDIX A: ADDITIONAL INFORMATION FOR
CALCULATIONS

A.1. Building A 3+1

Figure A.1. Building A 3+1 floor plan.
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Figure A.4.
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A.3. Apartment B 3+1
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Figure A.6. 3+1 Living room and extra room 1.
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A.4. Apartment C 341
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3+1 Living room and extra room 1.

Figure A.8.
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A.5. Building A 2+1
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Figure A.10. 241 Living room and extra room 1.
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A.6. Building B 2+1
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Figure A.12. 241 Living room and extra room 1.
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