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1 Abstract

There is an increasing implementation of Vertical Green Systems (VGS) in urban environments which
necessitates a thorough understanding of their fire behaviour to ensure fire safety. While VGS vegetation offer
numerous benefits, their role as additional fire load in building facades remains insufficiently explored. This
study aims to evaluate the fire behaviour of the vegetation of VGS through a combination of experimental
fire tests and Computational Fluid Dynamics (CFD) using Fire Dynamic Simulator (FDS). The experiments
were conducted in a controlled fire lab with the help of experts, and provided empirical data to validate the
numerical models. The results indicate that vegetation alone does not generate extreme temperatures during
combustion unless in direct contact with flames. Mass loss, caused by moisture evaporation and pyrolysis,
occurred predominantly in areas exposed to direct ignition sources, with self-sustaining combustion being
rare. The most influential parameters affecting fire behaviour were vegetation density and leaf geometry.
Higher-density vegetation led to increased heat flux and prolonged burning duration. Whereas higher moisture
content delayed ignition. Additionally, the experiments confirmed that a larger cavity between the VGS and
the wall resulted in lower temperatures. The findings suggest that the fire risk associated with the vegetation
of VGS can be effectively mitigated through appropriate vegetation selection, regular maintenance and the use
of fire-resistant building materials. This study contributes to the body of knowledge by providing quantitative
insights into the fire behaviour of the vegetation of VGS by using validated numerical models.



2 Introduction

2.1 Problem Description

The existing body of knowledge regarding green facades or vertical green systems (VGS) in the context of
fire safety primarily focuses on their fire classification. Whilst this is valuable knowledge, there are still a lot
of unknowns pertaining to vegetation of VGS and their fire behaviour. There is currently a lack of standards
and guidelines pertaining to fire safety of VGS and due to the rising popularity of these systems it is of great
importance to ensure that these systems are safe for the built environment.

To assess the potential fire safety risks posed by the vegetation of VGS with a non-combustible supporting
system without introducing an extra cavity to the external wall, it is essential to examine how these systems
influence fire behaviour. This includes analysing the impact of the additional fire load introduced by VGS, as
well as understanding how various types of vegetation may affect burning characteristics.

2.2 Relevance of this Research

Over the last years green facades have been gaining popularity and are becoming more commonly used
especially in cities. The world is urbanizing with over half the world’s population, over 4 billion people, now
living in urban areas. In the past few centuries and especially during the more recent decades, there has been
a large shift from rural living to urban areas [10]. This transition in living type has also created a new set of
problems for urban inhabitants, which are not as prevalent in rural situations.

This, however, is not the only shift that the world has encountered in recent decades. The impact of
climate change has become more prevalent over the years and it is imperative to start thinking long-term
when making impactful decisions, such as building construction is. The building sector is responsible for a
large amount of the final energy consumption of Europe, in total about 40% [11]. There is a lot of focus on
reducing the CO2 emissions caused by the building sector. However, less attention is paid to the increasing
temperatures over the world and the impact this has on the living comfort of its inhabitants [12]. As a
consequence of rising temperatures, there is an increasing probability among the populace of overheating,
which could lead to health problems, particularly for those who are vulnerable and of weaker health.[13]. In
urban areas overheating is more likely to occur due to an effect called the urban heat island effect which can
have disastrous effects for the inhabitants of cities [14, 15]. With the urbanization mentioned above of the
world, it is important to start designing to mitigate the onset of this phenomenon.

VGS have gained traction over the last years for several different reasons. The first being that architects
enjoy the green and environmentally friendly aesthetics that these green facades bring with them in a world
in which it is becoming more important to be sustainable and environmentally friendly. Moreover, multiple
studies have shown that having greenery in the vicinity of people’s homes can be linked to improved overall
mental health and well-being [16]. In urban areas where floor space is scarce and mostly utilized in functional
ways, there is not a lot of space for greenery. This is why VGS would be a great solution for implementing
more greenery whilst not losing usable living space.

