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The use of “experiment” throughout this thesis is reserved for a non-standard setups, such as all the 

experiments performed in this thesis. The use of “studied” also refers to an experimental context. 

The use of the words: “test”, “tests” and “tested” are reserved for use in a classification and 

standardised context such as a classification test setup.  

 

The use of “non-combustible”, “reaction-to-fire” and “resistance-to-fire” are exclusively used in 

context regarding standardised test classification or tests whereas “performance” is used in an 

experimental context.  

 

The use of “sandwich panel” exclusively refers to steel faced sandwich panels used in the building 

industry. For other materials or industries “composite panel” is used. 
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Abstract 

The heat transfer and fire dynamics of enclosure fires in compartments made from steel-faced 

sandwich panels were studied experimentally in order to determine the feasibility of down-scaling 

the enclosure size of the ISO 13784-1 test compartment. The different scales used for the 

experiments were 1:5, 2:5, 1:2 and 1:1. For all scales, experiments were conducted with two types of 

steel-faced sandwich panels, one with a core of stone wool (SW) and the other with a core of a 

polymeric product (Polyisocyanurate (PIR) or Polyurethane (PUR)). The parameters studied were the 

heat release rate (HRR), the temperatures of the air and smoke layer inside the compartment, the 

temperatures at and in the walls, the pressure differences and temperatures in the doorway of the 

compartment and the time to flashover. For the smallest scale that was studied (a 1:5 ratio relative 

to the ISO 13784-1), the mass loss as a function of time was also measured.  

 

The majority of the experiments was conducted at 1:5 the scale of the ISO 13784-1 test 

compartment. The 1:5 scaled compartment measured 0.48 m x 0.72 m x 0.48 m internally in width, 

length and height, respectively, with a 0.40 m tall by 0.16 m wide doorway in the middle of one of 

the short walls. A gas burner was located at the wall in one of the corners opposite the doorway. 

Rather than a section of the compartment the scaling of the entire compartment was hypothesised 

to reflect the full sized compartment test better than the current standard test, thus making it a 

more robust test method. By scaling the whole geometry of the compartment on top of the energy 

provided by the gas burner the boundary conditions seen at full scale would be represented better. 

This is unlike the current open corner configuration where smoke is immediately extracted and 

removed from the specimen which is a part of the current way of determining the performance of 

the panels in Europe. The experiments followed the methodology presented in the ISO 13784-1 with 

a two-step fire scenario with 100 kW and 300 kW for 10 min of duration each but also other variants 

of fire scenarios were studied. 

 

The two polymeric cored panels studied, PIR and PUR, were class B with respect to contribution to 

flashover by EN 13501-1 which is the European classification standard for reaction to fire. Despite 

the PUR showing a lower calorific energy content than the PIR at component level, it performed 

significantly worse in the scaled compartment. Exposed to the same fire scenario, the compartment 

of PUR panels lost 85% of its mass in 10 minutes, all while releasing 220 kW at its peak which was 

more than 30 times the energy output from the burner. As such, the PUR panel did not have 
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characteristic trade of a class B product such as a limited contribution to flashover and was deemed 

unsafe to use at larger scales. The PIR core contributed about 15 times the energy output from the 

gas burner and lost about 60% of its initial mass over a period of 10 minutes. The remaining 40% of 

the mass consisted of both char, various degrees of decomposed foam and virgin material. The mass 

of the char, compared to the virgin material, was much less and much of the remaining mass is 

attributed to virgin material being effectively protected by the char. The stone wool panels were 

studied under more challenging conditions at 1:5 scale where the input of the burner was sufficient 

to cause external flaming emanating through the doorway. Despite the average temperature of the 

compartment being more than 600 °C, the measured HRR was simply following the energy output 

from the burner. At larger scales the smoke production increased, which suggested a decomposition 

of the core rather than just a decomposition of the steel-face finish. Across all the scales the 

thermocouples embedded in the walls showed signs of minor exothermic reactions identified as an 

increase in the temperature 2 cm in-depth after the passing of the thermal wave. 

