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Preface

This kappa is written to present the framework and the main conclusions of the
research that I have carried out during my industrial doctoral education. It should
be read as a summary of the appended research publications.
Some of the research presented in this document and the appended publications was
carried out during the FIRETOOLS project (2013-2016), jointly funded by the
European Commission and Danish Institute of Fire and Security Technology (DBI).
The overall objective of the FIRETOOLS project was to advance predictive
capabilities of fire behaviour of building content, construction products and fire
separating elements, based on knowledge of the material’s properties. I was one of
five early-stage researchers selected to carry out this task with academic supervision
from Lund University and industrial supervision from DBI. The project outcomes
were summarized in reports and submitted to the European Commission. These
reports are not included in this thesis. Additional research activities had been carried
out after the completion of the FIRETOOLS project. It included further data
analysis on the gathered experimental results and performing numerical simulations.
The work during the previous 7 years has resulted in the five appended research
publications, forming the backbone of this thesis.

Karlis Livkiss
Copenhagen, 2020
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Popular Science Summary

One of the pillars of fire safety in built environments is the choice of materials and
constructions from the perspective of their fire behaviour. An example is building
façade, which should be designed and constructed in a way not to allow fire spread
from one building level to another. Nevertheless, devastating façade fires occur every
year, often resulting in human casualties. Nowadays many new materials and design
solutions are introduced in construction due to the growing environmental
awareness and sustainability requirements. It is difficult to follow-up with the
changes in the market and design practices to ensure acceptable fire safety levels. Yet
it is also increasingly important to do so. The population growth and urbanization
in world results in more and taller buildings being built and the potential
consequences of fire incidents are rapidly rising. Building up the knowledge of the
façade fire behaviour and the critical factors is therefore required.
This thesis is investigating the fire behaviour associated with narrow air gaps in
ventilated façades. An air gap between the thermal insulation and the external
cladding provides a path for fire spread horizontally along the façade. This thesis
experimentally and numerically investigates flame characteristics inside a narrow
space. More than 75 individual tests were performed in experimental series showing
that narrower cavity results in elongated flames and more severe heat impact to the
inner surfaces of the cavity. Numerical modelling was applied to assess todays
capability to reproduce the experimental results. It was discovered that the numerical
tools can in general reproduce the observed trends, yet underpredicting the flame
heights and the heat exposure. Once fire enters the façade air gap, materials used
inside the cavity are exposed, may ignite and contribute to the fire. Typically, these
are thermal insulation materials. Therefore, as a part of the presented research,
typical building insulation materials were studied when exposed to the heat. The
heat transfer inside stone wool was investigated to provide a new insight in how the
components of this product influence its temperature. Deformations of expanded
polystyrene due to melting were also studied.
These results can be used for advancing the numerical simulations of the material
and construction behaviour in fires. Numerical modelling, based upon this
knowledge, will potentially offer a more flexible and effective way of assessing new
designs and materials in the future.
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Terminology

Accuracy – closeness of the agreement between the result of a model prediction and
the measured value, or the closeness of the agreement between the measurement and
the true value of the measured parameter
Boundary layer – layer of fluid in the vicinity of a bounding surface and having a
temperature and/or flow velocity gradient over the thickness
Element (building element, construction element, separating element) – integral
part of a built environment. It includes floors, walls, beams, columns, doors, and
penetrations, but does not include contents
Composite-scale – physical scale investigated in this research, consisting of several
layers of material
Exposed surface – surface of a test specimen subjected to the heating conditions in
a fire test
Fire behaviour – change in, or maintenance of, the physical and/or chemical
properties of an item and/or building element exposed to fire
Model or Simulation – calculation method that describes a system or process related
to fire development, including fire dynamics and the effects of fire
Micro-scale – physical scale of a material, which is small enough to neglect the heat
transfer inside the material, typically a few mg. Examples of micro-scale test methods
include TGA and MCC
Fire performance – response of a material, product or building element in a fire
Fire plume – buoyant gas stream and any materials transported within it, above a
fire
Fire resistance – ability of a test specimen to withstand fire or give protection from
it for a period of time
Heat flux – amount of thermal energy emitted, transmitted or received per unit area
and per unit of time
Heat release – thermal energy produced by combustion
xxi

Heat transfer – exchange of thermal energy within a physical system or between
physical systems, depending on the temperature and pressure, by dissipating heat
Incident heat flux – heat flux received by (or falling on) the surface of a test specimen
Material-scale – physical scale investigated in this research, consisting only of a single
material and typically with heat flow in one direction
Mechanical response or mechanical behaviour – measure of fire-induced changes to
the deflection, stiffness and load-bearing capacity of building elements and the
development of openings (e.g. cracks) in building elements during fire exposure as a
result of the shrinkage or expansion of materials, spalling, or delamination
Pyrolysis – chemical decomposition of a substance by the action of heat
Reaction to fire – response of a test specimen when it is exposed to fire under
specified conditions in a fire test
Real-scale fire test – fire test that simulates a given application, taking into account
the real scale, the real way the item is installed and used, and the environment
Separating element – physical barrier intended to resist the passage of fire from one
side of the barrier to the other side
Small-scale fire test – fire test performed on a test specimen with dimensions of a
couple of cm
Test specimen or test sample – item subjected to a procedure of assessment or
measurement. In a fire test, the item may be a material, product, component,
element of construction, or any combination of these. It may also be a sensor that is
used to simulate the behaviour of a product.
Thermal decomposition – process whereby the action of heat or elevated
temperature on an item causes changes to the chemical composition
Thermal degradation – process whereby the action of heat or elevated temperature
on an item causes a deterioration of one or more properties
Thermal insulation (criterion in a fire resistance test) – defined as the ability of
a separating element, when exposed to fire on one side, to restrict the transmission
of heat
Thermal response – temperature profile within an object resulting from an applied
heat flux
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1 Introduction

The challenge in fire safety engineering is to ensure acceptable fire safety levels, hence
reducing the number of fire casualties and injuries, and to reduce the property and
environmental losses created by fire incidents [1]. Understanding the behaviour of
materials and structures, and controlling which ones are used in built environments
is an integral part of achieving this goal. Other parts include understanding
evacuation, the performance of active systems, firefighting and rescue operations.
Prescriptive fire safety guidance is largely based on experience of building fires with
significant negative consequences. Such fire incidents are relatively infrequent, hence
the amount of gathered knowledge is limited and sparse. One example is the data
provided by the German fire service, which reported 125 façade fires in Germany
between 2011 and 2018 [2]. Some of the most important façade fires involving
aluminium composite claddings between 2010 and 2017 are presented by
Guillaume et al. [3] in a list of 13 fire events. In a position paper published in late
2019 by the International Association of Fire Safety Science IAFSS, work on
universal data collection, improved exchange of data and learnings from real fires
were listed as necessary research activities during the next decade [4]. The evaluation
of new building systems, on the other hand, is based on the physical testing of
relatively small-scale mock-ups, or sometimes even only on the materials used to
build the system. How to bridge the gap between material behaviour in laboratory
scale tests and in complete full-scale systems is not clear – arguably, it is based on
past incident observations, sparse large-scale test results or simply on engineering
assessments combined with embedded large safety factors. It can be argued that this
approach can sometimes lead to overdesign and being too restrictive or, in other
occasions, it can be incapable of identifying risks associated with new construction
materials, products and systems.
Physical fire testing is not a feasible way to evaluate a wide range of possible fire
scenarios due to economical, environmental and safety considerations. Mathematical
modelling could provide a good alternative to testing. The word modelling will be
used in this thesis to refer to predictive methodology that uses physical laws and
mathematical correlations to calculate the construction response to heat exposure.
5

Modelling requires fewer material resources, could be faster, more environmentally
friendly and more considerate of human health. Therefore, it could provide a way to
assess the performance of systems in more different scenarios and provide input for
system changes that improve performance.
Professionals who perform standard fire tests in their daily working life may have the
ability to predict the influence of small modifications to a system’s fire performance.
Nevertheless, an important asset in modelling is the ability to quantify these
influences.
The model development process is complex and a stepwise approach could be taken
to perform it. Some goals are more easily achieved and should be done first. For
example, a relatively simple goal would be predicting system fire behaviour in a wellunderstood scenario, with a precision that would allow only the ranking or
categorizing the systems in groups. Once this goal is achieved, modelling could be
used to effectively develop products and systems that fulfil standard fire classification
requirements. In the existing testing framework, manufacturers are obliged to show
the performance of their products or systems in expensive physical fire tests, with a
probability of failure. System performance prediction would allow the system to be
optimized during the development process, thereby reducing the probability of
failure and decreasing time to market. It would also be possible to assess acceptable
changes to the system’s design, without the need to redo the test. The development
of modelling could first of all benefit small companies that are not experienced in
fire testing. Allowing the new and small companies to develop more effectively would
support diversity in the building system market.
A more distant long-term goal would be to extend system performance modelling
beyond the standard fire test scenarios, dimensions and classification groups.
Current practice involves evaluating the system performance in one specific fire
scenario, with the assumption that this fire scenario (e.g. ISO 834 standard fire
resistance exposure, SBI tests or SP 105 façade testing) is representative for the
evaluation of the system’s or product’s required fire performance during its lifetime.
The validity of this assumption is continuously scrutinized as the understanding of
compartment fires, external fires and fires in structural elements develops. An
example of this point included development of concept of travelling fires [5].
Furthermore, in current testing practice, investigating systems in their full physical
size is not feasible. Fire resistance test specimens typically have maximum dimensions
of 3 × 3 m, and do not include connections to other construction system parts.
Tested façades are in the order of a couple of metres, e.g. the SP 105 method uses a
4 × 6 m test sample [6]. Since testing all possible scenarios and full-size constructions
is not feasible (and is not expected to become more feasible in the future), modelling
6

capabilities may provide a way to investigate real-life system fire behaviour. As a
result, perspective prediction tools would contribute expanding the knowledge
domain of fire behaviour.
Predicting fire behaviour of materials and systems is facing many challenges.
Nowadays behaviour of very few materials in simple experimental arrangements can
be predicted. Examples include predictions of the burning rate and heat release rate
of polymer materials in a cone calorimeter test setup [7]. Nevertheless, the prediction
accuracy collapses as the system or fire scenario complexity increases [8,9]. In the
area of fire resistance of separating elements, relatively good accuracy has been
demonstrated for predicting temperature distribution inside some materials e.g.
gypsum plasterboard. Nevertheless, effects such as the cracking and fall-off of
gypsum, which significantly influence the fire resistance of the separating element,
are difficult to predict.
The development of correlations between different scale tests is an approach that is
sometimes used in research and development [10–12]. Nevertheless, these models
are not general and hence the applicability of these correlations is limited.
There are several reasons for the limitations in present-day model performance:
1. Major uncertainties of the parameter values describing material properties
and boundary conditions (both in standard fire tests and in realistic fires).
Uncertainties in material properties are due to the inhomogeneity of
materials’ chemical and physical structures. The uncertainties in boundary
conditions are due to the wide variations of possible fire scenarios, and a
lack of control over different heat transfer modes in standard fire tests;
2. Many coupled processes that take place simultaneously, which makes the
computations resources demanding. These processes include heat and mass
transfer, material degradation and decomposition, gas phase mixing and
combustion chemistry, turbulence, radiative heat transfer, etc. Some of
these processes are not yet sufficiently understood;
3. The large physical size of real-life systems (in order of tens of metres), which
requires significant computational resources and allows small uncertainties
in material properties and boundary conditions to contribute to large errors
in overall system fire performance.
The future challenge for fire safety scientists and engineers is to apply modelling
methods to a wider range of materials, products and systems in different heat
exposures. The purpose of this thesis and the appended papers is to address some of
these complexities.
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1.1 The FIRETOOLS Project
Model development initially requires identifying processes and understanding the
underlying laws that govern them. Splitting the complexity of system fire behaviour
in sub-problems is useful, as these sub-problems are easier to understand when
isolated from the entire system. The main principle of the FIRETOOLS project,
which forms basis of this thesis, was a multi-scale approach that is illustrated in
Figure 1. In the FIRETOOLS project, the complexity of the system’s fire behaviour
is broken down in terms of the physical scale, assuming that simplified geometry and
composition will result in the isolation of processes that govern the overall fire
behaviour [13].

Figure 1: Multi-scale approach employed in project FIRETOOLS and its relation to the appended papers

This thesis covers parts of the micro-, material- and composite-scales as presented in
Figure 1. Micro-scale is the material physical scale, with mass in order of mg, where
the heat gradients upon heating can be assumed to be absent. Hence, in micro-scale,
reaction kinetics can be studied as a process that is de-coupled from heat transfer.
Material-scale is a physical scale with the dimensions in the order of cm, where
considering both reaction kinetics and heat transfer is important. Material-scale is
considered one-dimensional and the complexities associated with interactions with
other materials are neglected. Composite-scale represents multilayer elements with
dimensions in the order of a few centimetre to metres, if heat exposure influences at
least two layers of the construction. Composite scale is a simplified representation of
a finished product scale, as it does not include different seams, fixings and other
8

features of a real-life system. System-scale is a full-size construction system, including
the detailing and different orientation of surfaces. This system may be a separating
element (e.g. wall or ceiling tested for fire resistance), façade system (tested for
reaction to fire) or building content (e.g. sofa or chair tested for burning behaviour).
The overall scope of the FIRETOOLS project was limited to system-scale behaviour
in applications of fire separating elements, construction products and building
contents. Larger scales, above system-scale, can easily be imagined, consisting of
several systems that interact with each other and even include environmental (e.g.
wind) and societal (evacuation or fire-fighting activities) influences.

1.2 Problem statement
One example of the discussed points and focus of this thesis is ventilated façade
systems, which are complex and relatively new construction systems (Figure 2 and
Figure 3). Noteworthy façade fire incidents involving ventilated façade systems
include the Knowsley Heights fire [14] and Grenfell Tower fire [15] and the Marina
Torch Tower (2015 and 2017) [3]. These incidents have triggered some research
into the fire behaviour of ventilated façades [3,14,16–19]. A ventilated façade system
consists of cladding material fixed on the building’s exterior wall. The cladding is
fixed on horizontal and vertical railing, hence forming an air cavity between the
cladding and building’s exterior wall. Typically, thermal insulation and moisture
barriers are located in the interior of the cavity. Real life examples of ventilated
cavities are presented in Figure 2 and Figure 3. Figure 2 shows the schematics of a
façade with different material layers and supporting elements. Figure 3 presents an
example of a ventilated façade during the construction process and on an actual
building.
The overall fire behaviour of a ventilated façade system (shown in Figure 2 and
Figure 3) depends on the thermal and flammability properties of individual
components, mechanical behaviours in the supporting structures (rails and studs),
mechanical resistance of cladding, heat feedback inside the cavity geometry etc. The
performance of façades is typically assessed using façade testing e.g. DIN 4102-20,
BS 8414, PN-B-02867:2013, LEPIR 2, MSZ 14800-6, ÖNORM B 3800-5, SP
Fire 105, ISO 13785 -1, ISO 13785 - 2 [20] or the reaction to fire performance of
individual components [21]. Full scale façade testing is resource-demanding and, in
principle, covers only one single fire scenario. The component-based assessment, on
the other hand, cannot capture the performance of this material inside the geometric
9

context of the façade. Both of these strategies provide a relative ranking of different
façade systems in a specific fire scenario.

Figure 2: Ventilated rainscreen façade system schematics

For the purpose of this thesis, the complex system of a ventilated façade, as presented
in Figure 2 and Figure 3, is simplified as a cavity between two parallel vertical walls,
as shown in Figure 4. This simplified arrangement does not consider the cladding
support system, fire barriers inside the cavity, etc.
Compared to surface flame spread in the open, the air inflow rate is different in a
narrow cavity scenario, governed by limited space and the chimney effect. Ignition
and the efficiency of combustion is controlled by pyrolysis rates and the rate of air
inflow. Flame geometry is influenced by cavity width. Heat transfer from flames and
radiation effects from the protecting layer (e.g. cladding) will determine the heating
rate and heated area of the virgin material. Thermal decomposition and degradation
will take place in the materials that compose the system. Some thermal insulation
materials will shrink or melt when exposed to heat, thereby increasing the cavity’s
width. Typically, cladding material is relatively thin, making it more prone to
ignition when exposed from both sides. The presence of a cavity has been shown to
contribute to the ignition of the cladding system [19].
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(a)

(b)

Figure 3: Example of a ventilated façade on a building in Riga, Latvia, (a) during construction with exposed insulation
and railings (b) over the entire façade of a high rise building

Studies of fire dynamics inside a narrow cavity require the consideration of threedimensional space in order to take flows into account. The parts of this study that
refer to fire dynamics (i.e. Paper IV and Paper V) are therefore investigated at the
composite scale (refer to Figure 1). On the other hand, investigating the materials
that compose the boundaries of the ventilation cavity is useful, assuming onedimensional or two-dimensional approximations. The parts of this study that relate
to the thermal response of solids (i.e. Paper I, Paper II and Paper III) are investigated
at the material scale in one dimension. Material thermal response modelling is
supported by investigating material properties (e.g. reaction kinetic parameters) at
the micro scale (non-dimensional approximation is used in this case).
The influence logics between different thermally driven processes are presented in
Figure 5. This thesis investigates heat transfer and exothermic and endothermic
reactions, surface recession and heat transfer from flames in narrow cavities, as shown
in Figure 5 (b). The scope of the research is therefore limited by excluding material
flammability from the analysis.
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Figure 4: Processes taking place in flame spread in narrow cavity space

1.3 Objectives
The overall objective of this thesis is to contribute to the understanding of fire
dynamics and the thermal response of materials in relation to fires in narrow,
concealed spaces. This objective is achieved through the provision of new
experimental data, outcomes of modelling attempts and model performance analysis,
as well as experience-based discussions. The specific objectives of this thesis are:
Objective 1: To identify the properties needed to predict temperature distribution inside
common building materials and to establish a link between the material properties
obtained with micro-scale (mg of material) and material-scale (specimen size in the order
of 10 cm) test methods and the temperature distribution in fire tests;
Objective 2: To investigate the modelling results’ level of sensitivity to uncertainties in the
modelling input;
Objective 3: To investigate how the cavity’s geometrical parameters influence fire exposure
inside the cavity and the capabilities and limitations of numerical modelling in
replicating this influence.
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Figure 5: Influence logics diagram (a) detailed process diagram (b) simplified process diagram as considered in this
thesis

1.4 Limitations and implicit assumptions
The research methodology (Figure 1) implicitly assumes that fire behaviour at
smaller physical scales is easier to describe mathematically, and that it is possible to
establish a link between the different physical scales. In this thesis, materials (mostly
thermal insulation materials used in construction) were studied at the micro scale
and material scale, and their relationship to the composite scale is discussed. The
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heat exposure conditions, relevant to the air cavity systems, were studied at the
composite scale.
The experimental and numerical setups were only very simplified versions of reallife constructions, therefore it must be noted that this work does not represent the
system scale.
Furthermore, this thesis focuses on thermal processes. Mechanical behaviours,
ignition and flaming combustion are not discussed (an exception is smouldering
combustion in the organic contents of stone wool, as discussed in Paper II). It is
evident that these processes are important for characterizing the fire behaviour of
façade systems and therefore require research attention in the future. Figure 5
presents influence diagrams for façade fire behaviour. Figure 5 (a) is a more realistic
and detailed diagram, including the interactions between heat transfer, combustion
and mechanical processes in the façade. Figure 5 (b), on the other hand, shows a
simplified diagram that is followed in this thesis.
Fire safety engineering provides a framework for using deterministic, probabilistic
and comparative approaches to tackle safety and economical challenges related to fire
incidents [1]. A deterministic approach is mostly used in this thesis.