Additionally, VGS helps with overall noise reduction. Which is important as long exposure to noise has
been found to raise stress levels and impact peoples health [17]. Whilst not all VGS are evenly effective
some have been found to have a reduction of around 5-10 dB whilst others range more from the 2.0 - 3.9 dB.
Furthermore, studies indicate that reverberation time increases as the density of greenery coverage on VGS
decreases. A similar positive correlation is observed with sound absorption, where an increase in greenery
coverage leads to a higher sound absorption coefficient [18]. Moreover, VGS can reduce street noise by 2-3 dB
and help minimize internal reverberation between building facades on opposite sides of a street [16].

Furthermore, studies have shown that VGS can help reduce the urban heat island effect [19, 20], by
lowering the temperatures close to the wall by an average of 0.65 °C. This is due to the VGS evaporating
moisture into the air which cools the overall temperature [19]. The implementation of green facades in urban
areas can also help to broaden the biodiversity of the neighbourhoods [21, 22, 23].



In addition, VGS have been known to act as natural insulators for the buildings that they have been
attached to, which would help to lower the overall energy use of the inhabitants. Cheng et al. [1] found that
the addition of a VGS could significantly lower the overall heat flux of a concrete wall compared to a bare
concrete wall in the same situation. Furthermore, they found that the VGS had an insulating effect. This is
shown in Figure 2. Due to the VGS, the interior concrete surface fluctuated less in temperature compared to
the interior wall of bare concrete [1]. The same conclusion was reached by Widiastuti et al. who conducted
an experiment that looked at the temperature flux and the heat transfer of an exterior wall that had different
amounts of leaf coverage from a VGS as well as a bare concrete wall as a control group [24].

50
\
45 / -~
n / \\ \ N NN
s A A PAAVERVA j \ rN
| /
& 3B Vv / : I \ /!
£ | [ / /
30 \ \ I v
g \"/\\ n N /\‘1’ NAVAY
ERl| &y \
® 20 ——— Bare concrete wall
% 15 Panel covered wall
10
5 [\’\/\/\/\/\‘/\/\/\/\/\'\/\/\/\/\/\/\/\/\/\/\/\/\/\/
0 A A L L L L . A L . . L )
6 7 8 9
(00:00) (00:00) (00:00) (00:00)
Time (Days)
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Figure 2: Temperatures over 4 days of a bare Concrete wall and Concrete wall with a VGS [1]

Moreover, green facades are great for catching fine particles matter such as heavy metals lead and cal-
cium. These particles are collected on the leaves and generally washed off during the rain ending up in the
soil. Not all particles wash off, as a part is absorbed and stored in the plant. Much like C'Os which can
also be absorbed by the plant which can help to improve the overall air quality of an urban environment [25, 26].

Overall, there are many positive aspects to implementing VGS in urban environments in the future.
However, it should be done safely, and due to the newness of these facade types, there is not a lot of safety
regulation regarding the fire safety of these facades. There have also not been many fires recorded in buildings
which had a green facade in which the consequences of the fire could be viewed. Therefore, it is imperative
to do research in this field to gain an understanding of how these systems would act in a fire and what the

potential consequences could be. This way one can prevent disastrous situations from occurring due to a lack
of knowledge and understanding of these VGS.



Whilst some research about the topic of VGS regarding their fire safety has been completed it is very little.
Considering that there are also many different types of systems there are a lot of unknowns regarding theses
systems and their fire safety. As these systems are becoming more implemented over the world the fire risk
due to the added load of the vegetation and the systems themselves should be taken into consideration and
the building should be adapted correctly to ensure the safety of everyone.

2.3 Research Goals
In response to the previously mentioned issue, the following research goal has been defined:

To broaden the current body of knowledge concerning VGS and their impact on the fire behaviour of the
building, with the aim to investigate whether the introduction of VGS may lead to unsafe situations.

Due to the wide scope of the above-mentioned research goal, a more specific research goal is formulated as
follows:

To systematically assess the impact of vegetation on fire behaviour through a combination of experimental
fire testing and validated Computational Fluid Dynamics (CFD) simulations, with the aim of quantifying its
influence on combustion dynamics, heat transfer, and fire propagation characteristics.