 

A newly developed one-dimensional heat transfer model with the thermal properties of the SW core 

lumped together as an effective parameter was used to analyse and compare the experiments 

across the scales. The model together with the measured temperature of the boundaries in 

combination with flow measurements quantified the total energy distribution in the compartment 

during the experiments. The model was able to predict the thermal wave within 5% for the first 20 

mm of the in-depth measured temperature and was therefore able to inversely provide the net heat 

flux transferred through the internal compartment boundaries. The measurements of hot gases 

were used to calculate and analyse the convective energy flowing out of the compartments and the 

fraction of the total heat transfer it accounted for. The nature of the heat transfer model allowed for 

the quantification of the net heat transfer for the experiments with SW panels. The goal to combine 

the model with the measured data to show that down-scaling the compartment geometrically was 

done by scaling the size of the fire based on the Froude number with respect to the geometry of the 

compartment. The calculated steady state heat flux between the 1:2 scale and 2:5 scale experiments 

were matching making meaning reducing the size by 25% was possible. Furthermore, the 

temperature in the compartments for the 2:5, 1:2 and a full scale experiment from literature 

matched for the first two burning periods. The third burning period was much warmer in the full 

scale than the 2:5 and 1:2 indicating a limit for the scaling with respect to the size of the fire. The 

successful reduction in the size of the compartment has many advantages such as work safety, 

product development, classification and cost. 
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The data herein presents the use of micro scale and macroscale to understand critical temperatures 

and incident heat flux where the core material pose a potential risk. In the 1:5 scale compartments 

both the temperature and the rate of temperature change over time were lower than for the other 

scales and the temperature did not reach steady or even quasi-steady state. The temperature in the 

1:2, 2:5 and full scale (1:1) compartments reached a quasi-steady state during the first 10 minutes 

burning periods. Meaning the 1:2 and 2:5 scale compartments behaved in the same manner as the 

full scale. The compartments with stone wool had the same ratios of global heat transfer, consisting 

of 60% - 80% convective losses through the doorway and 20% - 40% conductive losses through the 

compartment boundaries for all scales. The 60% is just after the increase in the burner intensity 

where the gradient between the boundaries and the gas phase is greatest. As time passes and the 

walls heat up and less heat is lost via conduction and more through the doorway as convective 

energy increasing its proportion of the total energy to 80%. It was not possible for the heat transfer 

model to account of 100% of the energy dispensation throughout the duration of the experiments. 

However, taking the uncertainties of the measurements into consideration, the global heat transfer 

presented the same energy distribution across all four scales towards the end of the experiments, 

where steady state was approximated. The experiments therefore show that the energy distribution 

in compartment with the fire scaled using the Froude number is the same when approaching steady- 

or quasi steady state. 

 

The successful downscaling of the size of the compartment was limited to 1:2 and potentially 2:5, 

whereas the 1:5 scale compartments were not able to mimic the exact behaviour seen at larger 

scales. This is based on the compartment temperatures and non-dimensional HRR prior to failures 

differed too much. This was evident from the fact that the compartment and walls during the first 

and second burner step stabilised for the 1:5 scale, whereas failure occurred immediately after the 

initiation of the second burner step at both 1:2 and 1:1 scale. The heat transfer through the walls of 

the compartments with SW panels determined that the third burner step where the HRR was 

additionally doubled compared to the second step was not successfully scaled as the heat flux was 

much greater in the full scale experiment compared to the other scales. The experiments with the 

1:2 sized compartments had matching compartment temperatures and net heat fluxes across the 

solid boundaries as the full scale experiment. The net heat flux for the SW compartments showed 

that the first burner step for the 1:2 and 1:1 scale from literature was matching while the second 

step had matching net heat fluxes in the near and far field from the burner. The HRR development 

and time to failure for the 1:2 and two 1:1 scale (of which one is from literature) experiments with 
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PIR panels matched very well and all the compartments failed at the initiation of the second burner 

step  

 