1.5 Outline of the thesis
This thesis is a collection of papers, appended in Annex B [22–26]. The introductory
summary is divided in 9 chapters.
Chapter 2 presents a brief overview of the theory of diffusion flame heights in
different configurations and heat transfer for fire safety application. Chapter 3
presents the research tools and methods used in this thesis.
The following three chapters relate to the process diagram that is presented in Figure
5 (b). Chapter 4 is a summary of the appended Paper I and Paper II, providing a
discussion and case study for heat transfer calculations in solids. Chapter 5 is a
summary of Paper III and presents the work done on measuring the surface recession
of materials under heat flux. Chapter 6 is a summary of Paper IV and Paper V and
presents the experimental and numerical study of fire induced flows and flame
heights between parallel walls.
Thereafter, the discussion is presented in Chapter 7 and the conclusions are
presented in Chapter 8. Finally, Chapter 9 lists future research needs.
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2 Theoretical Background

A typical example of a construction system with an air cavity is a ventilated façade
system. Other constructions, such as gypsum cavity walls etc., also fall into the
category of concealed narrow space constructions that can promote fire spread
between compartments. It has been shown that fires often start and develop in
concealed spaces, which is a significant contributor to fire losses[27].
A ventilated façade system with the rain screen cladding has a 0.02 - 0.06 m wide
cavity to ensure drainage and ventilation. The material layers covered by the rain
screen cladding in these systems are water-resistant breathable membranes and
thermal insulation (e.g. mineral fibre insulation or phenolic foam). Fire propagation
through and over ventilated façade systems has been addressed in several literature
reviews and large-scale experimental studies [14,16–19]. According to the testing
experience at BRE, flames in ventilation cavities can extend up to ten times,
compared to flames outside the cavity, as reported by Colwell et al. [18]. An air
cavity also contributes to increased burning rates in the cladding system [19]. In
addition, a number of studies have been performed to investigate double skin façades
that are exposed to flames emerging from a post-flashover compartment [28–31].
These studies demonstrated that air cavity width is a significant factor in influencing
flame characteristics and heat exposure on the surfaces inside the cavity.
Only a limited number of studies, however, have been carried out to investigate fire
behaviour in narrow spaces using well-controlled laboratory size experiments or
numerical simulation tools. Fire dynamics in concealed spaces is different to that of
enclosure fires, considering the traditional fire resistance and reaction to fire testing
[32]. Fires in narrow cavity spaces, compared to enclosure and external fires, will
have different dynamics. Firstly, air entrainment in the combustion zone will be
more influenced by physical obstructions, both the cavity enclosure walls and reallife construction detailing (e.g. railings, fixings). Knowledge about flame heights and
different configurations of other characteristics is required to understand the
influence of restricted air entrainment. Furthermore, heat feedback will be promoted
between the obstacles due to tighter geometrical configuration.
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The characteristics of parallel plate arrangements, which allow increased fire
exposure to the specimen, are successfully used in ANSI FM 4880, the American
National Standard for evaluating the fire performance of insulated building panel
assemblies and interior finishing materials. One element in this standard is 16 ft
(approximately 4.9 m), the distance between the parallel plates is approximately 0.53
m and they are 1.1 m wide. A sand burner is used on the entire width of the cavity
with a standard heat output of 360 kW. Due to the parallel wall arrangement, this
test method can expose the specimen to heat fluxes of approximately 100 kW/m2,
which is higher than most alternative exterior envelope test methods [33,34]. Flame
spread for cardboard in this parallel wall configuration has been studied
experimentally and numerically using FireFOAM software by Chaos et al. [35].
The main areas of interest in studying this problem are heat transfer in solids, heat
transfer from the environment to surfaces and between solid bodies, flame geometry
and chemical characteristics. This chapter very briefly covers two topics: diffusion
flame heights and the fundamentals of heat transfer.

2.1 Diffusion flame heights
Flame height marks the position at which the combustion reaction is, in general,
completed. Nevertheless, it is typically defined using some luminosity characteristics.
The transition between the easily observable flame region closer to the fuel bed and
the smoke plume is not easily definable, because the upper parts of a flame are not
steady. Intermittency, I, is used to define the mean flame height where I(z) is a
fraction of time where at least part of the flame is observed above the elevation z. It
is suggested to define the flame height at I=0.5 [36].

2.1.1 Burning in the open, next to a wall and in a corner
Diffusion flames are created in situations where the fuel and oxidizer are initially
separate and are continuously mixing by diffusion while combustion takes place. The
flame front is the position where the fuel and oxidizer meet at stoichiometric
proportions and combustion occurs. Visible flames indicate the combustion reaction
zone [37]. The time scale for reactants (fuel and oxidizer) mixing by diffusion is
longer than the time scale at which the chemical combustion reaction takes place
[38]. As a result, the flame speed is controlled by the diffusion process. Diffusion
flames are characteristic of the burning of solids and liquids in fires.
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Most previous research on flame heights has been done in an open environment,
with using circular or square burners on flat, horizontal surfaces. The flame height
dependency on 𝑚𝑚̇𝑐𝑐2 /𝐷𝐷5 was established by Thomas et al. [39]:

𝐿𝐿
𝑚𝑚̇𝑐𝑐2
∝ ( 5 )𝑛𝑛
𝐷𝐷
𝐷𝐷
where 𝑚𝑚̇ is the volumetric gas flow of gaseous fuel (m3/s), 𝐷𝐷 is the characteristic
dimension of the fuel bed (m) and 𝐿𝐿 is the flame height (m).
Later, the dimensionless heat release rate 𝑄𝑄̇ ∗ was suggested as one of the most
influential parameters in determining flame height [40]:

Equation 1: Non-dimensional heat release rate

𝑄𝑄̇∗ = 𝑄𝑄̇𝑐𝑐 /(𝜌𝜌𝑎𝑎 𝑇𝑇𝑎𝑎 𝑐𝑐𝑝𝑝 𝑎𝑎 �𝑔𝑔𝑔𝑔𝐷𝐷2 )

where 𝑄𝑄̇𝑐𝑐 is the heat release rate (kW), 𝜌𝜌𝑎𝑎 is the air density (kg/m3), 𝑇𝑇𝑎𝑎 is the ambient
environment temperature (K), 𝑐𝑐𝑝𝑝𝑝𝑝 is the specific heat capacity of ambient air
(J/(kg·K)), 𝑔𝑔 is the gravitational acceleration (=9.8 m/s2) and 𝐷𝐷 is the diameter of
the fuel bed (m). 𝐿𝐿/𝐷𝐷 versus 𝑄𝑄̇∗ for burning in an open is presented in Figure 6 and
several regimes were identified in this relationship. For 𝑄𝑄̇ ∗ < 0.1, 𝐿𝐿/𝐷𝐷 scales with
2
the dimensionless HRR as �𝑄𝑄̇ ∗ � . For 0.2 < 𝑄𝑄̇ ∗ < 0.5, 𝐿𝐿/𝐷𝐷 scales almost linearly,
two-thirds power law apply for 0.5 < 𝑄𝑄̇∗ < 7 and 2/5 power law apply above
7 < 𝑄𝑄̇∗ [41,42]. Transition between the regimes is not strictly defined, but is gradual.
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Figure 6: 𝑳𝑳/𝑫𝑫 versus dimensionless heat release rate. Reproduced from reference [41]
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Heskestad has collected data from a large amount of studies to derive flame height
correlation for axisymmetric fires and summarized them in Equation 2 [43].
Heskestad showed that Equation 2 is valid for 𝑁𝑁 (Equation 3) between 10-5 and 105.
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Equation 2: Flame height divided by the burner diameter

𝐿𝐿
= 15.6 ∗ 𝑁𝑁 1/5 − 1.02
𝐷𝐷
Where the non-dimensional group 𝑁𝑁 is given in Equation 3,

Equation 3: Non-dimensional group 𝑵𝑵 used in flame height correlation by Heskestad

𝑐𝑐𝑝𝑝 𝑇𝑇𝑎𝑎
𝑄𝑄̇𝑐𝑐2
𝑁𝑁 = �
�
∆𝐻𝐻 3 𝐷𝐷5
𝑔𝑔𝜌𝜌𝑎𝑎2 � 𝑐𝑐 �
𝑟𝑟
Fire plumes from burners with large aspect ratios had been investigated by Hasemi
& Nishihata [44], who suggested flame height proportionality with heat release rate:
2/3
𝐿𝐿 ∝ 𝑄𝑄̇𝑐𝑐

For flame height correlations, Hasemi & Nishihata [44] suggested using modified
non dimensional HRR, including the burner dimensions as:
Equation 4: Modified non-dimensional HRR

𝑄𝑄̇∗ 𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑄𝑄̇𝑐𝑐 /(𝜌𝜌𝑎𝑎 𝑇𝑇𝑎𝑎 𝑐𝑐𝑝𝑝 𝑎𝑎 �𝑔𝑔𝑎𝑎3/2 𝑏𝑏)

where 𝑎𝑎 is the smallest burner dimension (m) and 𝑏𝑏 is the largest burner dimension
(m).

Fire plumes, flame characteristics [45] and fire-induced flows [46] are influenced by
physical obstructions in their surroundings. Some examples discussed in the
literature are burning next to a wall, in a corner or flame deflection along the ceiling.
The principles of how the obstructions influence flame heights are suggested to be
related to the limited air entrainment in the fire plume, forcing combustion to take
place higher above the fuel bed.
A common belief in the past was that flame heights next to a wall can be calculated
by assuming a mirror image of the burner on the wall and calculating the flame
heights as if the fire of the real and the mirrored burner were burning in an open
environment. This theory was refuted by Hasemi & Tokunaga (1984) and Mizuno
& Kawagoe, who showed that the flame heights of gas fires only slightly increase
when placed next to a wall [41,47]. Later, Back et al. showed that open burning
flame height correlations fit well with experimental observations for the burning
adjunct of a wall [48].
Flame height increase has been observed in corner configurations for gas diffusion
burners [45,49], combustible liquid fires [50] and upholstered furniture [47]. The
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flame will generally lean towards the nearby corner. Takahashi et al. showed that
dimensionless flame height increased for rectangular corner fires, as the burner is
moved closer to the corner, and suggested that the flames extended almost twofold
compared to free burning conditions [45]. An approximately 36% increase in flame
heights was observed for upholstered chair fires [47], when burning in a corner.

2.1.2 Narrow spaces between walls
Burning in narrow spaces is characterized by limited air supply for combustion and
the influence of a chimney (or stack) effect. Radiation feedback from nearby walls
and limited heat losses may further increase the flame spread rate in narrow
configurations.
Burke and Schumann [51] studied cylindrical and flat diffusion flames. Their test
setup consisted of two tubes, placed inside one another. A combustible gas flowed
through the inner tube and the air was provided in the space between the tubes.
They proposed a mathematical description of flame front geometry based on a
theoretical analysis of fuel and air mixing by diffusion. Burke and Schumann [51]
concluded that the height of the flat flame is directly proportional to the width of
the ducts.
Some research on fire plumes in concealed spaces has been done on fires between
rack storages, both for two dimensional and three dimensional cases [52–54]. The
main investigated parameters were the visual flame heights, the temperatures and the
heat fluxes to the surfaces between the racks. Figure 7 presents a comparison of
observed flame heights by Hasemi & Nishihata [44] and Ingason [53]. Hasemi &
Nishihata performed burn test in free environment with the largest burner aspect
ratio 0.1 × 1.0 m2 (aspect ratio 0.1). Ingason [53] performed tests free burning and
enclosed flames between rack storage with horizontal separation distance between
0.05 and 0.1 m. The burner used by Ingason was 0.02 m × 0.59 m (aspect ratio
0.034). It can be seen that the data for free burn fits well and that cavity
configuration results in extended flames.
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Figure 7: 𝑸𝑸̇∗ 𝒎𝒎𝒎𝒎𝒎𝒎 versus 𝑳𝑳/𝑫𝑫, where A is the smallest dimension of the burner. Data by Hasemi & Nishihata [44]
using a burner with a=0.1 m and b=1.0 m, and Ingason [53]a=0.02 m and b=0.59 m

Ingason developed a theoretical model for predicting flame heights, air flow and
temperature in a two-dimensional rack storage configuration and showed that the
air leakage through the horizontal flues is insignificant, meaning that the results are
not influenced by the vertical distance between rack storage boxes [55]. Furthermore,
Ingason also performed a three-dimensional arrangement at 1:3 scale and full-scale
tests with corrugated cardboard box arrays and measured the centreline temperatures
and gas velocities between the racks [54,56].
Foley & Drysdale [57] varied the cavity width W (minimum 0.06 m), burner
location, air flow conditions and Q’, and demonstrated the importance of the air
inflow conditions by opening and closing the base of their test setup, which was a
parallel wall configuration. Air availability influenced the flame shape inside the gap.
Yan & Holmstedt used Foley & Drysdale’s results to validate a mathematical model
that they had developed [58]. Hu et al. [59] investigated flame heights between two
parallel walls with cavity widths equal to and greater than 0.14 m, and different
orientations of the line burner relative to the walls. Hu et al. found that in the
investigated range, flame heights were not influenced by cavity width when the long
edge of the burner was perpendicular to the walls. In the cases where the burner’s
long edge was parallel to the walls, flame heights were found to increase when cavity
width was decreased.
Foley & Drysdale [57] also showed that the total heat flux to the inner surface
increases as the cavity width is reduced. Several different fuels were used in a study
by Ris & Orloff [60], showing that the heat flux from flames is sensitive to the flames’
sootiness and parallel wall configuration.
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2.2 Basic concepts of heat transfer in fire
2.2.1 Heat transfer mechanisms
Heat transfer deals with the transport of thermal energy. Transport of thermal energy
is the main driver for material behaviours created by fires, such as thermal
decomposition, thermal degradation, pyrolysis, ignition, flame spread, heat impact
on human health, etc. The three fundamental modes of heat transfer are thermal
conduction (referred to as conduction in this thesis), thermal radiation (referred to
as radiation in this thesis) and convection.
Conduction is heat transfer in a stationary medium – solids and fluids. Conduction
is the diffusion of thermal energy from regions with higher temperature to regions
with lower temperature. The significance of conduction is related to temperature
distribution inside solids. The influence of conduction on heat transfer in fluids is
relatively smaller than in solids, because the energy in fluids is mostly transported by
the bulk motion of the fluid’s molecules. Temperature distribution inside solids not
only depends on their conductivity, but also on their specific heat capacity and
density.
Radiation heat transfer is the thermal energy exchange between two bodies at a
distance from each other. Thermal radiation is emitted by all bodies with a
temperature above 0 K; it propagates using electromagnetic waves and is absorbed
by bodies reaching this energy. No medium is required for radiation heat transfer.
Radiation significance is related to the heat transfer from flames or heated objects to
the fuel bed. The radiation heat flux has a 4th power dependence on the temperature
difference between the objects that exchange the energy. Just like receiving the heat,
the hot object also loses the thermal energy through radiation.
When a solid is in contact with a fluid that has a different temperature, molecules in
the fluid exchange energy with molecules in the solid via conduction and
radiation[61]. The peculiarity of heat exchange between fluids and solids is that
fluids are typically in motion, and the energy transferred to the solid’s surface will
depend on the properties of this motion. Therefore, this process is commonly
regarded as a separate heat transfer mechanism called ‘convection’. Technically,
convection is heat transfer due to the bulk movement of molecules in fluids, but in
fire safety engineering, including this thesis, it is frequently defined as the heat
transfer between the fluid and the solid. Convection is important in problems
involving the cooling of heated bodies, e.g. on the unexposed surface of the standard
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fire resistance test specimen, and in problems that involve heating solids, leading to
ignition and flame spread.