2.3.1 Objectives

To help to fulfil the above-stated research goal the following main research objective has been established
as can be seen in Figure 3. This figure also shows the sub-objectives which have been defined to help
systematically answer the main research question.

Main Objective: To systematically assess the impact of vegetation on fire
behaviour through a combination of experimental fire testing and

validated Computational Fluid Dynamics (CFD) simulations, with the aim
of quantifying its influence on combustion dynamics, heat transfer, and
fire propagation characteristics

1) Asses what the relevant VGS and fire characteristics are
which influence the burning behaviour of a VGS.

Part 1: Theoretical
Background/Literature Research

2) Propose what type of validation experiment should be
conducted on which to base the application simulations.

3) Create Validated simulations in CFD software which aim to Part 2: Validation Experiments
closely resemble reality on which the apllication studies can

be created.

4) Quantify how different vegetation and fire characteristics
influence the effects of a fire on the underlying facade. Part 3: Validation Simulations

and Application Simulations <«

NSNS

— | 5)Propose an optimal vegetation characteristics purely
considering the fire safety.

Figure 3: Main and Sub-research Objectives

2.4 Fundamentals Fire Dynamics

For a fire to burn successfully 3 different things are needed: heat, oxygen and fuel. These three elements
make up the fire triangle, see Figure 4. With all of these three elements present, a fire will burn and
keep burning successfully [27]. When one of the elements is removed fire will die out. Fire can be either
fuel-controlled, meaning that the combustion is limited due to the amount of fuel that is available. A fire
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is usually fuel-controlled during the growth phase. A fire can also be ventilation-controlled, which refers to
there being a limited amount of oxygen available. And due to this limitation, it can’t grow bigger, this is
generally the case during the developed phase [2]. During a fire in a compartment, the fire follows the natural
fire curve as seen in Figure 5. When a fire is ignited it will start as a fuel-controlled fire and after enough
growth, flashover will occur which causes a big spike in the heat release rate (HRR). This is also when a fire
becomes ventilation-controlled, meaning that the fire will be controlled by the amount of oxygen present in
the compartment. Due to the closed nature of the compartment, there will most likely be a lack of oxygen
which will cause the fire to die out. However, during this research, the fire which is analysed will be outside
and thus will not be restricted by the amounts of oxygen present.

Furthermore, while flashover can theoretically occur in outdoor environments, the chance of this happening
are minuscule. Flashover occurs due to a build-up of pyrolysis gasses within a confined space which when
reaching a certain temperature spontaneously ignites. When this happens there is a big spice in HRR, as
shown in Figure 5. As the gasses can dissipate in an outdoor environment these critical concentrations of
pyrolysis gasses are most often not reached. Meaning, the natural fire curve will not necessarily be true
for outdoor/exterior fires. The natural fire curve is not accurate for outdoor situations and whilst the
theory should be understood it is not of great importance to this particular research. When biomass under-
goes combustion, it engages in a singular chemical reaction where the fuel oxidizes, releasing thermal energy [28].

Heat is transferred through three primary mechanisms: radiation, convection, and conduction. Radiation
involves the transfer of heat via electromagnetic waves and does not require a medium for propagation. Con-
vection occurs in fluids, where heat is transported by the movement of the fluid itself, while conduction takes
place in solids through direct molecular interactions. In the context of a fire, radiation plays a significant role,
as a substantial amount of heat is lost to the surroundings through the air especially in non-compartmental
fires [29, 30].

Ignition can happen in 2 ways: piloted ignition, wherein the fuel undergoes physical ignition induced by
an external source, and spontaneous ignition, which ensues when an adequate thermal environment allows for
the self-ignition of the pyrolysis gases produced, eliminating the need for a pilot flame [31].