The fact that the results from the experiments with the 1:2 scale compartments matched the results 

from the full scale experiments provides; 1) data for successfully conducting research on 

compartment fires at smaller scale, which greatly benefits intuitions with smaller laboratories, 2) 

classifying and regulatory bodies data arguing for smaller compartments tests, which are easier to 

handle, and 3) the manufactures with data showing how reduced scale testing can predict large 

scale failures for research and development at a reduced expense. 
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Nomenclature 

𝐴 Conduction term for gases  (W/m·K) 

𝐴 Area of the burner (m2) 

𝐵 Conduction term for solids  (W·m2/K·kg) 

𝐵𝑖 Biot number (-) 

𝑐𝑝 Specific heat capacity (J/kg·K) 

𝐶 Conduction term for the radiation (W·kg /K·m4) 

𝐶 Calibrated vessel conversion coefficient  (kJ/K) 

𝐶 Burner location factor (-) 

𝐶𝑂  Carbonmonoxide (-) 

𝐶𝑂2  Carbon dioxide (-) 

𝐷 Length scale (m) 

𝐸  Energy content per kg of oxygen consumed (MJ/kg) 

𝐸𝐶𝑂  Energy content per kg of CO produced (MJ/kg) 

𝐹𝑟 Froude number (-) 

𝑔 Gravitational constant (m/s2) 

�̇�′′′ Energy generation (W/m3) 

ℎ Convective heat transfer coefficient (W/m2·K) 

𝑘 Conductivity (W/m·K) 

𝑘0 Conductivity at ambient (W/m·K) 

𝑘1 Linear conductivity term (W/m·K2) 

𝑚 Mass (kg) 

�̇� Mass flow (kg/s) 

𝑀 Molecular mass (kg/mol) 

𝑁𝑢 Nusselt number (-) 

𝑃 Pressure (Pa) 

𝑄 Energy (J) 

�̇� Heat release rate (W) 

Q̇∗ Non-dimensional heat release rate (-) 

𝑞̇̇′′ Heat flux (W/m2) 

𝑅 Universal gas constant (J/mol·K) 

𝑅𝑒 Reynolds number (-) 

𝑇 Temperature (°C) /(K) 

𝑡 Time/thickness (s)/(m) 

𝑣 Velocity (m/s) 
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Nomenclature 

 

 

𝑉 Volume (m3) 

𝑋  Mole fraction  (-) 

X Compartment height and width (m) 

𝑥, 𝑦, 𝑧  Direction coordinates (m) 

𝛥𝐻  Heat of combustion (MJ/kg) 

 

Subscripts 

0 Temperature independent coefficient 

1 First element / coefficient linearly dependent of temperature 

2 Second element 

𝐴𝑖𝑟 of the air 

𝐵𝑢𝑟𝑛𝑒𝑟 of the burner 

𝑐 Complete / Core 

𝐶𝑂 Carbon monoxide 

𝐶𝑂2 Carbon dioxide  

𝑐𝑜𝑛𝑑 Conduction 

𝑐𝑜𝑛𝑣 Convection 

𝑒𝑓𝑓 Effective 

𝐹 Full scale 

𝑔𝑎𝑠 of the gas 

ig ignition 

𝑖𝑛 Entering 

𝑖𝑛𝑡 Internal 

𝑀 Model scale 

𝑛 nth element 

𝑁 Last element 

𝑛𝑒𝑡 net 

𝑜𝑢𝑡  Exiting 

𝑝𝑎𝑛𝑒𝑙 of the panel 

𝑟𝑎𝑑 Radiation 

𝑠 of the steel 

∞ ambient 
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Superscripts 

𝑗 Current step  

𝑗 + 1 Next step  

0 Initial value  

𝐴 Actual/measured value  

   

 

Greek Letters 

𝛼  Diffusivity / absorptivity (m2/s) / (-) 

𝛿  Differential  (-) 

𝛥  Increment (-) 