2.2.2 Convective heat transfer to a solid boundary
Thermal energy is transferred between fluids and solids though conduction and
radiation. However, the fluid’s motion differentiates this heat transfer process from
heat transfer inside solids or between two stationary bodies. The heat between the
fluid and the surface is exchanged in a very narrow region on the boundary between
the solid and the fluid, called the ‘boundary layer’. For practical reasons, the heat
transfer is typically related to flow properties in the region outside the boundary
layer, called the ‘free stream’ region. This free stream region is where the relative
velocity, pressure and temperature are unaffected by the solid boundary.
Temperature and velocities in the boundary layer are different to those in the ‘free
stream’ region in the fluid further from the solid boundary. Boundary layer thickness
is determined by properties of the flow, fluid and solid. This process is therefore
separate and referred to as convection. Convective heat flux is calculated as shown in
Equation 5,
Equation 5: Convective heat transfer

𝑞𝑞̇ ′′𝑐𝑐 = ℎ�𝑇𝑇𝑔𝑔 − T𝑠𝑠 �

where ℎ is the convective heat transfer coefficient (W/(m2·K)), 𝑇𝑇𝑔𝑔 is the free stream
fluid temperature (K) and T𝑠𝑠 is the solid surface temperature (K). The convective
heat transfer coefficient is therefore a proportionality coefficient between the
temperature difference and the convective heat flux. The convective heat transfer
coefficient describes the system in which the heat transfer takes place – it is
dependent on the properties of the flow, fluid and solid.
Natural and forced convection are distinguished and different equations are used to
calculate the convective heat transfer coefficient, depending on the geometry of the
system. These equations can be found in heat transfer textbooks, such as reference
[62].
The typical range for convective heat transfer coefficients relevant to this thesis is
from 2 W/(m2·K) (expected in natural cooling) up to about 60 W/(m2·K) (expected
order of magnitude in façade testing and during the initial stages of standard fire
resistance tests).
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2.2.3 Radiation heat transfer to a solid boundary
Heat transfer via electromagnetic waves is called radiation. All objects with a
temperature above 0 K emit thermal radiation. This emitted thermal radiation is
received by other objects, whereupon it can be absorbed, reflected or transmitted
through this object. Objects simultaneously receive and emit thermal radiation and,
consequently, depending on the balance between the received and emitted thermal
radiation, will either lose or gain heat. Radiation heat transfer does not require a
physical medium and heat can be transferred from the emitter to receiver over a
distance. Thermal radiation is via electromagnetic waves from 10-1 to 102 μm and
spectral normal emissivity is a function of wavelength. Grey body approximation is
commonly used in fire safety engineering, assuming that the emissivity is
independent of wavelength. Emissivity is a value between 0 and 1. Radiation energy
balance on a solid surface, assuming grey body approximation, is given in Equation
6,
Equation 6: Net radiation heat flux at the surface of the receiver

𝑞𝑞̇ ′′𝑟𝑟 = α 𝑞𝑞̇ ′′𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟 − 𝜀𝜀𝜎𝜎𝜎𝜎𝑠𝑠4

where 𝑞𝑞̇ ′′𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟 is the incident radiation heat flux (W/m2), α is the absorptivity (-), 𝜀𝜀
is the emissivity (-) and 𝜎𝜎 is the Stefan-Boltzmann constant (=5.6704 ×
10−8 W/(m2⋅K4)).
The incident radiation heat flux from the emitter to the receiver is calculated as
shown in Equation 7,

Equation 7: Incident radiation from the emitter to the receiver

𝑞𝑞̇ ′′𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟 = ɸ𝜀𝜀𝜎𝜎𝜎𝜎𝑠𝑠4

where ɸ is the configuration factor (-). The configuration factor (also called the view
factor) covers aspects of the geometry of the receiver and the emitter as well as the
distance between them. Configuration factor values are presented in textbooks
[41,62].
The emitted thermal radiation energy is proportional to T𝑠𝑠 4. Considering the high
temperatures reached in fire problems, radiation often becomes the dominant heat
transfer mechanism for heating solids. A typical order of magnitude for radiative heat
flux in fire problems is 0 to 300 kW/m2, where the upper limit of 300 kW/m2 is
close to being representative for heat flux in standard fire resistance tests with furnace
temperatures of about 1200 °C.
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2.2.4 Heat conduction in solids
Heat transfer inside solids is governed by thermal conduction according to Equation
8,
Equation 8: Heat flux by conduction, one-dimensional form

𝑞𝑞̇ ′′𝑥𝑥 = −𝑘𝑘

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

where 𝑘𝑘 is the thermal conductivity (W/(m·K)), 𝑇𝑇 is the temperature in different
space locations inside the material (K) and 𝑥𝑥 is a distance between two locations in
the solid.
Equation 9 presents an energy balance in partial derivative form, as used in heat
conduction modelling to predict temperature distribution inside the material,
assuming a one-dimensional transient case.

Equation 9: transient heat conduction equation, including heat source

ρ(T)cp (T)

∂T ∂
∂T
∂
∂T
∂
∂T
′′′
= (𝑘𝑘 (T)
) + (𝑘𝑘𝑦𝑦 (T)
) + (𝑘𝑘𝑧𝑧 (T)
) + 𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔
∂t ∂x 𝑥𝑥
∂x
∂y
∂y
∂z
∂z

The material’s properties are as follows: ρ is the density (kg/m3), cp is the specific
heat in constant pressure (J/(kg·K)) and 𝑘𝑘 is the thermal conductivity (W/(m·K)).
The values of these properties commonly change with the temperature, with enough
significance that they should be considered. 𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔 is the heat source term (W/m3)
that represents heat generation or heat sink inside the solid due to chemical reactions
or phase changes.
As shown in Equation 9, in transient heat conduction analysis the material’s thermal
properties are thermal conductivity, density and specific heat. These properties are
typically obtained from material testing and used as input parameters in a numerical
model. These parameters are relevant for all materials in transient heat conduction
analysis, although in some cases simplifications are possible:
•

One-dimensional systems;

•

Lumped thermal capacity analysis;

•

Effective (apparent) and temperature independent thermal properties;

•

Steady state solutions.
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One-dimensional approximation can be used when the heat in the system is
transferred in one direction. This simplification converts Equation 9 to Equation 10.
Equation 10: One-dimensional transient heat conduction with source term

ρ(T)cp (T)

∂T ∂
∂T
′′′
= (k(T)
) + 𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔
∂t ∂x
∂x

Another simplification used in this thesis is called lumped thermal capacity [24,25].
Lumped thermal capacity analysis assumes that the temperature distribution over the
thickness of material is negligible, thereby eliminating thermal conductivity from the
analysis. This can be used if the heat transfer inside the material occurs at a much
higher rate than the heat is transferred to the surface of material and/or if the material
is thin. The applicability criteria for lumped thermal capacity analysis is the Biot
number (Equation 11),
Equation 11: Biot number

𝐵𝐵𝐵𝐵 =

𝑙𝑙 ∗ ℎ
𝑘𝑘

where 𝑙𝑙 is the material’s thickness (m), ℎ is the convective heat transfer coefficient
(W/(m2·K)) and 𝑘𝑘 is the thermal conductivity (W/(m·K)). It is assumed that the Biot
number below 0.1 allows this simplification [41]. Lumped heat capacity analysis
reduces the transient heat conduction equation to energy balance, as shown in
Equation 12,
Equation 12: One-dimensional energy balance inside a solid, assuming lumped thermal capacity analysis

′′
′′
𝑞𝑞̇ 𝑖𝑖𝑖𝑖
− 𝑞𝑞̇ 𝑜𝑜𝑜𝑜𝑜𝑜
= 𝜌𝜌𝑐𝑐𝑝𝑝 𝑙𝑙

𝜕𝜕𝜕𝜕
𝜕𝜕

where subscripts in and out refer to incoming and outgoing heat flux.
The discussion here assumes that heat conduction alone governs the heat transfer
inside solids. When it comes to most of the real-life materials used in construction,
this assumption is merely a simplification. Many materials, e.g. stone wool, gypsum
and concrete, are porous, so the heat transfer process includes radiation and
convection in the pore spaces. Additionally, mass transport (such as water vapour)
influences heat transfer. The numerical interpretation of radiation and convection is
much more complex than for conduction. An effective (or apparent) thermal
conductivity is commonly used to include all processes governing the heat transfer
inside solids, and reducing the heat transfer in materials to conduction therefore
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simplifies the required calculations. Examples include apparent thermal
conductivity, which includes radiation and gas phase conduction [63,64] and/or
moisture movement [65], and apparent specific heat capacity including reaction
kinetics [66–69]. This approach suggests that the success of models relies on the
error elimination principle – that the errors introduced by dismissing some of the
physical processes are eliminated by errors in the thermal property values that are
used in the models. As a consequence, each property may have a number of different
values that fulfil the need for model requirements to fit with experimental
observations. Hence the need for a precise and thorough description of each value
from this perspective is somewhat diminished, including the need to consider the
temperature dependency. Nevertheless, there are benefits to using thermal property
values as accurately as possible from the physical perspective available to the
researcher:
1. Temperature dependence gives more degrees of freedom to tune the model
input parameters to achieve fit with the experimental observations;
2. Using accurate thermal property values supports the identification of the
influence of previously unidentified processes in material behaviours. These
processes will reveal themselves as a mismatch between the model
predictions and test observations, as they would not be hidden by
introducing errors in the material property values (e.g. the use of effective
material properties). A more detailed picture of material thermal process
would therefore be obtained, allowing more refined optimization of
materials during the development process;
3. Similarly to the previous point, a more detailed description of the material’s
thermal response would allow the model to be applied to different heat
exposures with higher reliability. This would be especially useful for
considering material performance in realistic compartment fires for fire
safety engineering.
Sometimes, if the exposure conditions are constant and the material is exposed to
these conditions for very long durations, solving for a steady state solution, rather
than transient solution, is more optimal. Steady state solution eliminates the time
dependent term on the right-hand side of Equation 9, and therefore the specific heat
and density properties disappear, as shown in Equation 13,
Equation 13: Steady state one-dimensional heat conduction equation

∂T
∂
(k(T)
) + 𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔 = 0
∂x
∂x
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The nature of enclosure fires is transient with temperature changes in order of several
hundred degrees during tens of minutes. Therefore, the steady state assumption is
not applicable in most fire related problems.
The heat source term, previously shown in Equation 9, Equation 10 and Equation
13, represents energy input or consumption due to physical or chemical changes in
the material, rather than from the external boundaries of the material (e.g. heat flux
from the fire). Thermal energy inside the material is used to decompose the material
and this thermal energy therefore needs to be subtracted from the heat conduction
equation. Decomposition includes material pyrolysis, the drying and release of
chemically bound water, melting, etc. Similarly, some processes inside the material
result in added heat to the system. For example, some porous materials are prone to
smoulder and hence release combustion energy inside the material matrix. When
explicitly considered, the heat source term is typically calculated using the Arrhenius
equation, Equation 14,
Equation 14: The Arrhenius equation

𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔 = 𝐴𝐴𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝐸𝐸
� ∆𝐻𝐻
𝑅𝑅𝑅𝑅

where 𝐴𝐴 is the pre-exponential constant (-), 𝐸𝐸 is the activation energy (MJ/mol), ∆𝐻𝐻
is the heat of reaction (MJ/g) and 𝑌𝑌 (-) is the remaining energy fraction. These
material-related properties can be obtained by analysing the output from micro scale
test methods (i.e. on physical scales which are so small that heat transfer can be
neglected). Some of the micro-scale test methods mentioned in this thesis are TGA,
DSC and MCC.
Solving the heat conduction equation requires fixed boundary conditions on the
surfaces of the solid. Three types of thermal boundary conditions relevant for fire
problems are [70]:
1. Specified surface temperature (Dirichlet boundary condition) as shown in
Equation 15,
Equation 15: Specified surface temperature BC

𝑇𝑇(𝑥𝑥0 ) = 𝑇𝑇0
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2. Specified heat flux boundary condition, as shown in Equation 16,
Equation 16: Specified heat flux BC

𝑞𝑞̇ ′′𝑥𝑥 = −𝑘𝑘

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑥𝑥=𝑥𝑥0

3. Natural BC as shown in Equation 17. According to this boundary
condition, the heat transferred to the surface is proportional to the
difference between the surrounding and surface temperatures.
Equation 17: Natural BC

h�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑠𝑠 � = −𝑘𝑘

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑥𝑥=𝑥𝑥0

Most often, a combined specified heat flux and convection boundary condition is
used in fire-related problems. Nevertheless, to apply this boundary conditions, the
surface temperature, convective heat transfer coefficient and emissivity must be
known.
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3 Research Tools and Methods

The experimental, numerical and data analysis tools used in this research are
presented in this chapter. Experimental and testing methods can be divided into two
categories. The first category is testing to obtain the material properties to be used
in numerical modelling. Methods in this category include a custom-made simplified
slug calorimeter test, micro combustion calorimetry (MCC), thermogravimetric
analysis (TGA), bomb calorimetry (BCA) and surface recession testing. The second
category is the testing of material or system behaviour in fire or to study fire
dynamics. Methods in this category include fire resistance furnace testing and
parallel wall test setups for studying flame heights.
Numerical tools used in this thesis include heat conduction and computational fluid
dynamics (CFD) calculations with finite element method (FEM) and finite
difference method (FDM). Data gathering and analysis tools include Monte Carlo
simulations and functional analysis. These tools were used to perform research
activities in relation to the published research papers presented in Table 1.
This chapter discusses some of the research tools used in this thesis and appended
papers. The research methods described in this chapter are of a ‘standard’ nature –
they are often used by scientists and engineers and some of them have specific
standards.
Some of the methods used in this thesis have been specially designed for a specific
research purpose. These ‘non-standard’ methods are described in the relevant
chapters of this thesis. The non-standard methods include:
•

Numerical heat conduction model written in Matlab® software;

•

Non-standard test setup for measuring material recession rates;

•

Experimental setup for studying flame heights and heat exposure between
two parallel plates.
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Table 1: Research activities in relation to the research papers
Experimental

Numerical

Micro scale

Study of reaction kinetics
of stone wool (Paper II)

Determination of the reaction
kinetic parameters of stone
wool (Paper II)

Material scale

Study of thermal
conductivity of stone wool
(Paper II)

Modelling heat transfer
through stone wool and
stone wool composites
(Paper I and II)

Shrinking rates of EPS
(Paper III)

Composite scale

Study of flame heights
and heat transfer between
parallel plates (Paper IV)

Modelling of flame heights
and heat transfer between
parallel plates (Paper V)

Data analysis

Sensitivity study (Paper
I).
Comparing experimental
and numerical results
(Paper II)
Comparing experimental
and numerical results
(Paper V)

3.1 Test methods
3.1.1 Custom-made slug calorimeter
The custom-made slug calorimeter method was used to study heat transfer inside
stone wool specimens and to determine the effective thermal conductivity. It was
also used as a test case for coupled heat conduction and validation of the reaction
kinetics model.
The slug calorimeter test is a non-steady state method using the principle of inverse
calculation of the material’s thermal properties, based on the temperature difference
between the exposed surface and inside the material. Slug calorimetry is described in
references [71–74]. A custom-made, simplified version of the slug calorimeter was
used in Paper II.
The sample in the custom-made slug calorimeter test consisted of a metallic plate
(the ‘slug’) with a temperature measurement device, squeezed between two identical
specimens. The sample is then placed between retaining plates and guard insulation
and placed in an electrical oven. The oven temperature is increased at an
approximately constant rate. The temperatures of the slug and retaining plates are
measured using type K thermocouples. The custom-made slug calorimeter test setup
is shown in Figure 8.
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The thermal conductivity is thereafter calculated according to Equation 18,
Equation 18 Thermal conductivity calculation from the slug calorimeter test

𝑘𝑘 =

𝐹𝐹𝐹𝐹�𝑚𝑚𝑠𝑠𝑠𝑠 𝑐𝑐𝑝𝑝 𝑠𝑠𝑠𝑠 + 𝑚𝑚𝑚𝑚 𝑐𝑐𝑝𝑝 𝑚𝑚 �
2𝐴𝐴𝑠𝑠𝑠𝑠 ∆𝑇𝑇

where 𝐹𝐹 is the heating rate (K/s), 𝑙𝑙 is the specimen thickness (m), 𝑚𝑚 is the mass (kg),
𝑐𝑐𝑝𝑝 is the specific heat capacity (J/(kg·K)), 𝐴𝐴𝑠𝑠𝑠𝑠 is the cross-section area of the slug
(m2), ∆𝑇𝑇 is the temperature difference between the retaining plates and the slug (K)
and subscripts sl and m refer to the slug and specimen material respectively. To
obtain the thermal conductivity, specific heat and density must be known.
(a)

(b)

Figure 8: Custom-made slug calorimeter used in the study (a) schematic of the sample (b) photo of sample placed
in an electrical oven

The slug calorimeter was chosen mostly due to its robustness and simplicity. The
measurements are relatively quick, because it is not necessary to wait for a steady
state of temperature distribution throughout the sample. One disadvantage of the
slug calorimeter is that interpreting the results is not straightforward. For example,
reactions in the material influence the measured output.

3.1.2

Thermogravimetric analysis, TGA

TGA was used to study the reaction kinetics of stone wool samples.
Thermogravimetric analysis (TGA) [75] is a method for measuring specimen mass
as a function of time or temperature. The specimen mass is typically 5 – 10 mg and
it is exposed to a controlled temperature programme of thermal decomposition. For
fire-related problems, typically a 5 – 20 K/min dynamic temperature programme is
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used [76]. Due to the relatively small specimen size and slow temperature increase,
it is assumed that there is no temperature gradient inside the specimen when heated.
This assumption allows the separation of heat transfer and reaction kinetics. TGA
can be used in different atmospheres (typically, air or nitrogen are used). The use of
different atmospheres allows the identification of pyrolysis reactions from thermooxidative decomposition. In this thesis, TGA was used due to its widespread
application in the field of fire science for studying thermal decomposition in
polymers and retrieving reaction kinetic parameters for modelling polymers [8,9,77],
the dehydration of gypsum plaster [66] and reactions in stone wool [78–80]. TGA
was used in the appended Paper II [25] to study reactions taking place inside stone
wool.

3.1.3

Micro combustion calorimetry, MCC

MCC was used to study reaction kinetics and the heat of combustion of stone wool.
Micro combustion calorimetry (MCC) [81] uses oxygen consumption calorimetry
to measure the HRR of specimens with mass of a few mg that are exposed to the
prescribed temperature programme [82,83]. MCC consists of a two-stage reactor,
where the specimen is exposed to the prescribed atmospheric and temperature
conditions in one compartment and the pyrolysis gases are mixed with oxygen and
combusted in second chamber. A typical temperature programme is 60 – 300 K/min.
The schematics of MCC is presented in Figure 9.

Figure 9: MCC schematics. Reproduced from reference [81]
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MCC methodology allows the identification of reactions that are related to
combustion (or thermo-oxidative decomposition) and in this study it was used as an
alternative method to the more traditionally used TGA.

3.1.4

Bomb calorimetry

Bomb calorimetry (ISO EN 1716) [84] was used to obtain the gross heat of
combustion (calorific valie) of stone wool in a pure oxygen environment. Specimens
with a mass of approx. 1 g are used. The specimen is combusted under 30 bar
pressure in pure oxygen inside a stainless-steel container. The released energy is
obtained from the temperature increase of water in a vessel around the container.
Bomb calorimetry results in a single value, so does not provide information about
the dynamics of decomposition. Also, the water generated by the combustion will
condense close to the fuel due to the test setup, so the heat of condensation will be
included in the measured heat of combustion [85].