2.5 Fundamentals Fire Safety

Fire safety is about the safety of the inhabitant, fire fighters as well as the preservation of the property.
FSE makes use of performance-based engineering, meaning that the design needs to meet certain criteria
in different categories to be seen as a successful design. This type of designing means that the project
specifications differ per site and that the fire safety concepts are tailor-made to fit that specific building.
There are many building codes and standards which also differ per function and building size to create a
guideline of how to design in a fire safe manner [3].



Performance-based fire safety engineering encompasses 3 main categories: fire characteristics, building
characteristics and human characteristics, with environment characteristics and intervention characteristics
also playing a role as seen in Figure 6. When adding a VGS the building characteristics change, meaning that
this will also have an impact on the fire characteristics and that the human characteristics may need to be
changed in situations.

Repressive
scenario

Evacuation
scenario

Fire scenario

Degree of fire
safety
: “‘
H \
. 5
Human Fire

Building
characteristics

characteristics characteristics

Psychonomy

Building

el 2 Environmental
characteristics

Intervention
characteristics

In-house emergency
responders and the fire service

Figure 6: Performance Based Fire Safety Engineering [3]

During this research the aim is to see how the fire characteristics change and what should be adapted,
whether it is building characteristics or human characteristics, to come to a successful and safe final design
when using VGS. This is also known as a performance-based approach to fire safety engineering.

2.6 Types of VGS

There are different types of VGS. They can differ in either way that they are connected to the building or
the types of plants. The distinction should be made between outdoor and indoor VGS. For this research, only
outdoor systems will be taken into consideration which is why the indoor VGS will not be discussed.

The plants of the VGS may or may not be attached to the facade of the building which lies behind
the greenery. One of the big distinctions is whether the greenery is ground-bound or not. Ground bound
is when all the vegetation is rooted in the ground and climbs up the facade as opposed to some type of
substrate module in which the plants can grow [23, 32, 33]. Ground-bound VGS have a limit on how high
they can grow as the plants can not grow endlessly and can thus only be used for a maximum of around 3 floors.

The facade-bound VGS are commonly made up of the following components: the vegetation, a mounting
system, the substrate and an irrigation system [34]. Some VGS also have a substrate holder which keeps the
substrate in place. The different types can be seen in Figure 7. Facade bound VGS are more complex, as they
introduce an exta cavity to the facade as well as a layer of combustible material. There are more mechanism
combined in this type of VGS and there is more chance of complex behaviour taking place, like the chimney
effect which occured during the Grenfell fire and is very dangerous [35, 36].

The substrate can be either organic or inorganic. Organic substrate is mostly made up of peat soil to
which certain materials and minerals have been added to create the optimal soil for the growth of the chosen
greenery. These organic substrates are commonly used in combination with a pot system. An inorganic
substrate is often created of insulation materials, like rock wool, in which small spaces have been made in
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which the vegetation can grow. The irrigation system also has to supply the vegetation with nutrients due to
the inorganic substrate not having any as the organic substrate does [34].

The types of plants differ per type of VGS. Commonly used plant species include Hedera helix (Common
Ivy), Peperomia obtusifolia, and Aglaonema commutatum [37], as shown in Figure 8. In this study Hedera
helix plants were studied which are most often used in combination with an indirect greening facade or a
direct greening facade, see figure Figure 7.

Different plant species possess distinct characteristics that can influence fire behaviour in various ways.
Therefore, understanding these characteristics during a fire is crucial for assessing fire performance and
identifying plant species that enhance fire safety.

(a) Helix Hedera [38] (b) Peperomia obtusifolia [39] (c) Aglaonema commutatum [40]

Figure 8: Most Common VGS plant types

When considering fire resilience in VGS, moisture content is a critical factor influencing combustibility and
ignitability. Dry vegetation ignites more readily, burns faster, and generates greater heat output compared to
wet vegetation, as demonstrated in experiments conducted by C.L. Chow et al. [41]. The presence of greenery
can serve as an additional fuel source, posing a significant fire hazard if it comes into contact with a window
plume, potentially leading to rapid fire spread and severe consequences.