𝜖 Emissivity  (-) 

𝜌  Density (kg/m3) 

𝜎 Stefan-Boltzmann constant (W/m2K4) 

𝜙 Depletion coefficient (-) 

𝜒  Combustion efficiency (-) 
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Abbreviations 

𝐴𝑆𝑇𝑀 American Society for Testing and Materials 

𝐵𝑅𝐸 The Building Research Establishment 

CHF Critical Heat Flux  (kW/m2) 

𝐶𝐸𝑁 Comité Européen de Normalisation 

CFD Computational Fluid Dynamic 

𝐷𝑇𝑈 Technical University of Denmark 

𝐷𝑆𝐶 Differential Scanning Calorimetry  (W/g) 

𝐸 Integrity  (min) 

𝐸𝑁 European Norm (standard) 

𝐸𝑃𝑆 Expanded Polystyrene 

𝐹𝐼𝐺𝑅𝐴 FIre Growth RAte  (kW/s2) 

𝐹𝑀 Factory Mutual Global 

𝐺𝑊 Glass Wool 

𝐻𝑅𝑅 Heat Release Rate  (kW) 

𝐼 Insulation  (min) 

𝐼𝑆𝑂 International Standardization Organization 

𝐿𝐹𝑆 Lateral Flame Spread 

𝐿𝑃𝑆 Loss Prevention Standard 

𝑀𝐷𝐼 Methylene di-phenyl di-isocyanate 

𝑀𝐿𝑅 Mass Loss Rate  (g/s) 

𝑀𝑊 Mineral Wool 

𝑁𝐹𝑃𝐴 National Fire Protection Association 

𝑝HRR Peak Heat Release Rate  (kW) 

𝑃𝐹 Phenolic Foam 

𝑃𝐼𝑅 Polyisocyanurate 

𝑃𝑃 Pressure Probe 

𝑃𝑈𝑅 Polyurethane 

𝑆𝐵𝐼 Single Burning Item test 

𝑆𝑀𝑂𝐺𝑅𝐴 SMOke Growth Rate  (m2/s2) 

𝑅 Resistance  (min) 

𝑆𝑇𝐴 Simultaneous Thermographic Analysis  (%/min) 

𝑆𝑊 Stone Wool 

𝑇𝐶 Thermocouple 

𝑇𝐶𝑇 Thermocouple Tree 

𝑈𝐿 Underwriters Laboratories 

𝑋𝑃𝑆 Extruded Polystyrene 
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1 Introduction 

The population of the world is projected to continue to increase [1] and the population density is 

prone to follow. As a result, the need for housing is increasing and is projected to continue [2], and 

this requires careful planning [3]. There is a realisation among citizens and developers alike that 

living a more responsible life is required from a sustainability perspective. At the same time, 

reducing emissions and the carbon dioxide levels in the atmosphere [4] is equally important. An 

increasing global population will increase the stress on the earth [5] which is a big concern and 

several initiatives have been launched [4] and others are planned [6] to relive the stress. Energy 

consumption is a big contributor to the health of the planet, and the burning of fossil fuels in the 

generation of said energy used by e.g. the transportation or construction sector is a concern which 

has caused innovation in the energy sector [7]. A way to reduce emissions is for consumers to 

reduce their consumption, buy efficient products or for manufactures to optimise their products in 

an efficient way. Furthermore, a driver for innovation in the construction industry specifically can 

also be forced by politically influenced, e.g. by restrictive regulations, as pointed out by Domingues-

Rosado et al. [8] and Modesti and Lorenzetti [9]. However, political decisions can also influence the 

industry positively by promoting energy efficient building, e.g. the Energy Performance of Buildings 

Directive from 2010 and the Kyoto protocol [4] seeking to reduce the greenhouse emissions.  