3.2 Numerical Tools
3.2.1 Fire Dynamics Simulator, FDS
Fire Dynamics Simulator (FDS) software version 6.7.0 [86,87] was used to predict
flame heights, surface temperatures and flow velocities for fire scenarios between two
parallel walls with a separation distance of 0.04 m. FDS is a computational fluid
dynamics (CFD) programme for computing low speed thermally driven flows,
developed for fire safety related problems. Large eddy simulation (LES) or direct
numerical simulation (DNS) approaches are implemented in FDS. In the LES
approach, only the largest length scales are computed, while the sub-grid length
scales are solved using sub-grid models. The DNS approach directly resolves all
length scales. DNS requires very fine mesh, and therefore large computational power
and time resources are required, therefore it is only practical in a very limited range
of cases.
The main application area for FDS is smoke transport in fires. In this thesis, FDS
was used to calculate flame heights and the thermal impact of flames and hot
environments on the solid surfaces of building elements [88,89].
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3.3 Data Analysis Tools
3.3.1 Functional analysis
Functional analysis is a tool for comparing two data sets. The overview of functional
analysis in fire-related problems was performed by Peacock et al. [90] and, since
then, it has been applied by various researchers [91–93]. The main advantage of
functional analysis is its ability to quantify differences through the entire data set,
not only differences in discrete values. Most commonly in this thesis, these data sets
are time versus temperature output from tests or numerical models. Three
parameters were used: effectively Euclidean relative distance (ERD), Euclidean
projection coefficient (EPC) and secant cosine (SC).
ERD calculates the difference between the data points in two data sets. If ERD=0,
then the data sets are equal. The ERD calculation is shown in Equation 19.
Equation 19: Euclidean relative distance (ERD)

ERD =

2

�∑𝑛𝑛𝑖𝑖=1�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 �
2

�∑𝑛𝑛𝑖𝑖=1�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 �

EPC calculates the general tendency of both data sets. An EPC calculation gives an
opportunity for inconsistency elimination and estimates the average behaviour of the
data sets. This is valuable if one of the data sets has a high level of noise, but still
results in the same mean values as the second data set – without noise. Low EPC
values indicate that both data sets are equivalent. The EPC calculation is shown in
Equation 20.
Equation 20: Euclidean projection coefficient (EPC)

EPC =

∑𝑛𝑛𝑖𝑖=1�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 · 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 �
2

∑𝑛𝑛𝑖𝑖=1�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 �

SC calculates the derivatives of both data sets between two data points. The SC
calculation shows the overall tendencies of both data sets, but does not consider the
absolute values. SC values close to unity indicate equivalent shapes of the data sets.
However, as a result of the calculation procedure they can be shifted. The SC
calculation is shown in Equation 21,
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Equation 21: Secant cosine (SC)

SC =

∑𝑛𝑛𝑖𝑖=𝑠𝑠+1

�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖−𝑠𝑠 ��𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖−𝑠𝑠 �
𝑠𝑠 2 (𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1 )
2

− 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖−𝑠𝑠 �
�𝑇𝑇
�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖−𝑠𝑠 � 𝑛𝑛
∑𝑖𝑖=𝑠𝑠+1 𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖
𝑖𝑖=𝑠𝑠+1
𝑠𝑠 2 (𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1 )
𝑠𝑠 2 (𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1 )

�∑𝑛𝑛

2

where 𝑠𝑠 is a data point interval. Choosing parameter 𝑠𝑠 above unity allows smoother
the data sets and is useful in reducing the effect of short period oscillations. Here,
𝑠𝑠 = 1 was used, because the data sets did not present any significant oscillations.

Functional analysis was used in Paper I to compare the model output depending on
the input parameter values, and in Papers II, III and IV to compare the model
predictions with test measurements.
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4 Predicting the Thermal Response
of Solids – Case Study of Stone
Wool

The previous chapter provided a brief introduction to flame properties and thermal
processes in fires. Flame characteristics are different in narrow cavities, in contrast to
the previously discussed open, corner and wall configurations. Absorption of heat
from the flames and hot surfaces results in a rise in material temperature, which is a
fundamental driver of the material’s thermal degradation [94] and decomposition
[76], and, as a result, it governs material flammability, construction integrity,
insulation properties and load bearing capacity. From the perspective of fire
resistance and reaction to fire, it is therefore important to understand heat transfer
inside solids.
After the flame enters the narrow ventilation cavity, the inner materials will be
directly exposed to radiation from flame and fire induced flows. Heat transfer inside
solids in context of this thesis is presented in Figure 10. This chapter presents a
numerical model for calculating temperature distribution inside stone wool sample
and material testing for obtaining the necessary modelling input parameters.
This chapter covers heat transfer in stone wool insulation products. Stone wool is a
type of mineral wool insulation and is often used in ventilated façade systems. The
two main types of mineral wool are stone wool and glass wool. The main
components of mineral wool are fibres and organic binders, which hold the fibres
together. Stone wool fibres are produced from volcanic rock and glass wool fibres are
made from sand or recycled glass [95,96].

4.1 Problem description
Heat transfer in stone wool is complex, involving many processes that are also typical
of other construction materials. Because of the large void space around the inorganic
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fibres, in addition to solid phase conduction, heat transfer also includes radiation
and gas phase convection in the void space [64,97]. Secondly, stone wool is relatively
inhomogeneous, and therefore its thermal properties cannot be characterised with a
single value, and uncertainty levels need to be understood for both the material
property values and model predictions. Stone wool fibres are held together with an
organic binder and include low values of other organic compounds, which generate
heat when exposed to elevated temperatures. These reactions have been observed to
start at approximately 200°C [78,80,98] and, as a result, the heat source term must
be addressed in modelling. Stone wool is nevertheless rated as non-combustible [95],
and for many practical engineering purposes it is unnecessary to consider flaming
gas-phase combustion in the analysis.

Heat transfer
from flames and
hot gases to the
surface

Heat feedback
from between the
surfaces inside
the cavity

Enclosure effects
to the oxygen
availability

Heat transfer
inside solids

Thermal
decomposition
and degradation

Figure 10: Processes covered in chapter 4 of the thesis

It is very difficult to account for conduction, radiation and convection modes
explicitly and, for engineering purposes, they are typically lumped in an apparent (or
effective) thermal conductivity keff . Obtaining the apparent thermal conductivity by
material testing is relatively easy compared to obtaining the parameters needed to
calculate the convection, radiation and conduction processes separately. In order to
account for convection and radiation, it is expected that a detailed geometrical
description of the matrix, permeability, porosity, diffusion coefficient, etc. is
necessary. Using apparent thermal conductivity also allows the simplification of the
heat transfer analysis for the heat conduction calculations, e.g. Equation 9.
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Characterizing all heat transfer processes using only apparent thermal conductivity
would create some challenges. Assuming that the apparent thermal conductivity is
obtained in material testing using one heating rate, the use of this property may have
limitations in different heat exposures. The potential limitation could be related to
the fact that heat flux transferred by radiation is proportional to the temperature
difference in the fourth power, whereas convection and conduction are linear to the
temperature difference. Furthermore, convection also depends on the flow properties
and material permeability (potentially influenced by fibre distribution and size),
which may not be the same in different testing conditions. For example, in standard
fire resistance tests, a pressure gradient of 8.5 Pa per metre over the height of the
furnace is expected [99].
This chapter describes the experimental and numerical work presented in Paper I
and Paper II on four different types of stone wool (referred to as types A to D). The
main differences between the types were their density and organic content. An
overview of the principal property values at 20°C is presented in Table 2.
Table 2: Properties of stone wool types investigated in Paper II
Material

Density*, ρ
(kg/m3)

Organic content*, (%)

A
B
C
D

36.8±1.2
60.7±1.2
105.1±2.4
153.6±6.8

2.50±0.06
3.75±0.01
4.36 ±0.06
3.48±0.07

Thermal conductivity
at 20°C, k**
(W/(m K))
0.037
0.033
0.041
0.040

* Measured prior to testing
** Reported by the producer

Density was measured for the samples later used in conductivity measurements as a
ratio of specimen mass and dimensions. Organic content was measured as a mass
difference prior to and after exposing the specimens to 500°C in an electrical furnace
for two hours.
Several simplifications have been included in this work. One-dimensional heat
transfer analysis is performed and lumped heat capacity analysis was used of steel
plates [24,25]. In some cases in the appended papers, the 𝑐𝑐𝑝𝑝 and 𝜌𝜌 values of stone
wool have been assumed to be constants. This simplification is possible only if the
property values of the temperature variations are relatively small. Apparent thermal
conductivity, covering several processes, has mostly been used in this work. This also
includes calculations of the heat source term 𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔 in Equation 9, which is important
for materials that undergo exothermic or endothermic reactions.
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4.2 Experimental and numerical studies – methodology
and results
4.2.1 Thermal properties
The apparent thermal conductivity was obtained for four different stone wool
materials using a custom-made slug calorimeter method [71,73,74]. Thermal
conductivity was calculated according to Equation 18 using the temperature
measurements on two sides of test sample. Specific heat capacity was assumed to be
a constant value of 840 J/(kg·K) based on previous research work [100]. This value
corresponds to the specific heat of basalt rock, which is principal stone wool fibre
material, at 100°C [101]. Further refinement of the specific heat value would include
using temperature dependent values and in cooperating the air’s influence on the
effective specific heat of the stone wool product. Density was calculated as a ratio of
the volume and mass of each specimen. It is expected that the sample’s density
depends on the compression of each specimen during the measurement.
The specimens were tested in two heating regimes in custom-made slug calorimeter
tests: 5 K/min and 15 K/min. Thermal conductivity was obtained only from the 5
K/min tests and was later used in numerical modelling to replicate the results of the
15 K/min tests. Hence, it aimed to show the applicability of thermal conductivity at
different heating rates.
It was observed that upon the heating the temperature inside the stone wool samples
(i.e. the slug temperature) increased above the retaining plate temperature (refer to
Figure 8). This observation was consistent with the previous studies and attributed
to the combustion of the organic content inside the stone wool [78,79]. Combustion
of the organic binder is discussed in the next section. To avoid the influence of the
heat generation when thermal conductivity is obtained, two heating cycles in the
electrical oven were run. During the first cycle, the material went through the heat
generation reactions. The first cycle was run only up to approximately 800 °C. The
second cycle was afterwards used for calculating the thermal conductivity.
The apparent thermal conductivity values of the four specimens are presented in
Figure 11. A noteworthy difference between this study and the previously obtained
thermal conductivity is the steep increase of the calculated thermal conductivity
above 800 °C. The steep rise in this research can be attributed to the exothermic
reactions, that were not eliminated during the first heating cycle above 800 °C.
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Figure 11: Thermal conductivity obtained in study in Paper II and studies by other researchers [78,102,103]

When integrated between 200°C and 800°C, the maximum difference in thermal
conductivity between the four investigated stone wool types was 19%. Type D had
the highest integral value and type C had the lowest value. When the mean value of
all stone wool conductivity values was compared to the individual values, the
maximum deviation was 20%. Nevertheless, no clear correlation is evident between
the apparent thermal conductivity at elevated temperatures and the density, organic
content or thermal conductivity at 20°C.

4.2.2 Heat source
On heating the slug in the custom-made slug calorimeter test, it was observed that
its temperature rose above that of the retaining plate, indicating heat generation
inside the stone wool. This occurred only when the stone wool was first exposed to
heat and was attributed to the combustion of the organic content. This process had
been observed by researchers, but it has been a challenge to account for it in
numerical modelling [78,79].
The heat source term in the heat conduction equation is typically calculated using
the Arrhenius equation (Equation 14) and the required input parameters are the
reaction kinetic that describes the parameters of activation energy 𝐸𝐸, pre-exponential
constant 𝐴𝐴, and order of reaction n, and thermochemistry describing the parameter
for heat of reaction ∆𝐻𝐻.The heat source term, previously shown in Equation 9,
Equation 10 and Equation 13, represents energy input or consumption due to
physical or chemical changes in the material, rather than from the external
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boundaries of the material (e.g. heat flux from the fire). Thermal energy inside the
material is used to decompose the material and this thermal energy therefore needs
to be subtracted from the heat conduction equation. Decomposition includes
material pyrolysis, the drying and release of chemically bound water, melting, etc.
Similarly, some processes inside the material result in added heat to the system. For
example, some porous materials are prone to smoulder and hence release combustion
energy inside the material matrix. When explicitly considered, the heat source term
is typically calculated using the Arrhenius equation, Equation 14,
Equation 14: The Arrhenius equation

𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔 = 𝐴𝐴𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝐸𝐸
� ∆𝐻𝐻
𝑅𝑅𝑅𝑅

Reaction kinetics parameters for three types of stone wool material were obtained
using TGA [75] and MCC [81]. Both TGA and MCC tests showed three
identifiable reactions at temperatures that were consistent for both tests. The TGA
tests were performed in air and nitrogen environments. In the air environment, TGA
resulted in two positive mass loss rate peaks, followed by one negative mass loss rate
peak. In the nitrogen environment, only one positive mass loss rate peak was
observed. This indicated that the first reaction did not require the presence of oxygen
(it could be gasification or pyrolysis) and that the second reaction was associated with
the thermo-oxidative decomposition of the organic content. The third reaction was
also thermo-oxidative decomposition reaction, but more research is required to
analyse it. The comparison between TGA tests in the air and nitrogen environments
is presented in Figure 12.
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Figure 12: TGA results for stone wool A. EDH refer to the test done at the University of Edinburgh and ROC refer
to test done at Rockwool International AS. (a) 5 K/min (b) 10 K/min (c) 20 K/min
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MCC tests were performed in an air environment, up to 600°C. Two peaks in the
rate of HRR were observed in similar temperature ranges to the TGA test [25]. Since
the first reaction was observed in both TGA and MCC, the conclusion was that the
pyrolysis or gasification products from the stone wool matrix were prone to combust
in an exothermic reaction.
The procedure implemented in Fire Dynamics Simulator FDS [86] was used to
calculate the reaction kinetics parameters from the TGA and MCC test outputs. The
results are presented in Table 3. Both methods resulted in relatively similar values
for activation energy, whereas the pre-exponential constants were significantly
different. The TGA and MCC results are compared with the results obtained with
the calculated parameters and the Arrhenius equation are presented in Figure 13 and
Figure 14. The TGA and MCC tests were not performed with stone wool type C
specimens due to technical issues, so these results are not presented in Table 3.
There are several differences between the TGA and MCC methods, as presented in
Table 4. It is possible that both TGA and MCC provide results of limited
applicability to heat source modelling. TGA and MCC are mostly associated with
the creation of pyrolysis and gasification products, and neither of these methods
provide information about the temperatures at which gas phase products ignite.
Secondly, the influence of the transient atmospheric conditions inside a porous
media cannot be captured using these tests. Furthermore, TGA requires assumptions
about relation of the mass loss to the heat source, and MCC, on the other hand, does
not cover heat loss due to endothermic reactions.
Table 3: Reaction kinetics parameters of stone wool
Reac.
1
2

Param.
𝐸𝐸 (J/mol)
𝐴𝐴 (1/s)
n (-)
𝐸𝐸 (J/mol)
𝐴𝐴 (1/s)
n (-)

Stone wool A
TGA
MCC
72.4E+3
57.3E+3
13.9E+3
4.53E+3
1
1
12.2 E+4
10.3E+4
14 E+5
3.01E+5
1
1

Stone wool B
TGA
MCC
46.5E+3
59.4E+3
37.2
5.630
1
1
11.7 E+4
10.3E+4
44.3E+4
30.1E+4
1
1
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Stone wool D
TGA
MCC
52.5E+3
53.0E+3
12.5 E+1
84.4E+1
1
1
14.8 E+4
13.3E+4
91.3 E+6
31.0E+6
1
1

(a)

(b)

Figure 13: TGA tests (EDH) at 5 K/min and model results. (a) Stone wool A (b) Stone wool D

(a)

(b)

Figure 14: MCC test and modelled results (a) Stone wool A (b) Stone wool D

Both the TGA and MCC tests gave an output with a high noise level, most likely
due to the low content of the reactant – organic content in the stone wool was
between 2.50% and 4.37% of its mass. Therefore, the test results had to be filtered,
thereby possibly reducing the precision and reliability of the micro-scale test results.
In addition, the distribution of the organic content in the fibre matrix is not expected
to be uniform and so negatively influenced the repeatability of the tests. The main
conclusion is that testing stone wool in the presented micro scale tests has significant
limitations. Testing compounds in the organic content separately is advisable, in
order to avoid limitations related to the sensitivity of the testing equipment and to
avoid noise.
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The gross heat of combustion was measured with the bomb calorimetry method [84]
and the net heat of combustion was calculated as an integral of the HRR output
from MCC tests. The measured heat of combustion is presented in Table 5. The net
heat of combustion showed lower average values for all tested stone wool types.
Nevertheless, considering the uncertainty levels, both measurements should be
considered similar. It must be noted that bomb calorimetry combusts the material
in pure oxygen, hence complete combustion, and higher heat of combustion is to be
expected. Nor did MCC measurements cover the third reaction above 600°C.
Table 4: Differences between the TGA and MCC test methods and implications for reaction kinetics properties
TGA

MCC

Measured
output quantity

Mass loss. Heat source
is directly associated
with the mass loss.

Heat release rate per unit mass of sample. Heat source does
not consider reactions that do not result in oxygen depletion
in the atmosphere (e.g. phase change)

Heating rate (as
used in this
thesis)

5-20 K/min

60 K/min. Fast heating rate may contribute to the thermal
gradient in the specimen.

Specimen
mass

7-14 mg

3-4 mg. Small specimen mass will decrease the thermal
gradient during testing.

Combustion
temperature

None

900°C

Table 5: Gross heat of combustion from three repeated tests of bomb calorimetry and net heat of combustion from
MCC
ΔHSW BC

ΔHSW MCC

(kJ/g wool)

(kJ/g wool)

A

0.89±0.03

0.84±0.26

B

0.93±0.04

0.85±0.08

D

1.07±0.03

0.93±0.33

Stone wool type

Based on the data presented in Table 2 and Table 5, heat of combustion was
calculated per unit mass of the stone wool’s organic content (rather than per unit
mass of stone wool) using Equation 22. The results are presented in Table 6,
indicating that the heat of combustion per kg of the organic content is between 22.7
and 35.6 kJ/g. If the same organic compounds are used, the information in Table 6
allows modelling of the internal combustion effect in wools with different contents.
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Equation 22: Calculation of heat of combustion per mass of the organic content

∆𝐻𝐻𝑂𝑂𝑂𝑂 =

∆𝐻𝐻𝑆𝑆𝑆𝑆
𝑌𝑌𝑂𝑂𝑂𝑂

∆𝐻𝐻𝑜𝑜𝑜𝑜 is the heat of combustion per unit mass of the organic content (kJ/g), ∆𝐻𝐻𝑠𝑠𝑠𝑠 is
the heat of combustion per unit mass of stone wool (kJ/g) and 𝑌𝑌𝑜𝑜𝑜𝑜 is the mass fraction
of the organic content in stone wool (-).
Table 6: Calculated heat of combustion of organic content in the investigated stone wool
ΔHOC BC

ΔHOC MCC

(kJ/g oc)

(kJ/g oc)

A

35.6±0.3

33.4±9.6

B

24.8±1.0

22.7±2.1

D

30.7±0.2

26.5±8.9

Stone wool type

4.2.3 Numerical model
A one-dimensional transient heat conduction model, with a heat source term, was
written using the Matlab® software. The thermal property values and reaction
kinetics parameters, presented in the previous section, were used as the model input
and the modelling results were compared to the slug calorimeter test results. An
implicit formulation was used to compute the heat conduction, while the input for
the heat source term was based on the previous time step. Equation 10 and Equation
14 were used as the governing equations with the specified temperature boundary
condition (Equation 23) on the exposed side and the insulation boundary condition
(Equation 24) on the ‘unexposed’ or slug centreline side.
Equation 10: One-dimensional transient heat conduction with source term

ρ(T)cp (T)

Equation 14: The Arrhenius equation

∂T ∂
∂T
= (k(T)
) + 𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔 ′′′
∂t ∂x
∂x

𝑄𝑄̇𝑔𝑔𝑔𝑔𝑔𝑔 = 𝐴𝐴𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒 �
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Equation 23: Specified temperature boundary condition

Equation 24: insulation boundary condition

𝑇𝑇𝑥𝑥=𝑥𝑥0 = 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒
𝑞𝑞̇ 𝑠𝑠 ′′ = 0

The slug temperature was calculated using the lumped thermal capacity
simplification, as presented in Equation 12. The governing equation was discretized
with the finite difference method and was solved with the iterative Jacobi method.
Each time step was iterated until the sum difference of the temperature calculations
between the previous and ongoing iteration was less than or equal to 0.05 K.
Modelling was performed for both heating cycles of the custom-made slug
calorimeter test. Modelling of the first cycle included the heat source term (Equation
14), while the second heating cycle, in which the material had already undergone
reactions up to 800°C, was modelled without the heat source.
Modelling the second heating cycle resulted in very good fit with the experimental
results (refer to paper I in the appendix), both for 5 K/min and 15 K/min heating
rates. This result indicated that the thermal conductivity obtained at 5 K/min was
reasonably valid for predicting the temperature distribution also in heating rates up
to 15 K/min. The results of the first heating cycle (including the heat source) are
presented in Figure 15 and Figure 16. The model overpredicted the maximum slug
temperature during the exothermic peak in all cases. Results for stone wool A and B
are somewhat comparable between the test and model. Using kinetic parameters that
were obtained from TGA data resulted in slightly better predictions for stone wool
type A and B, compared to when using parameters from MCC data. The maximum
temperature percentage difference between the test and model was 25 % and 35 %,
when kinetic parameters from TGA data were used. As shown in Figure 16,
modelling the stone wool D, resulted in very high temperature peak overshoot,
whereas the experiments showed a moderate temperature increase lasting for a long
time.
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Figure 15: Test and model prediction of the slug’s temperature, placed between the stone wool specimens in the
custom-made slug calorimeter test. M refers to model predictions and T refers to test results (a) stone wool type A
(b) stone wool type B
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Figure 16: Test and model prediction of the slug’s temperature, placed between the stone wool specimens in the
custom-made slug calorimeter test. M refers to model predictions and T refers to test results. Stone wool type D.