When considering the moisture content of the vegetation not just the initial plant type moisture content
needs to be regarded, but the moisture content due to maintenance is also of great importance. When
vegetation is not maintained correctly the plants will dry out and the moisture content will dwindle leaving
dry fuel which is easily ignited [42]. As was the case in Sydney with a VGS which was lit by a burning candle
or cigarette due to an improper irrigation system and thus a lack of maintenance of the plants [41].

The leaf and stem structure of the VGS can also influence the burning behaviour. Broad and thick leaves
tend to be less flammable compared to thin and spread-out leaves. This is due to their contact area with
the fire being smaller for these leaf types. This notion is also supported by Equation (1) which shows that a
larger area will lead to more mass loss of the vegetation during a fire[8].

hA(AT)

"

— ——/ 1
" T TLH, (1)
where: [8]

m” = mass loss rate [kg/m?s]

h = heat transfer coefficient [W/m?K]

A = Area of contact between flame an plant [m?]

AT = temperature difference between the flame and plant ignition temperature [K]
L = Latent heat of vaporization of water in plant tissue [J/kg]

H. = heat of combustion [J/kg]

2.7 Method

In this study, various plant characteristics will be analysed. However, due to the limited availability of
physical specimens for experimental testing, simulation software was chosen to investigate the effects of these
characteristics. The selected simulated software must be sufficiently detailed and accurate to capture the
nuances of these characteristics and their influence on the burning behaviour. Which is why computational
fluid dynamics (CFD) software was chosen.

To ensure accurate simulations and identify areas where the model either underestimates or overestimates
its results, experiments were conducted to establish a validation baseline study. These validation input values
were then used to develop application studies, incorporating different plant characteristics to assess their
influence on the results. Additionally, the validation study provides insights into how CFD results may deviate
from real-world conditions.

Fire dynamics simulator (FDS) was chosen as the simulation software for this research due to its detailed
calculation method. This is a CFD software regarding fire conditions and has been design to simulate for
this purpose. Unlike simplified fire models (for example zone models) FDS uses the Navier Stokes equation
on a fine grid which can capture the detailed fluid flow, heat transfer and combustion process [43, 44]. FDS
is often used to capture more complex fire scenarios whilst CFAST (a zonal model) is used to offer quick
approximations [43, 45]. Furthermore, zonal models were primarily designed for compartment fires as opposed
to external fires and thus do not simulate very accurately for outdoor situations [46].

CFD software using LES was chosen as LES resovles the large turbulent eddies directly and only models
the small-scale eddies. This allows for more detailed turbulence compared to Reynolds-Average Navier Stokes
(RANS) CFD software. RANS mostly solves for the average flow and the turbulence model is user defined.
Making it unacceptable for unrealistic simulation due to much the numbers on which the entire output is
based being an input for the user. LES solves in detail the vortices and the turbulence behaviour over time
[47, 48].



3 Experiments

To ensure that the simulations performed during the application study can be considered useful for
real-world application, the simulations need to be validated. This is done by performing experiments and
then recreating these experiments in the simulation software to evaluate whether the results given by the
simulations are realistic. Additionally, it helps to see what restrictions the simulation software has and thus
what behaviour one can expect to be different if the application study was performed in real life. For this
reason, experiments are conducted using a VGS specimen. The experiments were conducted in the Peutz
firelab, using materials provided by Mobilane.

3.1 The Aim

The primary objective of these experiments is to generate data for validating the FDS before utilizing
it for the application study. To ensure accurate validation, the experimental setup must be identical to the
conditions used in the simulations. This allows for a direct comparison between the experimental data and
the simulated results, which will ensure consistency. Once validated, the same setup can be employed for the
application study. Without this validation process, the reliability of the application study’s results would
remain very uncertain.

In addition, these experiments aim to isolate and analyse the influence of vegetation on fire behaviour. By
eliminating all other elements of the facade, the results will demonstrate the effect of vegetation.

3.2 Peutz

Peutz is a building physics, acoustics and fire safety advisory group with multiple different laboratory.
Peutz has 12 offices located in the Netherlands, France and Germany. With their mission being: With research
and advice, they contribute to a safe, sustainable and comfortable living environment.