4.3 Model sensitivity - methodology and results
The model input parameters can be divided into material properties and the
boundary condition describing parameters, as presented in Table 7. The previous
sections only covered material properties.
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Table 7: Modelling input parameter categories and examples relevant to this thesis
Input parameter category

Input parameter example

Material properties

Thermal conductivity, density, specific heat, preexponential constant, activation energy, order of
reaction,

Boundary condition describing parameters

Surface emissivity, surface absorptivity, convective
heat transfer coefficient, ambient gas temperature,
incident radiation heat flux

One challenge in material modelling is defining the values of these input parameters.
It is often challenging to define a single reliable value. Uncertainties about material
properties, for the same group of materials, can expected due to:
•

Wide variety of commercially available materials (even within the same
family of materials), with slight differences in chemical composition and
physical structure;

•

Inhomogeneity of typical construction materials;

•

Limitations and uncertainties of methods used to obtain these properties.

Uncertainties in boundary condition describing parameters are expected due to:
•

Limitations and uncertainties of methods used to obtain these parameters;

•

Simplifications and approximations in physical analysis and modelling work
(e.g. the use of empirically based convective heat transfer coefficient or grey
body approximation).

All these uncertainties in the model’s input will result in uncertainty in the model’s
predictions. Modelling results will have a different level of be sensitivity to each of
these parameters.
If the uncertainty limits can be described, sensitivity analysis is a useful approach for
quantifying intervals in the expected results. Paper I presents a global and local
sensitivity analysis of the temperature predictions for the unexposed surface of a
sandwich construction exposed to the standard ISO 834 cellulosic fire curve. It is
important to note that these conditions are not the same as presented in the previous
section and did not include reaction kinetics inside the stone wool. Nevertheless, the
methods presented in this section are applicable to any exposure conditions.
Global sensitivity was investigated by performing Monte Carlo simulations, with
several parameters varied at the same time. The parameter values were randomly
chosen from set minimum and maximum values, as presented in Table 8. The
‘unifrnd’ function in Matlab® was used to generate the random values of the input
49

parameters. This function returns numbers from a continuous uniform distribution
with prescribed upper and lower endpoints. In the local sensitivity study the
parameters were varied individually to the minimum and maximum values. The
resulting curves were evaluated based on functional analysis [90]. Different
thicknesses of stone wool between the steel sheets were investigated: 0.01 m, 0.05 m
and 0.1 m. It was shown that the model’s sensitivity to the input parameters depend
on the thickness of the construction. 0.05m and 0.10 thick stone wool is realistic for
fire separating constructions, whereas 0.01m stone wool would not be enough to
reach the minimum fire resistance classification ranking. The modelling input
parameters used in this study were partly based on testing presented in Paper II or
gathered through literature research and are presented in Table 8.
Table 8: Chosen parameters as used in Paper I for the sensitivity study

Exposed surface
boundary
conditions
Unexposed surface
boundary
conditions

Stone wool material
properties

Reference value
(most probable)

Min
value

Max
value

Value
probability
distribution

25

20

60

Uniform

𝜀𝜀 (-) and 𝛼𝛼 (-)

0.9

0.8

1.0

Uniform

4

4

10

Uniform

𝜀𝜀 (-) and 𝛼𝛼 (-)

0.65

0.55

0.75

Uniform

ℎ (W/m2/K)
ℎ (W/m2/K)
𝑘𝑘 (W/m/K)

𝑐𝑐𝑝𝑝 (J/kg/K)
𝜌𝜌 (kg/m3)

Figure 17 (based on paper II)

Uniform

840

756

924

Uniform

105

103

107

Uniform

The results of the local sensitivity analysis, in form of functional analysis parameters
ERD, EPC and SC are presented in Figure 18. The functional analysis concepts are
previously presented in chapter 3. ERD values close to 0 and EPC and SC values
close to 1 represent a close fit between the two compared data sets (two sets of
temperature predicted by numerical model in this case). As presented in Figure 18,
for stone wool thicknesses of 0.05 m and 0.1 m (representing realistic thickness for
thermal insulation in real life constructions) the investigation concluded that, from
the thermal properties, the model is the most sensitive to the thermal conductivity
and then to the specific heat capacity. The influence of the convective heat transfer
coefficient on the unexposed surface is significant, especially as the thickness of the
stone wool increases. Nevertheless, ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 only seems to be significant for the ERD
and EPC parameters and is relatively less sensitive to the SC parameter.
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Figure 17: Thermal conductivity values used in Paper I

Figure 18: Calculated ERD, EPC and SC values for stone wool and boundary properties in standard fire resistance
tests. Notice the differences in the y axis between the subplots
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Figure 18 also shows that for narrow constructions (0.01 m), the processes at the
exposed surface, as described by emissivity and the convective heat transfer
coefficient 𝜀𝜀ℎ𝑜𝑜𝑜𝑜 and ℎℎ𝑜𝑜𝑜𝑜 , play more significant role. In fact, for a 0.01 m
construction, the model is the most sensitive to the convective heat transfer
coefficient at the exposed surface. This can be explained by a) high uncertainty in
the ℎℎ𝑜𝑜𝑜𝑜 values as presented in Table 8 and b) early failure times for this thin
construction. Due to the early failure, the exposure temperatures are still relatively
low and heat transfer to the surface may be more governed by convection, rather
than by radiation.
The model’s sensitivity will depend on the value limits set for the input parameters.
Lowering the uncertainty levels for one parameter would result in this parameter
having less influence on uncertainty. It is therefore necessary for sensitivity studies
to be constantly updated, based on the studied materials and improved material
property test methodologies, which will reduce these uncertainties.

4.4 Summary
This chapter presented a case study the focuses on obtaining thermal properties and
using them as model input parameters to predict the temperature field in stone wool,
based on findings presented in Paper I and Paper II.
The thermal conductivity of four types of stone wool was obtained using a custommade slug calorimeter test, assuming a constant specific heat capacity of 840 J/(kg·K)
and constant density, depending on the type of stone wool. Two heating cycles were
performed to separate the exothermic/endothermic reactions from the heat transfer
inside the stone wool. Two heating rates of 5 K/min and 15 K/min were used and
the obtained thermal conductivity from the lower heating rates applicability to
predictions of higher heating rate was studied. TGA and MCC tests were performed
to obtain the kinetic reaction parameters for solving the heat source term. Bomb
calorimetry and MCC were used to obtain the gross and net heat of combustion.
Monte Carlo and functional analysis methods were presented to study the model
sensitivity to the uncertainties of input parameters.
The conclusions from this work include:
•

The custom-made slug calorimeter provided a simple, yet sufficiently
precise method for measuring the effective thermal conductivity of a wide
range of stone wool materials. The products should be pre-heated and
studied without the organic content. Further improvements could be made
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by using more accurate cp values (e.g. obtained with DSC test result
analysis);
•

The temperature distribution in low density and low organic content stone
wool products was predicted with relatively good accuracy. The maximum
temperature difference in modelled slug calorimeter tests was 35%, using
the kinetic parameters from TGA;

•

Predicting the temperature distribution in high density and high organic
content stone wool was not done with sufficient accuracy;

•

To improve temperature distribution predictions, more knowledge of mass
diffusion in stone wool is needed to account for the local oxygen levels and
movement of gas phase organic content products. In the conventional test
methods for studying the reaction kinetics, TGA and MCC, it is difficult to
account for the transient oxygen levels that are expected in real life
configurations;

•

The TGA and MCC tests resulted in a high noise level. The suggestion is
that the organic content should be investigated separately, without the stone
wool fibres. However, the products are typically only commercially available
in their end form;

•

The heat transfer model is the most sensitive to the uncertainties in stone
wool thermal conductivity, followed by uncertainties in the specific heat
capacity. In standard fire resistance testing, another parameter to which the
model is sensitive, is the convective heat transfer coefficient on the
unexposed surface.
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5 Solid Surface Recession

The previous chapter discussed heat transfer in solids exposed to heat flux,
representative of fire conditions. This chapter adds to the previous discussion by
explicitly covering materials’ morphological and shape changes when exposed to
heat. A material’s morphological changes and deformations in fire conditions create
challenges for material testing and modelling. Morphological changes in the fuel
occur as it is consumed by fire or during thermal degradation and decomposition. It
can also be caused by be shrinking due to moisture loss, melting and dripping or
volume increase due to chemical reactions. The problem of a material’s
morphological and shape changes in the context of cavity fire behaviour is presented
in Figure 19. As shown by the green box in Figure 19, the morphological changes
are related to the thermal decomposition and thermal degradation induced by heat
transfer in the decomposing materials. Thereafter, material shrinkage influences the
width of cavity in which the burning takes place. Furthermore, many shrinking and
melting materials are also prone to burning, therefore decomposition,
shrinking/melting and fire spread are coupled processes.

Heat transfer
from flames and
hot gases to the
surface

Heat feedback
from between the
surfaces inside
the cavity

Enclosure effects
to the oxygen
availability

Heat transfer
inside solids

Thermal
decomposition
and degradation

Figure 19: Processes covered in chapter 5 in the overall thesis
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5.1 Problem description
Some materials that undergo significant volumetric changes when exposed to heat
include expanded polystyrene EPS [23,104–108], extruded polystyrene XPS, flexible
polyurethane foams FPUF [9,109–111], glass fibre insulation [68,94,102]. EPS,
XPS and glass fibre insulation are widely used as insulation products in construction
and in façade systems. The importance of EPS’ shrinking and melting behaviour is
recognized, e.g. in ETICS façade systems [112]. This chapter focuses on
development of a new test method and uses EPS and FPUF as example materials.
EPS is a rigid, moulded bead foam based on a polystyrene polymer. EPS is an
thermoplastic, therefore after reaching a critical temperature it softens and loses its
bead structure, and melts [104,108]. Melted EPS hardens again during cooling. EPS
is used as a core material in sandwich panels and structural insulated panels, and the
fire-related risks due to its flammability, melt and melt flow properties are critical
[107,113]. EPS is observed to shrink in temperatures around 100 °C or when
exposed to heat fluxes as low as 2 kW/m2 [23,104–108]. It has been noted that the
initial shrinking is due to the material’s loss of structure, and glass transition and
melting occur at higher temperatures [106]. EPS is used as thermal insulation in
ETICS façade systems and structural insulated panels [107,113]. In addition to
recession of the exposed surface, EPS is prone to forming flaming droplets that pose
significant risks of fire spread.
FPUF foam is an open cell thermoset polymer foam and its main components are
polyol and isocyanate. Under heat exposure it decomposes into gas and semi-liquid
products [8]. The term ‘collapse’ is sometimes used to denote the process of rapid
shrinking and loss of structural stability [110]. PU foams are also prone to
smouldering [114]. Flexible polyurethane FPUF is observed to collapse when
exposed to heat, and the materials’ morphological changes significantly influence
their burning behaviour [9,109–111]. The collapse is explained by thermal
decomposition – the loss of isocyanate leaves polyol in a ‘semi liquid’ form. Studying
flexible polyurethane in TGA allows a distinction to be made between two reactions;
the first starts at around 200 °C and can be linked to the decomposition that results
in collapse [9,109].
EPS and FPUF were chosen for this study because of the relatively different
characteristics of these materials. Other shrinking materials include glass fibre
insulation at approximately 500°C – 800°C, and rock fibre insulation, which melts
at higher temperatures [68,94,102]. Furthermore, thermoplastics are prone to
melting and the melt flow drives the fuel away from the heat source. Nevertheless,
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the most obvious example of surface recession is the consumption of the solid by the
fire or ‘burn away’, to which all combustible materials are exposed to during fire.
Reduction of the effective solid volume or mass, when exposed to heat, introduces
several problems. In most reactions to fire tests a fixed position heat source is used
and the incident heat flux to the surface of the tested material depends on the
distance between the heat source and the receiving surface. If the material surface
recedes during the test, it can be argued that the testing methodology is not
consistent between morphologically non-stable and stable materials. An example of
such a typical reaction to fire test is the cone calorimeter test [115]. Studies have
shown that the incident heat flux reduces in the cone calorimeter as the distance
from the cone heater increases, and this reduction percentage depends on the cone
heater’s output [116–118]. Similarly, in material modelling, changes in the form of
the burning item will influence the boundary conditions of the exposed surface and
the changing volume and mass will influence heat transfer inside the material.
Building products rarely consist of a single material. Usually, materials are used in
combination to ensure the end-product utilizes the beneficial properties of each
material. Materials ensuring the thermal insulation of the construction are typically
those prone to morphological changes and are used as the core material and protected
from the external environment with other materials. Examples of such constructions
are:
•

Sandwich panels composed of a steel skin and a polymeric or mineral fibre
core;

•

Polymeric insulation protected by cladding in façade systems;

•

ETICS façade system with render that protects polymeric insulation;

•

Gypsum and mineral wool insulation separating elements.

This will have implications both if a fire becomes established in between the material
layers and if the heat exposure comes from the exterior of the construction. Change
in the solid material’s volume will advance the widening of the cavity between the
material layers, which will further influence fire dynamics in a cavity fire scenario.
The change in the solid material’s volume will influence the heat transfer processes
inside the construction system and the transition from solid phase heat transfer
(described by the effective thermal conductivity) and gas phase heat transfer modes
(radiation and convection). To predict the fire performance of products composed
of such morphologically unstable materials, it is important to understand the nature
of the morphological changes and their rates of development in various heating
conditions.
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Attempts at numerical modelling for melting or burn away have been done for fire
situations, with the resulting models being complex and thus of limited practical
applicability [119,120]. The development of new testing tools and establishing
simple empirical correlations, on the other hand, may result in the development of
simplified modelling approaches.

5.2 Methodology
This research examined the rate of material surface recession and the critical
temperature at which it starts to recede in contact with a hot surface. A novel method
was proposed, with a test setup based on the ISO 5657 ignitability test apparatus
[121] and presented in Figure 20.
(a)

(b)

Figure 20: Schematic of material surface recession test (a) test apparatus (b) specimen position. Dimensions in
mm
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The ISO 5657 ignitability test apparatus consists of a conical heater and the test
specimen being fixed between the pressing and masking plates. The force required
to fix the specimen in position is provided by a counterweight that pulls down a steel
rod on the opposite side of a supported equilibrium point. For the purpose of this
study, the ignitability test was modified to measure material shrinkage during
exposure to heat. A metallic plate (aluminium or stainless steel) was placed between
the specimen and masking plate. In this arrangement, the metallic plate was exposed
to the heat flux from the conical heater and transferred the heat to the specimen
surface by conduction. As the critical temperature for recession was reached and the
material begun to shrink, the pressing plate started to move upwards. The shrinkage
rate was measured with the Temposonics® E-series magnetostrictive position meter
attached to the pressing plate. A type-K thermocouple was placed between the test
specimen and the metallic plate, to measure the critical temperature at which the
material starts to recede. Another type-K thermocouple was fixed to the unexposed
surface of the metallic plate; this was used to monitor the exposure and keep it
constant during the tests. Figure 21 is a photo of the test setup. The setup is
explained in more detail in the appended Paper III [23].
Two sets of tests were performed in this study. During the first set of tests, materials
were tested in five different temperature regimes to evaluate the test’s repeatability
and the material’s response to heat. Three repeated tests were done for each
temperature regime in the first set of tests. During the second testing programme,
the methodology was further investigated in detail by assessing the results’ sensitivity
to the pressure from the metallic plate being applied to the test specimen’s exposed
surface.
The specimen is fixed between
the pressing plate and the
metallic plate (there is no
specimen in this image). The
conical heater provides heat to
the metallic plate.

The position meter is
located next to the
apparatus.

The counter weight presses
upward on the pressing plate.
The pressing plate presses the
specimen to the metallic plate
and hence the specimen is
fixed in the position.

Position meters wire is
attached to the pressing
plate. It measures the
distance the pressing
plate moves upwards as
the
test
specimen
shrinks.

Figure 21: The ISO 5657 ignitability test and its modification for the purpose of measuring material recession rates

Commercially available non-fire retarded EPS and FPUF specimens, cut in a
cylindrical shape with a diameter of 0.07 m and a height 0.048 m, were used. The
used materials are presented in Table 9.
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Table 9: Materials used in preliminary shrinkage tests
Material

Measured density
[kg/m3]

Specimen size
diameter × height [m ×
m]

Notes

EPS

26

0.07×0.048

Commercially available.
Non-fire retarded.

FPUF

23

0.07×0.048

Commercially available.
Non-fire retarded.

5.3 Results
The results of average recession rates as a function of exposure temperature during
the first set of tests are presented in Figure 22. Polynomial fits were calculated and
the coefficients are presented in Table 10. EPS was observed to start receding at
temperatures between 140°C and 170°C. The FPUF started to recede when exposed
to 260°C to 290°C. The tests showed good repeatability and polynomial fits with R2
above 0.98 were obtained for both materials.