Peutz currenty has an acoustic, building physics, windtechnology, firesafety, pyrotechnical, windturbinenoise
laboratory. They are also currently building a heat pump laboratory. They are able to perform standardized
tests in these locations with the help of their trained personnel and offer high-quality and reliable consulting
services.

Peutz provided access to their fire safety laboratory for this research. The experiments were carried out
with the support of experienced professionals working in the laboratory, who offered valuable insight and
expertise throughout the research process.

Figure 9: Peutz Firesafety Lab [5]



3.3 Mobilane

Mobilane was able to provide me the samples for the experiments. Mobilane is a company which specializes
in sustainable ready-to-use green systems which can be added to roofs, facades or walls. Their goal is to
create a green, healthy and sustainable future for all. Special thanks to Mobilane for gifting the samples.

Figure 10: MobiGreenFence Wall Planter VGS [6]

3.3.1 samples

Mobilane was able to provide/gift 4 samples for this research. The 4 samples were cut out of 2 different
MobiGreenFence which are also used for their wall planters, these are shown in Figure 11a.

Delivered samples MobiGreenfence
e 2 pc. Hedera helix Woerner (klimop/common ivy) 120x180cm

The samples used in the experiments were extracted from the delivered hedges. Prior to testing, the roots
at the base of the hedge, as depicted in Figure 11a, were removed. Additionally, the samples were trimmed to
the required dimensions for the experiments. To minimize dehydration and potential alterations to the results,
the cutting process was conducted on the same day as the experiments. An angle grinder was employed for
this procedure, as its use was necessary due to the metal grate within the hedge structure, as well as the
substantial thickness of the hedge’s wooden components.

All samples were cut the same size, 0.5m wide by 1.5m high (0.5mx1.5m), the hedge was higher than 1.5
so the top of the hedge was cut off as opposed to the lower half. This approach was chosen as the lower part
of the hedge is more mature, and will thus provide a more realistic result of how a fully grown hedge mounted
to a facade would perform.
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(a) MobiGreenfence sample (b) Cut sample

Figure 11: VGS Samples

3.4 Method
3.4.1 intermediate fire test ISO 13785

The experimental setup closely resembles that of the ISO 13785 intermediate-scale test; however, certain
differences exist in both the setup and specimen preparation.

First of all, the specimen of an ISO 13785 test have to be conditioned to a constant mass of 23+2 °C and
a relative humidity of 50+5%. However, due to the necessity of testing live vegetation immediately upon
delivery to prevent dehydration, these conditions were not strictly adhered to. Nor was the specimen weighed
24 hours before testing to verify that their mass variation remained within the prescribed limit of 0.1%. In
an ISO 13785 test, if a specimen’s weight fluctuates by more than 0.1%, the test must be postponed for at
least another 24 hours to allow for proper stabilization. Despite these deviations, the ambient temperature of
the test environment adhered to the ISO 13785 requirement of 20 & 10°C during the conducted experiments [7].

Figure 12 shows the precise setup an ISO 13785 must adhere to. As depicted in Figure 12, multiple
thermocouples are placed in an an even spacing on both sides of the specimen sides monitoring the temperature
distribution. In addition, a heat flux meter at the top of the specimen to measures the radiant heat exposure
at one side.

The specimens of an ISO 13785 test are created in a corner setup with a width of 1.2m on the wide part
of the specimen and the other width being 0.6 and a height of 2.4m. The lineburner is placed under the wider
side of the specimen and also has a width of 1.2m. There is a 0.25m space between the line burner and the
sample. The specimen is mounted on an adiabatic back wall, which in turn will not affect the results.