Figure 22: Surface recession rate when exposed to a hot metallic plate at different temperatures
Table 10: Polynomial fitting coefficients for p(x)=A*x2+B*x+C
Material

A

B

C

R2

EPS

2.39e-05

-0.0015

-0.2517

0.986

PU

3.96e-05

-0.0194

2.3809

0.993
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During testing it was noticed that the thermocouple temperature between the metal
plate and the FPUF specimen (see TC2 in Figure 20) increased above the monitoring
temperature (TC1 in Figure 20). This was not observed when testing EPS and it
indicated exothermic reactions in the FPUF specimen. Exothermic reactions in
FPUF may therefore influence the recession rate beyond the exposure from the test
apparatus and make it difficult to interpret the results.
The second set of tests was done to investigate the influence of the applied pressure
from the pressing plate on the test results. The pressure changed as the counterweight moved relatively to the equilibrium point. Depending on the counterweight’s position the pressure was assessed as changing from approximately from 4.2
kPa to 7.2 kPa. Results showed that EPS is relatively insensitive to the different
applied pressures with a recession rate increase of 12 % at the highest mechanical
pressure. On the other hand, FPUF had a 136 % increased recession rate.
Figure 23 and Figure 24 present the test specimens after testing. Discolouration of
the exposed surface can be seen on the FPUF specimens, indicating a smouldering
reaction. The EPS specimens are characterized by a distinct melted/hardened zone
on the exposed surface. Typically, the beads forming the EPS structure were intact
below the melted material zone.

Figure 23: Test specimens after recession rate testing. FPUF specimens in the top row and EPS specimens in the
bottom row

Figure 24: Close-up of an EPS specimen after the test
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5.4 Summary
A methodology for studying material surface recession due to heat exposure was
proposed and described in this chapter. The material’s shape change, such as
shrinkage and melting, but also expansion, is an expected behaviour that could
influence the geometry of narrow construction cavities. Depending on the process,
the cavity can either increase in width or become narrower, thereby influencing the
fire dynamics, as discussed in the appended Paper IV and Paper V and in the
following chapter of this thesis.
The method presented here was based on standard ignitability test apparatus. The
purpose of such testing would be to rank materials based on their shape stability
when heated and to suggest empirical correlations for recession as a function of
exposure for modelling purposes. The test’s repeatability and sensitivity to the
counterweight’s position were investigated along with the recession behaviour of the
EPS and FPUF specimens.
Significant recession in EPS was observed at temperatures between 140°C and
170°C. Flexible PU foams started to recede when exposed to 260°C to 290°C. The
proposed test methodology had good repeatability, with up to 24% difference for
EPS and 16% difference for FPUF during periods of significant recession (i.e.
excluding low exposures when very slow or no recession was observed). The results
had bad repeatability for PU foams at relatively low temperatures when the foam
only just started to recede (approximately 230°C for FPUF).
Repeatability is influenced by several factors, which should be further investigated:
the inhomogeneous structure of materials; deviations in temperature of the metallic
plate’s temperature; slight variations in the specimen’s dimensions; and variations in
cooling conditions around the perimeter of the specimen. Further investigations
should include discussion of the boundary condition around the perimeter of the
sample. FPUF proved to be sensitive to the applied mechanical pressure due to its
flexible characteristics, hinting at a potential challenge when dealing with flexible
materials.
Temperature runaway was observed for FPUF samples at the interface between the
specimen’s surface and metallic plate. This behaviour creates challenges for the
interpretation of the results. Specifically, whether the temperature increase on the
surface should be considered as the material’s response or whether the interface’s
temperature change should lead to adjusting (i.e. lowering) the exposure during the
test. The answer depends on the purpose of the testing. If the test data is to be used
in mathematical modelling that explicitly calculates for heat source due to
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exothermic reactions, the suggestion is to adjust the exposure from the conical heater
during the test to compensate for the heat generation in the sample. If, however, the
testing is for ranking purposes, the exposure from the test should be kept constant
independently of the material’s response to it.
The suggested test methodology provides only a one-dimensional case, with the main
heat transfer and resulting recession in one direction only. In real-life fire conditions,
the exposure would not be uniform across the fuel bed – local areas of high
temperature are expected due to local flame attachment to the surface, as shown in
Figure 19. The applicability of the derived recession rate correlations (Figure 22 and
Table 10) should therefore be sought in two or three-dimensional test arrangements.
Furthermore, in a realistic fire situation, the exposure would be due to radiative and
convective heating, rather than conduction from a hot object, as presented here.
Numerical modelling of deforming materials is a challenge and should be improved
for fire-related problems.
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6 Fire-Induced Flow in Narrow Air
Cavities

Previous chapters discussed material responses to heat exposure in fire conditions.
The heat exposure from fires in narrow cavities is discussed in this chapter.
Furthermore, the influence of the cavity’s dimensions on flame heights and upward
flows was studied as part of this research. Flame heights are of interest, because they
influence the area subjected to direct flame contact, and fire-induced flows influence
heating by convection. The problem of flame characteristics and fire-induced flows
in narrow spaces in the context of this thesis is presented in Figure 25. As shown by
the green boxes in Figure 25, the cavity’s geometry influences the air supply that is
available to support combustion, as well as the flow characteristics that can determine
the shape of the flame. The heat transfer in a narrow space is also influenced by
thermal feedback between the boundaries of the cavity.

Heat transfer
from flames and
hot gases to the
surface

Heat feedback
from between the
surfaces inside
the cavity

Enclosure effects
to the oxygen
availability

Heat transfer
inside solids

Thermal
decomposition
and degradation

Figure 25: Processes covered in chapter 6 in the overall thesis
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6.1 Problem description
It is recognized that the fire dynamics are influenced by the physical obstructions
surrounding the burning item. Senez et al., and Johansson & van Hees proposed
dividing building fires into groups based on the proximity of physical obstructions:
fires in structural elements (or fires in concealed spaces), compartment fires, and fires
in large enclosures (or exterior fires) [27,32,122]. Compartment fires and fires in
large enclosures have traditionally been the main focus of fire safety engineering and
science. A typical example of fires in structural elements (e.g. inside walls, roof
constructions) is fire spread inside narrow cavities between the construction elements
or material layers. Fires in structural elements are more difficult to observe during
fire accidents, compared to external flaming, for example, but can potentially lead to
fire spread between compartments, or the re-emergence of a fire after it was thought
to be extinguished. The issue of fires in structural elements and cavity fires is
recognized [32,123–125], but there is still a considerable lack of knowledge about
the conditions that influence fire dynamics in narrow spaces. Although this thesis
applies to façade ventilation cavities, the findings of this work can be more generally
used in other fire situations in structural elements. The dimensions of real-life
structural elements are in the order of several metres and above. Real life façade
systems are particularly large as they cover the entire boundary of a building. The
research presented in this thesis, nevertheless, is done using simplified constructions
with reduced dimensions to capture the fundamental principles of the studied
processes.
It can be suggested that more tightly enclosed fires are more likely to be controlled
by the air inflow. The chimney effect in a construction’s vertical narrow spaces will
therefore play a significant role in fire dynamics, flame shape and heat transfer.
Various studies and observations have shown that the flames extend and the heat
fluxes to the surface increase as cavity width (the distance between the enclosure
boundaries) is reduced [18,52].
An experimental study was performed as part of this research, to develop a
correlation between the flame height and incident heat flux to the surface as a
function of the cavity’s width. Thereafter, FDS simulations were performed to assess
its capability to produce accurate predictions of flame heights and exposure
conditions in a cavity arrangement.
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6.2 Experimental study – methodology and results
6.2.1 Methodology
An experimental programme was performed to study the influence of the distance
between two parallel facing walls on flame heights and heat fluxes between these
walls.
The experimental setup consisted of two parallel facing calcium silicate boards
(thickness 20 mm), lined with a ceramic insulation layer (2 mm). A propane burner,
with a gas outlet area of 8 × 391 mm, was placed between the walls, next to one of
the walls (referred to as ‘near wall’). The burner opening included a metal grid to
redistribute the gas flow over the outflow area. The experimental setup is presented
in Figure 26.

Figure 26: Experimental setup used to study flame heights between parallel plates

The experimental programme consisted of tests with two varied parameters: the
distance between the walls (𝑊𝑊) and the propane gas mass flow rate. In individual
tests, the distance between the walls varied between 2 and 10 cm. Additional tests
with only one wall were performed (referred to as ‘one-wall’ tests). Four different gas
mass outflow rates were used with a resulting target HRR between 6.5 kW and 15.8
kW. This HRR output is referred to as ‘target HRR’ because up to 10% deviations
in actual propane mass flow rate during and between the tests were observed and
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because the actual HRR was not measured as part of the experimental programme.
In total, 77 tests, including repetitions, were performed. In most cases three repeated
tests were performed for each experimental arrangement. The overview of the
experimental programme is presented in Table 11. The main differences to previous
research [52,53] into similar fire scenarios were the narrower cavity width and the
different burner location in this study.
Table 11: Summary of tests in parallel wall experimental programme
Experimental
series

HRR
(kW/m)

HRR
(kW)

𝑾𝑾, m

I

16.5

6.5

0.1, 0.06, 0.05, 0.04, 0.03, 0.02, one wall

II

24.8

9.7

0.1, 0.06, 0.05, 0.04, 0.03, 0.02, one wall

III

32.3

12.6

0.1, 0.06, 0.05, 0.04, 0.03, one wall

IV

40.4

15.8

0.1, 0.06, 0.05, 0.04, one wall

The three main measured parameters in the study were visual flame heights, exposure
to the near wall and vertical flow velocity. Flame heights were measured with visual
observations from 30 photos taken during each test. The photos were taken at one
second intervals, resulting in the 30-second average flame height. Only the main
body of flame was considered in the analysis (detached flames were ignored).
Exposure to the near wall was measured with custom-made thin skin calorimeters,
TSCs. The TSCs were composed of a type K thermocouple welded to a thin copper
disc with diameter of 4 cm. The disc was insulated on the back and the TSC was
mounted in a round hole drilled in the near wall. The TSCs measured the transient
temperature of the exposed copper disc. The heat transfer from a hot environment
to such devices is summarized by Ingason & Wickström [126]. For the purpose of
this study, the incident heat flux was used as parameter to characterize the exposure,
consisting of absorbed incident radiation and convective heat exchange on the
surface of the copper plate. The incident heat flux is defined as presented in Equation
25,
Equation 25: Incident heat flux at the surface

𝑞𝑞̇ ′′𝑖𝑖𝑖𝑖𝑖𝑖 = α 𝑞𝑞̇ ′′𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟 + ℎ(𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑠𝑠 )

where α is the absorptivity (-), ℎ is the convective heat transfer coefficient (W/m2K),
𝑇𝑇𝑔𝑔 is the surrounding gas temperature and 𝑇𝑇𝑠𝑠 is the surface temperature.
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To relate the measured TSC temperature to the incident heat flux, a heat transfer
model with FEM was used. Specifically, back calculations were performed to
calculate the required incident heat flux to atchieve the measured TSC temperature.
In addition, vertical flow velocity at the top of the setup was measured with bidirectional probes with diameter of 0.016 m [127].

6.2.2 Results
In Figure 27 and Figure 28 the resulting flame heights are compared with the studies
by Karlsson et al. [52], Ingason [53] and Hasemi & Nishihata [44]. It was observed
that flame heights increased as the distance between the parallel plates was reduced.
It must be noted that, in some cases, the flames in one wall configuration were
observed to be taller than in the widest investigated cavity. This can be seen in Figure
28.

Figure 27: Average flame heights from this study (excluding one wall tests) and the study by Karlsson et al. [52]

Comparing the flame heights for when the burner is located next to a single wall and
an arrangement with a 0.02 m cavity, the maximum observed flame extension was
2.2 times. Plotting the results 𝐿𝐿/𝑄𝑄’2/3 versus 𝑊𝑊/𝑄𝑄’2/3 allowed two regimes to be
distinguished (Figure 27) and a linear correlation was suggested for each of these
regimes. A relatively gradual increase in flame heights with decreasing cavity width
is observed for 𝑊𝑊/𝑄𝑄’2/3 > 0.006. A steeper increase with a higher result distribution
level is observed for very narrow cavities or large HRR fires where 𝑊𝑊/𝑄𝑄’2/3 < 0.006.
As presented in Figure 27, the observed flame heights in this study were higher than
those observed by Karlsson et al. [52]. This could be due to differences in
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experimental setup. One of the main differences between the test setups was that in
study by Karlsson et al. [52] one of the sides was closed, hence allowing air inflow
from one side only. It also must be noted, that in the study performed for this thesis,
due to the view angle inside the cavity, it was difficult to distinguish between a
persistent flame and an intermittent flame. The flame heights in this study are more
appropriately characterized as a maximum height for intermittent flame, hence they
are higher than the average flame height.
As presented in Figure 28, the flame heights in this study matched well with those
measured by Ingason [53], and extended the same trend to 𝑄𝑄̇ ∗ 𝑚𝑚𝑚𝑚𝑚𝑚 < 48. A full list
of observed flame height values in the experimental programme is provided in Annex
A.

Figure 28: 𝑳𝑳/𝑨𝑨 versus modified dimensionless HRR from various studies. Axis limits are set for the clarity of the
graph.

Incident heat flux to the surfaces inside the cavity was also observed to increase as
cavity width was reduced, as presented in Figure 29. The results are presented for
two regions of interest, because different interpretations of the results are possible.
First of all, the region below the height where the flame was observed in the one wall
test is presented in Figure 29 (a). In this region the increased heat flux could be
explained by changes in the flame or burning characteristics in relation to the emitted
heat, e.g. increased sootiness of the flame, which would increase radiation from the
flame to the surface. Secondly, the region above the height where the flame was
observed in the one wall test is presented in Figure 29 (b). In this region, the incident
heat flux increase is also influenced by flame extension as the cavity width is reduced.
In must be noted that even though this trend of increased heat flux in the flame zone
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is consistent, large variations exist, as presented by the standard deviations around
the mean value in Figure 29.
(a)

(b)

Figure 29: Relative incident heat flux increases as a function of the cavity width (a) below flame height in one wall
tests (b) above the flame height in the one wall test. Error bars show two standard deviations around the mean value

6.3 Numerical study – methodology and results
6.3.1 Methodology
The LES approach with FDS version 6.7.0 was used to replicate the parallel wall
experiments from the perspective of reacting flow mechanics and heat transfer. The
aim was to understand the capability of FDS to predict the observed characteristics
of fire driven flows, flame lengths and heat transfer in a narrow cavity arrangement.
Two sub-grid scale convective heat transfer coefficient models available in FDS and
the result sensitivity to the grid size were investigated.

6.3.2 Convective heat transfer modelling in FDS
In FDS several different methods can be used to calculate the convective heat transfer
coefficient (hence the convective heat flux) at the solid boundary:
•

Default model;

•

Logarithmic law model;

•

User prescribed convective heat transfer coefficient.
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The default and the logarithmic law models were investigated. The equations used
to calculate the convective heat transfer coefficient are presented in references
[86,87].
In the default model, the convective heat transfer is calculated according to Equation
26 to Equation 28,
Equation 26: Default convective heat transfer calculation in FDS

1/3

ℎ = 𝑚𝑚𝑚𝑚𝑚𝑚 �𝐶𝐶�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑤𝑤 �

𝑘𝑘
2𝑘𝑘
�
; 𝑁𝑁𝑁𝑁;
𝐿𝐿
𝑑𝑑𝑑𝑑

where 𝑘𝑘 is the conductivity (W/(m·K)), 𝐿𝐿 is the characteristic length scale (=1.8 m),
𝐶𝐶 is an empirical coefficient (= 1.31), 𝑇𝑇𝑔𝑔 is the gas temperature in the cell next to
the wall (K), 𝑇𝑇𝑤𝑤 is the wall temperature (K) and 𝑑𝑑𝑑𝑑 is the wall normal cell dimension
(m). 𝑁𝑁𝑁𝑁 is the Nusselt number, calculated as
Equation 27: Nusselt number calculation in FDS

𝑁𝑁𝑁𝑁 = max[1, 0.037𝑅𝑅𝑅𝑅 0.8 𝑃𝑃𝑃𝑃 0.33 ]

where 𝑃𝑃𝑃𝑃 is the Prandtl number (=0.7). 𝑅𝑅𝑅𝑅 is the Reynolds number, calculated as
Equation 28: Reynolds number calculation in FDS

𝑅𝑅𝑅𝑅 =

𝜌𝜌|𝑢𝑢|𝐿𝐿
𝜇𝜇

where 𝜇𝜇 is the dynamic viscosity (kg/m·s).

In Equation 26, the convective heat transfer coefficient is determined as the highest
value of three parameters. From the left-hand side of these three parameters, the first
term represents heat transfer by natural convection. Different values for the empirical
coefficient 𝐶𝐶 can be chosen for horizontal plate or vertical plane or cylinder in FDS
(the coefficient for vertical plane was used in this study).

The middle term covers the possibility that there is forced convection on the solid.
In principle, 𝑁𝑁𝑁𝑁 refers to the ratio between the convective and conductive heat
transfer in fluid at the boundary of the solid. The heat transfer is more dominated
by convection if 𝑁𝑁𝑁𝑁 is high, suggesting that there is a forced convection.

The third term, 2𝑘𝑘 ⁄𝑑𝑑𝑑𝑑 , becomes the governing one if the mesh cell size is small
enough near the boundary for DNS.
According to the logarithmic law wall function, the convective heat transfer
coefficient is calculated in accordance with Equation 29 to Equation 31.
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Equation 29: Logarithmic law convective heat transfer calculation in FDS

ℎ=

𝜌𝜌𝑐𝑐𝑝𝑝 𝑢𝑢𝜏𝜏
𝑇𝑇 +

Equation 30: Non-dimensional temperature calculation in FDS

𝑇𝑇 + = 𝑃𝑃𝑃𝑃 𝑦𝑦 +
𝑇𝑇 + =

𝑃𝑃𝑃𝑃𝑡𝑡
𝑙𝑙𝑙𝑙 𝑦𝑦 + + 𝐵𝐵𝑇𝑇
𝜅𝜅

𝑓𝑓𝑓𝑓𝑓𝑓 𝑦𝑦 + < 11.81
𝑓𝑓𝑓𝑓𝑓𝑓 𝑦𝑦 + ≥ 11.81

Equation 31: Coefficient to account for resistance to the heat and momentum transport

1

𝐵𝐵𝑇𝑇 = (3.85𝑃𝑃𝑃𝑃 3 − 1.3)2 + 2.12𝑙𝑙𝑙𝑙 𝑃𝑃𝑃𝑃

Where 𝑢𝑢𝜏𝜏 is the friction velocity (m/s), 𝑇𝑇 + is non-dimensional temperature (-), 𝜌𝜌 is
the gas density (kg/m3), 𝑐𝑐𝑝𝑝 is the specific heat capacity in constant pressure
(J/(kg·K)), 𝑃𝑃𝑃𝑃𝑡𝑡 is the turbulent Prandtl number (=0.5) and 𝐵𝐵𝑇𝑇 is a coefficient to
account for the resistance to the heat and momentum transport (-).
Equation 30 gives the temperature profile of the first off-wall gas cell.