The ISO 13785 tests last for a total of 30 minutes during which the line burner needs to be ignited within
the first 10 seconds. The line burner has a total output of 100 kW, this output also needs to be reached
within the first 10 seconds. The sampling period for the data logger must not exceed 10 seconds. Furthermore,
it is important that the horizontal wind speed in the vicinity of the test does not exceed 0.5 m/s, as this will
influence the final results.
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Figure 12: Setup ISO 13785 (intermediate facade test) [7]

3.4.2 Experimental setup

The experiments were completed with the help of Peutz BV. Multiple experimental setups were evaluated
due to the initial configurations yielding limited results. Specifically, the first two setups did not provide
significant variations in the recorded temperatures, necessitating modifications to the experimental design.
This adjustment was essential, as minimal temperature variation makes it challenging to assess whether the
simulations accurately represent real-world conditions. Without sufficient data variation, it becomes difficult
to analyse fire behaviour and validate the accuracy of the simulation results [49].

Setup - 1

The initial experimental setup is shown in Figure 13. The samples were mounted on an adiabatic wall,
with a calcium sillicate board (Promatect) serving as the backplate for stability. To prevent the thermal heat
absorption properties of Promatect from affecting the measurements, a layer of Rockwool was placed on top of
the heated side of the board. Additionally, rockwool was placed along the sides of the specimen. Minimizing
the heat loss due to convection and preventing potential influence as a result of airflow within the testing
environment blowing the flames in a certain direction. This arrangement ensured that the fire remained
focused on the specimen. Furthermore, Rockwool was placed on the ground around the gas pipe to enhance
safety and maintain a controlled environment in the event of flaming sample debris falling during the experiment.

The specimen was suspended using metal rods that hooked into the metal grate located within the hedge,
as illustrated in Figure 56 in Appendix A. This setup allowed the specimen to be positioned at a controlled
distance from the Rockwool backing, creating a cavity, as shown in Figure 57. The first sample was positioned
25 cm directly above the line burner (measured from the top of the burner) with a 20 cm cavity between
the specimen and the Rockwool backing. The adiabatic back wall was secured to a metal support system,
which provided structural stability. The metal hooks attached to the specimen were also inserted through the
metal backing system to enhance the overall stability of the setup. The entire assembly was placed on a Pro-
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matect plate, which was positioned on a scale to enable precise measurement of mass loss during the experiment.
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Figure 13: Setup 1

In addition to the scale, the setup incorporated a flux meter and 15 thermocouples for data collection.
The flux meter was placed atop the set-up, shown in Figure 13 and 14, in a manner similar to its placement
in the Intermediate-Scale Fire Test. However, due to the extended height of the adiabatic back wall, which
accommodated thermocouple placement, the flux meter was not positioned directly above the specimen but
was instead slightly offset. A total of 15 thermocouples were placed in the setup, distributed across three
columns with uniform spacing between them, following a setup similar to that outlined in ISO 13785 as
discussed in Section 3.4.1. These thermocouples were pushed through the backplate Promatect plate as well
as the Rockwool and just poked out so the temperatures that were measured were the temperatures upon
the back wall, were the facade would normally be located, this way the full effect of the vegetation upon a
potential facade could be measured.
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Figure 14: Setup back view Figure 15: Numberering of thermocouples
front view

The thermocouples numbering stayed the same throughout all experiments. They were plugged into a
data logger which recorded every 0.01 sec, setup seen in Figure 16. This was not changed throughout all of
the tests. Before the tests were conducted the lineburner was adjusted to ensure that the heat released was
30kW. This was done by using the following formula:

RHR = % (2)

where:

RHR = rate of heat release of fuel burner kW]
Qtotal = total energy released [MJ]

t = time the fuel burned [s]

To ensure that the output was 30kW the weight change of the burning fuel was used to calculate the

overall output and the gas valve was adjusted until the right output was achieved. The precise calculations
can be found in Appendix A.2.1.
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Figure 16: Data logger setup

Figure 17: Specimen in setup 1

Figure 18: Final Setup 1 with Specimen

All experiments were recorded with a GoPro which was positioned directly in front of the specimen. All
experiments lasted a total of 30 minutes, during which the lineburned maintained a constant output of 30 kW.
Measurements were taken at intervals of 0.01 seconds and all peculiarities during the experiments were noted
down by hand. Markers were taped to the rockwool back wall at 0.5m intervals to serve as height references,
allowing for real-time observation of flame height during the experiments. These are the silver tape markings
observed in Figure 17