6.3.3 Modelling programme
The simulation programme was limited to the one wall arrangement and 4 cm cavity
arrangement for case I and case III (see Table 11). Default and logarithmic law
convective heat transfer coefficient models were used with 4 mm and 2 mm mesh
cell sizes. The simulation programme is presented in Table 12.

6.3.4 Model setup
The modelled computational domain was 0.8 × 0.064 × 1.9 m3 (x, y and z
dimensions respectively). The computational domain is presented in Figure 30.
Parallel walls were built as obstructions with no thickness. The near wall was
composed of the wall and the TSCs located on the wall. The wall component
consisted of two materials (starting from the exposed side):
calcium/magnesium/silicate CMS-based insulation (thickness 0.002 m) and calcium
silicate (thickness 0.02 m). The TSCs were modelled with an exposed area 0.04 ×
0.042 m located as a part of the wall and consisting of three material layers (starting
from the exposed side): copper (thickness 0.2 mm), insulation (0.02 m) and plywood
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(0.002 m). Material properties were taken from the producer data sheets as presented
in the appended Paper V.
The modelled burner opening area was 8 × 392 mm2. The burner output was
assigned as HRR per unit area, based on the HRR calculations from propane mass
flow rate during experiments.
Table 12: FDS simulation programme
Notation

HRR in
simulation
[kW]

Geometry

Convective heat
transfer
coefficient model

Cell
size
[mm]

Tangential
velocity
boundary
condition at
surface

A1-1

6.111

One wall

Default

4

Log law

A1-2

6.111

One wall

Log law

4

Log law

A2-1

6.511

Cavity 4 cm

Default

4

Log law

A2-2

6.511

Cavity 4 cm

Log law

4

Log law

A2-3

6.511

Cavity 4 cm

Default

4

No slip

A2-4

6.511

Cavity 4 cm

Default

2

Log law

A2-5

6.511

Cavity 4 cm

Log law

2

Log law

B1-1

12.839

One wall

Default

4

Log law

B1-2

12.839

One wall

Log law

4

Log law

B2-1

12.646

Cavity 4 cm

Default

4

Log law

B2-2

12.646

Cavity 4 cm

Log law

4

Log law

B2-3

12.646

Cavity 4 cm

Default

4

No slip

B2-4

12.646

Cavity 4 cm

Default

2

Log law

B2-5

12.646

Cavity 4 cm

Log law

2

Log law
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Figure 30: FDS model geometry (a) the entire computational domain with revealed mesh boundaries (b) the burner
closeup with revealed mesh boundaries (c) the burner closeup

FDS employs a rectilinear grid with a recommended uniform dimension in all
directions and the model’s geometry was fitted according to the grid. The
computational domain was split into several meshes and parallel computing was
used. The main outputs were obtained along the height above the centre of the
burner. This location was maintained as a single 8 cm wide mesh for simulations
where 4 mm mesh cell size was used and a 4 cm wide mesh for simulations with 2
mm mesh cell size. The GLMAT pressure solver was used to ensure the correct
solution for pressure equations when using several grids.

6.3.5 Results
The experimental flame heights were compared with the cumulative HRR output
from the FDS simulations and are presented in Figure 31. In previous studies the
height at which 95% of combustibles are burned had been shown to be a good
criteria for flame heights [7]. In the presented study, the observed flame heights
corresponded with 96.6% to 99.9% of the cumulative heat release rate.
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Figure 31: Cumulative HRR compared to the experimentally observed flame heights

As shown in Figure 31, the cumulative HRR near the burner is higher in simulations
with a 4 mm cell size, compared to 2 mm simulations. As a result of this effect near
the gas outlet boundary, slightly taller flames are predicted in 2 mm cell size
simulations.
The upward flow velocities were measured in different positions at the top of the
experimental setup. The measured and predicted flow velocities are presented in
Table 13 and Table 14. Using 4 mm grid the upward flow velocities were under
predicted down to 23 %. Refining the grid size to 2 mm increased predicted upward
flow velocities. In case I, the flow velocities were overestimated by 22% compared to
the experiments, whereas in case III the velocities were underestimated to -20%.
Most of the predictions were inside the ± 20% error.
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Table 13: Predicted and experimental upward flow velocities and deviation between the values for case I. Simulation
results are seven-second averages and test results are sixty-second averages
y - position [m]

Test
[m/s]

Def. 4 mm
[m/s]

Log law 4
mm [m/s]

Def. 4 mm,
no slip
[m/s]

Def. 2 mm
[m/s]

Log law 2
mm [m/s]

middle

2.44

2.44 (0%)

2.27 (-7%)

2.22 (-9%)

2.96 (21%)

2.78 (14%)

near wall

2.32

2.22 (-4%)

2.06 (-11%)

1.89 (-19%)

2.83 (22%)

2.61 (13%)

far wall

2.52

2.34 (-7%)

2.19 (-13%)

2.08 (-17%)

2.85 (-13%)

2.74 (9%)

Table 14: Predicted and experimental upward flow velocities and deviation between the values for case III.
Simulation results are seven-second averages and test results are sixty-second averages
Def. 4 mm
[m/s]

Log law 4
mm [m/s]

Def. 4 mm,
no slip
[m/s]

Def. 2 mm
[m/s]

Log law 2
mm [m/s]

3.47

2.77 (-20%)

2.66 (-23%)

3.05 (-12%)

2.96 (-15%)

2.78 (-20%)

near wall

3.00

2.58 (-14%)

2.45 (-18%)

2.62 (-13%)

2.83 (-6%)

2.61 (-13%)

far wall

3.26

2.66 (-18%)

2.60 (-20%)

2.89 (-11%)

2.85 (-13%)

2.74 (-16%)

y - position [m]

Test
[m/s]

middle

TSC temperature predictions and measurements are compared in Figure 32 and
Figure 33. In this study, when using 4 mm cell size, excellent temperature
predictions were obtained in the flame region (see subplots (e) and (f) in Figure 32
and (d) and (e) in Figure 33). However, the same simulations showed greater
deviations from the experimental results in the plume region, where the temperatures
were mostly under-predicted. Using logarithmic law, the convective heat transfer
coefficient model results in slightly better predictions for the locations above flames.
When a 2 mm cell size was used, the correspondence with the experimental results
was worse in the flame region. Nevertheless, the predictions in the plume region
were better compared with the 4 mm simulations (see subplots (a) in Figure 32 and
(a) and (b) in Figure 33).
FDS showed the ability to predict flame lift-off observed in case III, which resulted
in the temperature of the lowest TSC having a lower temperature than the TSC one
position higher, as presented in Figure 33 subplots (e) and (f). Nevertheless, the
extent of this temperature difference is not predicted with sufficient accuracy.
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6.4 Summary
An experimental and numerical investigation was performed for flame characteristics
and incident heat fluxes to the surface in 0.02 to 0.1 m wide cavity spaces and flames
near a wall. During the experiments, extended flames and increased incident heat
fluxes to the wall were observed when the cavity width was reduced. Narrower
cavities than in previous research were investigated, hence contributing to the data
sets and reinforcing conclusions from previous studies by other authors.
In this study, the maximum flame extension between flames in a 0.02 m cavity and
flames next to one single wall was 2.2 times. Empirical correlations for flame heights
versus burner output were established and compared to the previous research. The
research presented in this thesis corresponded well with the previous research [53] in
regions where the dimensionless HRR overlaps. Nevertheless, it also showed higher
flames than in a study performed at Lund University in 1995 [52], probably due to
differences in the test setup.
FDS showed good potential to predict flame heights and temperature measurements
on the exposed wall surface. Considering the narrow and wide geometry, finding
right grid resolution is a challenge. In this study cavity width to cell size ratio of 10
showed good results when comparing with the experimental results and further grid
refinement did not result in improved prediction of the measured parameter.
Nevertheless, the differences were observed in parameters that are not simple to
measure experimentally. For example, simulations showed that grid refinement close
to the burner gas outlet (boundary) resulted in 25% lower cumulative heat release
next to the burner. Lower cumulative HRR was also seen on entire flame height,
nevertheless converging with the course grid predictions as the height increased. The
heat transfer from the flames and hot gases to the solid is still considered as a major
challenge in CFD application for fire simulations.
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Figure 32: Relative TSC temperatures from tests and FDS model for case I

In the context of flame and smoke spread inside façade ventilation cavities, this
investigation used an assumption that the flame had already entered the cavity. The
mechanisms of how this occur was not discussed and requires more research.
Furthermore, in real systems, such as façade systems, it is expected that other
construction features would influence the fire and smoke spread. It could be
influenced by limited availability of fresh air to sustain the burning. Furthermore, in
some arrangements the flame may be suffocated in the cavity space allowing only the
combustible gases to travel upward, and potentially ignite at the outlet of the cavity.
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7 Discussion

The problem of fire dynamics and material fire behaviour in narrow cavities was
divided into two sub-problems. First of all, the material’s fire behaviour was
discussed. The thermal response of a commonly used thermal insulation material,
stone wool, was examined, both from testing and numerical perspectives.
Furthermore, morphological changes in thermoplastics were studied with a new
suggested test method. Material fire behaviour in a narrow cavity scenario is of
interest in relation to the temperatures reached in the materials, thermal feedback in
the cavity and widening of the cavity due to the material’s shrinkage. Secondly, the
fire induced flows and flame shapes were studied as a function of the cavity width.
This task was undertaken using both experimental and numerical studies.

7.1 Materials’ fire behaviour
In this thesis, the thermal behaviours of stone wool [24,25], EPS [23] and flexible
PU foams [23] were studied under exposure to high temperatures. A material’s
behaviour in fires is related to thermal impact and heat transfer inside materials,
leading to thermal decomposition and degradation. Stone wool insulation was used
as an example for discussing the heat transfer in building materials from physical and
modelling perspectives. Same processes, which take place in heated stone wool (e.g.
heat conduction, heat source due to reactions, transport of air and decomposition
products) are also relevant to many other real-life materials used in built
environments. Furthermore, aspects in relation to material deformations due to the
thermal decomposition and degradation are discussed for PUR and EPS.
Stone wool consists of mineral fibres held together by organic adhesives, composing
an open porous structure [96]. In stone wool, heat transfer occurs by conduction in
the fibres and conduction, convection and radiation in the space between the fibres
[64,97]. Other porous construction materials are glass wool, gypsum, concrete etc.
Mathematical descriptions and numerical solutions for convection and radiation in
a porous medium is the main challenge in addressing all heat transfer modes
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separately. To perform convection and radiation calculations, the material’s structure
must be described with a sufficient precision (i.e. describing the distribution and
geometry of space between fibres). Secondly, additional mass transport related
parameters (e.g. diffusion coefficient) are difficult to a obtain experimentally. A
typical simplification in heat transfer analysis is using effective conductivity as a
parameter that includes all heat transfer modes [63].
Exothermic and endothermic processes take place inside stone wool upon heating
[78–80]. Typically, exothermic and endothermic processes in fire safety science are
studied with micro scale methods, such as TGA, DSC and MCC. The Arrhenius
equation is used to relate the output of micro scale measurements to large scale solid
behaviour [76]. All micro scale methods have limitations, and their application to
engineering calculations at a larger scale is straightforward. For example, even though
it is possible to determine the temperatures at which an oxidative reaction takes place
and when pyrolysis gases are generated, the gas state ignition process is not quantified
with micro scale methods. Ignition is related to the mixing of pyrolysis gases with
oxygen to achieve a mix prone to ignition and the temperature for this ignition to
occur. It also leads to the second limitation - the conditions inside the real-life
construction are difficult to resolve (e.g. oxygen content). Therefore, the rate at
which the energy is released or consumed on a scale larger than the micro scale is
unknown. Furthermore, if the pyrolysis gases do not ignite instantaneously upon
creation, they are transferred through the matrix by diffusion and convection. The
mass transfer process was not explicitly examined in this research, because it was not
possible to obtain a sufficiently good description of the porous matrix, fluid and flow
properties. It was observed that due to the low combustible content of stone wool,
the micro scale methods were very sensitive to the test conditions. TGA and MCC
measurements resulted in very noisy readings and required significant filtering.
Most of the modelling work for a material’s thermal performance in fire safety
engineering relies on effective material properties or other model parameters that are
tuned to give the best model prediction fit with the observations of a chosen specific
test. It can be argued that the use of these fitted models is acceptable for a limited
range of similar situations (e.g. similar exposures and materials). Up to now,
predicting just the thermal behaviour of the building construction is typically either
not accurate (if the input parameters are not tuned to fit with the test results) or not
reliable for other exposure conditions (if the input parameters are tuned to fit with
the test result). If more general models are to be developed, some complexities ought
to be addressed. The complexities of material behaviour modelling can be grouped
under the following headings:
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•

Understanding the processes that take place inside materials exposed to heat and their
influence on the material’s temperature:
Nowadays, relatively simple numerical heat transfer models (typically limited to
heat conduction) are used for fire engineering calculations and many complex
processes are addressed with fitted modelling parameters. This result in gross
simplifications of the problem and possibly contributes to the model’s
inaccuracy when used for different exposures.
Convection and radiation within porous materials are typically included in
effective conductivity. Mass (e.g. water vapour) transport is also sometimes
covered by effective conductivity [65]. Furthermore, the influence of thermal
contact resistance between the layers of different materials in constructions is
mostly ignored.
In this thesis, reaction kinetics and heat generation were explicitly included in
the model of heat conduction in heated stone wool. An effective thermal
conductivity obtained from a custom-made slug calorimeter was used. This
approach nevertheless resulted in sufficient predictions of the temperatures
inside a few stone wool products, with a low density and low organic content.
Morphological changes in solids exposed to heat are not sufficiently understood
and addressed. These include the recession of the exposed surface or expansion,
crack formation, spalling, formations of bubbles on the surface, etc. Some of
these processes have been studied (e.g. surface recession [23,110] and crack
formation [128]), but still require more research. The research presented in this
thesis suggests a simple small-scale test method for determining the recession
rates of materials that are exposed to heat. This method is more appropriate for
rigid materials that cannot be easily compressed.

•

Developing a mathematical description of the processes:
After understanding the principles of the processes that take place during
heating, a mathematical description can be developed. Theoretical principles of
heat conduction and heat source modelling are agreed upon.
Exothermic/endothermic reactions are often modelled explicitly, but sometimes
the effects are included in apparent thermal properties for the sake of simplicity.
Mass transport processes through porous media still require adequate
mathematical descriptions to be used in fire safety science and engineering.
These transport processes include the transport of pyrolysis gases through the
material to the material surface, moisture transport after drying, air diffusion
into porous materials upon heating, etc. In the work presented in this thesis, an
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empirical description of pyrolysis gas transport in stone wool was suggested. It
showed improved results for temperature predictions inside a heated stone wool
sample, hence indicating the need for further development in this area.
Other processes that are not sufficiently described mathematically are related to
changes in the physical structure of the material – shrinkage, cracking, etc.
Fitting parameters are sometimes proposed to cover material surface recession in
modelling [9,109]. Attempts to model melting and melt flow had been
performed with a numerical model with motional nodes [119,120,129] and
ALE [130]. More extensive verification, validation and improved feasibility are
still required for these models.
•

Obtaining the model’s input parameters:
The model’s precision strongly depends on the input parameters, including
material properties. Methods for obtaining these properties require further
development. Uncertainties and errors in the existing material property testing
methods must be addressed. These errors and uncertainties are created by the
material property testing methodologies (both precision and validity are
important).
As additional processes become explicitly modelled, there will be a need to
obtain new input parameters. Examples include the diffusion coefficient,
permeability and porosity for mass transport calculations [131], viscosity for
resolving melt flow and dripping [119]. To obtain these parameters, methods
appropriate for fire-related problems then must be developed. An especially
challenging issue is the need for temperature-dependent values.

•

Dealing with the material’s inhomogeneity, the wide variation of commercial
materials and quality control during production:
A wide selection of construction materials is now available on the market. The
materials and products in the same family have slight differences due to different
manufacturing processes and raw materials. Furthermore, materials produced at
the same manufacturing facility can have differences due to poor quality control.
This wide variety of commercially available materials is not sufficiently reflected
in the scientific literature. Generic material descriptions are typically used when
reporting the material’s properties. As the result, a range of material properties
for the ‘same’ materials are reported in literature, as shown for thermal
conductivity in Paper II. These reported properties should thus be used with
care and may lead to imprecise engineering calculations. Fire safety science
should therefore focus on developing simple and reliable methods for obtaining
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the thermal properties of each specific material. Fire safety engineers should use
these simple test methods each time an uncertain material is included in the
assessment, rather than relying on scientific literature about the material’s
properties.
An alternative approach would be to use material property value distributions.
A probabilistic, rather than deterministic, approach may be taken in material
modelling. An example of this was presented in the uncertainty study presented
in the appended Paper II [24].
•

Addressing the increase in the model’s uncertainties due to its increased complexity:
Bal [132] has pointed out that increasing the model’s complexity (i.e. including
more input parameters to resolve more processes) results in increased model
output uncertainty. This uncertainty is related to the uncertainties and errors of
input parameter values and numerical solutions. Hence, a balance between the
model’s complexity and precision should be sought in relation to the purpose of
the model.

7.2 Modelling heat exposure
In this thesis, the heat exposure of materials was investigated from two perspectives,
CFD simulations of reacting flows inside a narrow cavity and prescribed boundary
conditions, to produce a heat conduction model for standard fire resistance tests. In
principle, CFD simulations would allow the explicit calculation of exposure
conditions on the surface. Nevertheless, mathematical descriptions and solutions for
calculating heat transfer from a fire environment to constructions is currently one of
the most challenging aspects of fire-related CFD calculations [133]. Modelling
uncertainties and errors are present in these calculations, related to uncertainties in
input parameter, numerical solution methods and the equations used. CFD
calculations for relevant physical dimensions are time consuming, hence different
approaches are employed to make the simulation time shorter, typically at the
expense of the solution’s accuracy.
The prescribed boundary conditions for heat conduction analysis is an approach that
avoids explicit calculation of the fluid domain. The drawback of this approach is that
the parameter values must be known to the engineer or scientists for each fire
scenario. This approach typically does not allow feedback from the solid to the gas
phase.
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•

Use of LES and the boundary layer problems:
For efficient CFD calculations, LES is a typical approach that provides a
compromise between accuracy and simulation time. LES uses mesh cell sizes that
are larger than the typical length scales of the processes taking place in the flow.
However, it requires well established and reliable empirical correlation to capture
the sub-grid scale processes. One challenge is sub-grid scale models at the
boundary between the flow and solid. Thermal and velocity boundary layers are
distinguished and treated with different wall functions. In this research, the size
of the cavity width required the use of a very fine grid (with mesh cell sizes down
to 2 mm). This is not a typical application for the FDS software, which is often
used with a mesh cell size of several cm for engineering applications or less than
a millimetre for resolving DNS for research purposes. In other words, this
research aimed to use the LES approach with a mesh cell size so small that it was
outside the recommended dimensionless wall distance y+ values. Revision of the
sub-grid scale models for low y+ regions in FDS is therefore recommended.

•

Correlations of convective heat transfer in realistic fire problems in CFD:
A characteristic of empirical correlation, including sub-grid scale models used in
CFD, is that it is valid only for a specific case with defined limitations and
assumptions. As a result, for the accuracy and reliability of the model’s
predictions, these empirical correlations should be reconsidered for every new
simulation case. The empirical correlations used in FDS currently have a
relatively limited application range. It this work specifically, sub-grid scale
models for the convective heat transfer coefficient were of interest. Correlations
for forced internal flow in channels would be the most appropriate way of
modelling the fire scenario in a narrow ventilation cavity presented in this
research, but this is not available in FDS.
However, extending the choice of empirical correlation does place additional
responsibility on the user of the model. The user would have to be more
educated to wisely choose the appropriate simulation settings.

•

The position of the exposed surface relative to the heat source:
In every model, significant changes in the geometry of the computational
domain influence the simulation results. As shown in the experimental study,
heat fluxes and flame heights change as the distance between two parallel facing
walls is decreased. The transient predictions of the material geometry hence
become especially important in narrow geometries, where uncertainties in
distance play critical role. The geometrical changes are nevertheless difficult to
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model. In the research presented in this thesis, a simple empirical correlation
between the exposure temperature (temperature of a hot plate attached to the
specimen) and the recession rate was established for PUR and EPS.
•

Lack of understanding of the unexposed surface conditions in standard fire resistance
tests:
When the temperature distribution in constructions exposed to standard fire
resistance tests is modelled, radiative and convective heat transfer is typically
prescribed at the boundaries. One of parameters that most influences the
model’s predictions was shown to be the convective heat transfer coefficient on
the unexposed surface of the construction [24]. Values between 4 and 10
W/(m2·K) are typically used. From a physical perspective, the coefficient
depends on surface temperature, flow properties and properties of solid and
fluid. As a result, the convective heat transfer coefficient is not expected to be
constant during the fire resistance test and over the sample geometry. Secondly,
environmental conditions in the testing facilities may potentially influence the
test/modelling results.
The author’s observations also show that, in some cases, hot gas leakages from
the furnace to the outside are possible during fire resistance testing. This occurs
as a result of overpressure in the testing furnace and deformations of the tested
construction. When a leak occurs, the hot furnace gas typically rises due to
buoyancy close to the specimen’s unexposed surface, locally increasing the
temperature of fluid around the measurement devices. It is therefore clear that a
simple specification of the convective heat transfer coefficient is not possible,
and that this parameter is used as a fitting value. Without refining the
understanding of this parameter, a development to more generic models is not
possible. A potential solution may be the use of CFD models to model the
unexposed side conditions during the test and coupled structural calculations
(deformations) and CFD calculation, both for the furnace inside and the
unexposed side.

7.3 Transferring research to industry
Scientific findings should bring technological advancement, so the question of how
to effectively transfer academic knowledge to industry for practical use is important.
The research presented in this thesis was conducted as a part of an industrial PhD,
aiming to bridge the gap between academia and industry. The potential practical
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application of this research is reducing the resources needed for product development
and supporting the introduction of new products and solutions to the market, while
still maintaining acceptable safety risk levels. Recourse reduction would be fulfilled
with use of screening tests and numerical models for making informed decisions
during the product development.
The physical size scales considered in this thesis are small and constructions are
simplified compared to real-life building systems. It is therefore not expected that
system producers and fire safety practitioners will be able to directly apply the data
and conclusions presented here to solve their full-scale system problems.
Nevertheless, some comparative assessments can be made based on this research. It
provides possibility of comparing the thermal performance of stone wool with
different organic content compositions, and estimating the expected fire resistance
test performance using numerical modelling. Material shrinking rates can be
compared using the methodology presented in this thesis. Insight in the comparative
assessment of thermal heat impact in different cavity widths can be used to assess the
worst-case façade system to be tested in standard tests. Furthermore, the thesis
contributes to the understanding of the possibilities and limitations of material
property testing and CFD modelling in narrow cavity cases.
Scientific progress is a long-term investment, which aims to support the production
of optimal building products and assemblies. Many of the research challenges
discussed in this thesis, such as the wide variety of constructions and inhomogeneity
of materials’ structures, could be addressed by contributions to the manufacturing
industry. Academia, on the other hand, can provide the development of research
tools and methods for working with the material data provided by the industry.
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8 Conclusions

Three objectives were specified in section 1.3 and addressed in this research. In this
chapter, the research outcomes are described in relation to each objective.
Objective 1: To identify the properties needed to predict temperature distribution inside
common building materials and to establish a link between the material properties
obtained with micro-scale (mg of material) and material-scale (specimen size in the order
of 10 cm) test methods and the temperature distribution in fire tests:
Thermal conductivity, specific heat capacity and density are the three main heat
transfer parameters that describe energy transport inside solids. Using stone wool as
an example material, it was demonstrated that exothermic reactions inside the
material can significantly influence temperature distribution. The micro-scale
methods of TGA and MCC were used to obtain the reaction kinetics parameters,
which were thereafter used as input parameters in addition to thermal conductivity,
specific heat and density in the heat transfer modelling (appended Paper II). The
developed model was shown to provide a good fit for stone wools with a low density
and low organic content [25].
The temperature field for high density and high organic content stone wools was not
predicted with sufficient accuracy, thereby identifying a need for future research.
The model overpredicted the temperature peaks created by the combustion of the
organic content in the stone wool. It was suggested that the main reason was the
absence of a way to account for the limited oxygen content in the porous matrix of
the stone wool. The potential influence of limited oxygen levels and mass transport
through empirical fitting parameters was included in the upgraded model [25]. The
upgraded model, which uses the empirical parameters, is of very limited applicability,
and more general ways to account for the mass transport processes inside porous
materials needs to be found.
Furthermore, a small-scale method was developed to quantify the shrinkage of
polymer foams when exposed to heat (appended Paper III). This shrinkage or surface
recession occurs during the degradation and decomposition of some materials and,
in addition to the thermal processes, influences temperature development in
materials, products and systems [23]. One example of how this influences the
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temperature distribution is in multilayer systems, where the exposed material is
relatively inert, but the unexposed material is prone to shrinking. In this case, the
initial energy transfer through the material system is determined by direct thermal
contact. But due to shrinking, this thermal contact is lost and energy is transferred
via radiation and convection in the established gap. The influence of cavity width on
fire dynamics was experimentally demonstrated and analysed in this research
(appended Paper IV), and numerical modelling was performed (appended Paper V).
Objective 2: To investigate the modelling results’ level of sensitivity to uncertainties in the
modelling input:
Objective 2 was fulfilled in two parts. First of all, a sensitivity analysis was performed
to investigate a numerical heat conduction model for predicting temperature
distribution inside stone wool exposed to the ISO 834 standard fire resistance fire
curve. Secondly, FDS model result sensitivity to the chosen sub-grid scale models
and grid size was investigated for fire-induced flows in a narrow air cavity.
A numerical heat conduction model was used to calculate the stone wool and steel
sheet sandwich panel systems, when exposed to the cellulosic fire curve described in
ISO 834. The model’s sensitivity to the uncertainties of the input parameters was
studied (appended Paper I). In sensitivity studies, all modelling input parameters are
often varied in a certain range (e.g. ±10 %), hence the performance of the model
itself is studied. A different approach was taken in this project, where the input
parameters were varied based on the existing understanding of the expected values.
As a result, different percentage variation was applied to each input parameter. This
study relates more to the practical use of the models and was focused on identifying
the parameters that require better description. As the result, the suggestion is to
improve the knowledge of the stone wool’s thermal conductivity, specific heat and
the convective heat transfer coefficient on the unexposed surface in standard fire
resistance tests [24]. Therefore, materials’ high temperature thermal conductivity
and specific heat testing methods should be improved to decrease the levels of
measurement uncertainty, and quality control during the material manufacturing
process is required. Sensitivity to the cooling processes on the unexposed side needs
to be better controlled in fire resistance testing facilities. It could be suggested that
there should stricter control in this area to ensure the correspondence of the test
results between fire testing laboratories. In principle, specific requirements could be
defined similarly to the way that exposure is controlled.
FDS was used to predict flame heights and the heat exposure of a surface inside a
narrow cavity. Two grid sizes were investigated (2 mm and 4 mm). The finer grid
model predicted relatively higher flames and more severe exposure of the surface.
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Using a 2 mm grid gave better predictions for the wall exposure in the plume region,
above the flames. The 4 mm grid size, on the other hand, provided better predictions
of the heat fluxes to the wall inside the flame region. Using a 2 mm grid in this study
proved impractical, due to the computational resources required. However, in many
cases, a 4 mm grid showed significant under-predictions of the exposure using FDS,
compared to the experimental results. Furthermore, two sub-grid scale models for
convective heat transfer coefficient were investigated (the default model and the
logarithmic law model). The logarithmic law model provided slightly closer results
to the experimental results for the heat impact to the wall, especially in regions above
the flames. It also resulted in an up to 70% higher convective heat transfer coefficient
compared to the default model. It also resulted in higher convective heat flux for the
logarithmic law model early in the simulations.
Objective 3: To investigate how the cavity’s geometrical parameters influence fire exposure
inside the cavity and the capabilities and limitations of numerical modelling in
replicating this influence:
Flame heights and incident heat fluxes to the inner surfaces as a function of cavity
width and burner output were investigated. Correlations were established, showing
that both the flame heights and the incident heat fluxes to the surface increase as
cavity width is reduced in the investigated ranges (appended Paper IV) [22].
Numerical modelling was attempted, to reproduce the heating of the inner surface
of the cavity, with FDS (appended Paper V). The challenges in this modelling work
included the need to use a relatively fine grid and the need to define methods for
calculating the convective heat transfer coefficient. Due to the geometry of the
computational domain, the grid was too fine to accurately calculate the convective
heat transfer coefficient. It was, nevertheless, too big to perform DNS, thus avoiding
the need to have sub-grid scale models. Despite the challenges, FDS showed a good
predictive ability.
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9 Insights for the Future

The researcher can choose between bottom-up or top-down approaches when
investigating prediction methodologies for the fire performance of building
materials, products and systems.
In this research, a bottom-up approach was implemented. The materials were
studied at micro and small scales and this knowledge was applied to predict fire
behaviour at the material and composite scales. Furthermore, the ventilated façade
system’s performance was analysed based on extremely simplified geometry and
identifying only one component of the complex set of processes that control fire
spread in real systems. An alternative to the bottom-up approach is investigating the
complete full-scale systems and to determine what features of the failure contributed
the most to the performance of the complete system. Then, based on the developed
hypothesis, experimental conditions may be changed to investigate the full system’s
response in different exposures or with slight changes in the system. This approach
is referred to as a top-down approach.
In the author’s opinion, both approaches should be undertaken by researchers and
both approaches would contribute to the overall understanding of fire behaviour in
building systems. This chapter proposes a few topics for investigation.

9.1 Bottom-up research needs
•

Heat generation and smouldering in fibrous insulation materials, and their
relationship to temperature distribution inside the material:
This research found limitations in predictions of the temperature field in high
density stone wool with a high organic content, when exposed to heat from one
side. Specifically, the challenge was to correctly predict the effect of exothermic
reactions which lead to temperatures inside the stone wool increasing above the
exposure temperature. It was proposed that the inability to predict the
temperature field is related to a lack of understanding of mass transport in stone
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wool and heat generation in low oxygen conditions in insulating porous
materials. The highly inhomogeneous nature of stone wool is a potential
challenge in describing these processes. The ability to account for these
exothermic reactions would allow more precise predictions of whether the
product can achieve the desired insulation criteria, e.g. in standard fire resistance
testing, and the surface temperatures of stone wool insulation, e.g. in ventilated
façades.
•

Understanding patterns and reasons for the physical behaviours of materials that
influence their structure and morphology when exposed to heat:
This thesis mainly deals with material shrinkage due to degradation or
decomposition. Melting, melt flow and the formation of combustible pools or
flaming droplets are relatively little studied processes, which are nevertheless
important in the practical application of flame spread problems. When these
processes are understood, complex numerical methods that allow the capture of
deformations, such as ALE [130] or the particle finite element method
[119,120,129], could be further developed.
Secondly, the processes and conditions governing crack formation and fall-off
of parts of the material are important in predictive façade tests (e.g. fall-off of
cladding), and standard fire resistance tests (e.g. fall-off of gypsum boards in
separating elements or passive fire protection for steel elements).

•

Heat transfer from reacting flows to solid surfaces using LES:
LES relies on empirical correlations to simulate sub-grid scale processes. The
sub-grid models need to be further validated and developed to describe the
boundary layer between the fluid and solid with sufficient precision.
Furthermore, radiation from flames and how this is absorbed by the structure
still requires further study before being used in practical applications (e.g.
feasible CFD simulations).

•

Smoke and flame travel in narrow, enclosed environments:
Some aspects of fire-driven flows and flame characteristics in narrow spaces are
discussed in this thesis. This work needs to be further developed by expanding
the limits of experimentally studied cases, measuring the efficiency of
combustion inside the narrow spaces, characterizing flame temperatures, etc.
These investigations will lead to an understanding of flame spread in façade
ventilation cavities.

94

9.2 Top-down research needs
•

Investigation of system level features in relation to typical failure mechanisms during
fires:
Academic research has mostly been focused around heat transfer, which, as
discussed, is a basic initial process that influences the loss of fire resistance, and
ignition and flame spread. However, the failure of the structure often happens
at the seams and connection points of the structure, possibly due to crack
formation or significant deformations and stresses in the materials. Therefore,
addressing mechanical behaviours is becoming more and more important, now
that there have been advances in predicting the thermal response of materials. A
systematic grouping of the most probable failure mechanisms in full-scale
constructions is therefore necessary to guide bottom-up research in the right
direction.

•

Investigation of fire spill plumes and mechanisms for entering the façade’s cavity:
More focused investigations should be undertaken regarding how window spill
plumes and external fires can enter the ventilation cavity. This would allow the
identification of critical fire scenarios in which flame spread in the cavity is
expected, and how fire stops act to prevent this occurring. From a practical safety
perspective, it also essential to understand the reliability of fire stops that are
installed in real buildings. Deviation from the design when installed, or failure
during other external influences over time are likely, and could influence fire
stop and overall façade performance in fire situations.

•

Investigating standard test conditions with the aim of reducing uncertainties in test
conditions:
The boundary conditions in standard testing still need to be better understood
in order to predict fire test results. The results of this study suggest that the
unexposed surface’s heat losses have a significant influence on the insulating
performance of separating elements, yet there is a lack of precise values for
prescribing as modelling input. Even more problems are expected in façade
testing. Firstly, due to the complexity of heat transfer between flames and fireinduced flows and the solid boundaries of the construction. Secondly, because
of the less controlled nature of façade fire testing, which includes open flames
from liquid or solid fuels (i.e. heptane pool fired or wood cribs) in larger physical
geometries.
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ANNEX A

30 second averaged visual flame heights from the experimental programme presented in
paper IV
Target HRR (kW)

Actual HRR (kW)

Cavity width (m)

Flame height L (m)

6.5

6.1

0.10

0.34

6.5

7.1

0.06

0.41

6.5

6.8

0.05

0.39

6.5

6.2

0.03

0.52

6.5

6.3

0.10

0.32

6.5

6.3

0.06

0.41

6.5

6.5

0.05

0.40

6.5

6.5

0.03

0.55

6.5

6.7

0.02

0.68

6.5

6.5

0.10

0.35

6.5

6.5

0.06

0.39

6.5

6.5

0.03

0.60

6.5

6.6

0.05

0.44

6.5

6.5

0.02

0.65

6.5

6.5

0.04

0.45

6.5

6.5

0.04

0.44

6.5

6.5

0.04

0.46

6.5

6.3

0.04

0.45

6.5

6.1

one wall

0.40
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9.7

9.5

one wall

0.47

9.7

No data available

0.10

0.50

9.7

No data available

0.04

0.74

9.7

No data available

0.06

0.59

9.7

No data available

0.03

0.90

9.7

No data available

0.05

0.62

9.7

No data available

0.02

0.86

9.7

No data available

0.04

0.76

9.7

No data available

0.04

0.75

9.7

No data available

0.04

0.73

9.7

No data available

0.04

0.73

9.7

No data available

0.04

0.70

9.7

No data available

0.04

0.69

9.7

No data available

0.02

0.80

9.7

No data available

0.02

0.79

9.7

No data available

0.10

0.47

9.7

No data available

0.06

0.55

9.7

9.9

0.05

0.64

9.7

9.6

0.03

0.96

9.7

No data available

0.10

0.49

9.7

9.7

0.06

0.55

9.7

9.7

0.05

0.55

9.7

9.7

0.03

0.91

12.6

12.8

one wall

0.61

12.6

12.5

0.04

0.97

12.6

12.6

0.04

0.92

12.6

12.4

0.04

1.07
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12.6

12.7

0.10

0.60

12.6

12.8

0.06

0.71

12.6

12.7

0.05

0.75

12.6

12.5

0.03

1.31

12.6

12.6

0.10

0.67

12.6

12.7

0.06

0.70

12.6

12.6

0.05

0.75

12.6

12.6

0.03

1.39

12.6

12.7

0.10

0.68

12.6

12.6

0.06

0.69

12.6

12.5

0.05

0.77

12.6

12.5

0.03

1.31

15.8

No data available

0.10

0.76

15.8

No data available

0.10

0.74

15.8

No data available

0.10

0.70

15.8

No data available

0.10

0.72

15.8

No data available

0.10

0.66

15.8

No data available

0.10

0.69

15.8

No data available

one wall

0.65

15.8

15.9

0.06

0.79

15.8

15.9

0.05

0.86

15.8

15.6

0.04

1.00

15.8

No data available

0.10

0.71

15.8

No data available

0.05

0.85
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807. DOI: 10.1002/fam.2419

Paper II
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DOI:
10.1177/0734904118761818

Paper III

Livkiss K, van Hees P. Development of a dynamic
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foams, Interflam - Nr Windsor, June 2016, pp. 991-1002

Paper IV

Livkiss K., Svensson S, Husted B, van Hees P. Flame Heights and
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