Setup - 2

During the first experiment, minimal changes in temperatures or burning behaviour were observed. As
discussed in Section 3.4.2, a broader range of results is preferable to ensure the simulations can be accurately
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tested for reliability. As a result, it was decided, in consultation with Peutz workers and the supervisor, that
the second sample would be lowered closer to the lineburner to increase the variability in the results. This
adjustment was made in hopes of enhancing the burning behaviour, thereby creating a more varied dataset
for the FDS modelling. The cavity size remained unchanged, the only modification made was the reduction
of the gap between the specimen and the flames from 25c¢m to 5 cm. Apart from this adjustment, all other
experimental conditions remained the same. The setup is shown in Figure 68 in Appendix A.

Setup - 3

Whilst the results were observed to be more diverse with setup 2 compared to setup 1, a third setup was
introduced to further enhance result variation. Setup 3, shown in Figure 78 in Appendix A, was based on
setup 2, however, the width of the cavity was reduced from 20cm to 7 cm, with the lineburner still placed
directly under the specimen. This adjustment led to significantly more variation in the result temperatures.
This setup was used for test 3 and 4.

3.5 Results
Setup - 1, test 1

As mentioned above the tests were filmed. In Appendix A images at different time intervals document the
burning behaviour of the samples. The sample remained largely unburned throughout the experiment. Within
the first minute following the ignition of the line burner, slight smoke emissions were observed, as shown in
Figure 59 in Appendix A.2.1. This subsided after the first minute. At approximately 3 minutes and 45 seconds
(Figure 19a), the specimen ignited, with flames spreading rapidly along the stem of the ignited plant. How-
ever, the rest of the plant did not ignite, and once the single burning stem was consumed, the flames diminished.

Over time, the leaves gradually dehydrated as they lost moisture. Nevertheless, the specimen did not
reignite until 13 minutes and 45 seconds (Figure 19b). Similar to the previous ignition, only a single stem
burned, after which the flames subsided, leaving the rest of the specimen unaffected. No further ignition was
observed for the remainder of the experiment.

(b) t=13:45 (c) t=25:00

Figure 19: Test 1
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Mass Loss Trend - Test 1
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Figure 20: Mass loss regression trend test 1

These ignitions are also reflected in the mass changes shown in Figure 20. Drops in the mass are shown
around the points of ignition indicating a quick change in the mass composition of the sample. The trend
line which was fitted to the mass loss is an exponential decay function. This means that initially, the mass
loss decreases exponentially, however over time the mass loss rate slows down. The coefficient of determi-
nation is shown to be 0.98 in figure 20. This indicates an excellent fit as the closer R? is to 1 the better the fit is.

As mentioned in Section 2.4, when vegetation burns pyrolysis takes place. The general combustion of
biomass is shown below [50]:

CsH1905 + 605 — 6C0O4 + 5H50 + heat (3)

The chemical formula for complete combustion represents an idealized scenario. In reality, combustion also

produces carbon monoxide (CO), char (C'), and other hydrocarbons. However, for the purpose of quantifying

pyrolysis in relation to moisture evaporation, this simplified model is employed.

A piece of the specimen was dried out with Peutz equipment to measure the moisture content of the
specimen, which returned a moisture content of 22.51%, the precise numbers are shown in Appendix A.2.1.
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Setup - 2, test 2

(a) t=0:00 (b) t=11:20 (c) t=30:00

Figure 21: Test 2

Figure 22: Mass loss trend test 2

Test 2 was done using the second setup described in Section 3.4.2. During the test, the specimen only
ignited once at 11:20. Apart from that there were some loose leaves which happened to ignite sometimes but
the ignition would die out after the 1 to 2 leaves burned.

The lower vegetation in contact with the flames burned away during the first 10 minutes of the experiment,
without a very clear overwhelming ignition of the vegetation. When this fuel was burned the flames did not
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