 

Since the 1970s there has been a development in some European countries towards increasing the 

insulation thickness of buildings in order to decrease their energy consumption [10] and save 

money. This is reflected in the growth of the insulation industry [11, 12], as the growth is stronger 

than the population growth alone. Due to their cold climate, the Scandinavian countries have been 

increasing their requirement for the thermal resistance, R-value, for buildings in comparison to the 

rest of Europe, as seen in Figure 1.1. If all European countries would adapt the same level of thermal 

resistance as the Swedish standards (10 m2K/W for ceilings and 6.67 m2K/W for walls), it has been 

estimated that Europe would save 50% of its energy consumed by buildings (2001 numbers) [13]. 

The thermal resistance of a material is a function of its conductivity and thickness, so if the 

conductivity is high, this has to be compensated for by an increase in the thickness. The total 

thermal resistance of a building element is the sum the thermal resistances of all the individual 

materials in, for example, a composite material or product such as steel-faced sandwich panels. The 

thermal resistance depends on a materials thermal conductivity and thickness, which are desired to 

be as low and thin, respectively, as possible. Polymer-based insulation materials commonly have a 
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low thermal conductivity and therefore require a smaller thickness than glass wool to obtain a 

certain thermal resistance, as seen in Figure 1.2.  

 

 

As the data in Figure 1.1 is from 2001, the Energy Performance of Buildings Directive from 2010 [2] 

was not yet in effect, and national regulations have therefore improved since then. This directive 

requires European member states to draw up national plans to increase the number of nearly-zero 

energy buildings and all new buildings must be nearly-zero energy prior to 2021. However, 39% of 

the housing stock in Europe is from before 1960, where building regulations were scarce, and 44% 

are from between 1961 to 1990 [10]. Thus, more than 80% of the housing stock in Europe was 

erected under pre-1990 regulations. As buildings currently represent close to 40% of the final energy 

consumption in Europe, the reduction of their energy consumption is critical to reduce the overall 

energy consumption [10]. However, as the majority of the buildings in Europe were built under older 

regulations, prior to the boost of environmental awareness and political motivation, it can be 

difficult to fit the required amount of insulation into the existing walls and ceilings. Furthermore, 

those 40% include the energy consumed in the phases prior to completion such as material 

manufacturing, transportation and the reduction of energy requires a multidisciplinary focus to be 

successful.  

 
Figure 1.1: The development of national thermal resistance requirements for 20 
European countries from 1982 to 2001 and the required thermal insulation 
thickness based on a thermal conductivity of 0.033 W/m·K, from [13]. 
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Figure 1.2: The required insulation thickness range needed to obtain a thermal 
resistance equal to 10 m2K/W (as in Sweden) for common insulation materials, from 
[13]. 

 

1.1 Insulation Requirements and Materials 

Not all insulation manufactures choose the same solution when overcoming the mutual restrictions, 

as their products inherently can be very different. The insulation market is therefore very diverse 

with very different products available that offer a variety of solutions addressing the same 

performance objectives. Logically manufactures with a product superior in one aspect are inclined to 

improve other aspects, such as reducing the conductivity of a product with low energy content or 

increase the fire safety properties of a product with low thermal conductivity. Additionally, some 

manufactures are expected to focus solely on minimising or maximising certain material 

characteristics such as yield strength, weight, conductivity and moisture diffusion, while others focus 

on a combination of properties. However, generally speaking, the building insulation industry is 

dominated by two major product groups of insulation products which are; 1) inorganic fibrous 

materials, e.g. glass and stone wool (GW and SW, respectively), or 2) organic foam materials, e.g. 

extruded or expanded polystyrene (XPS and EPS, respectively), phenolic, polyurethane or 

polyisocyanurate (PF, PUR and PIR, respectively). Still, it should be mentioned that other alternatives 

such as paper wool, wood wool and phase changing materials are available [14]. The majority of the 

exterior walls, roofs and floors in modern buildings in developed countries are multi-layered and of 

at least one insulation layer. The seemingly most important physical property of an insulation 

material, its thermal conductivity, has not seen significant improvement much in the last decade. 

Rather, other aspects such as reaction to fire, moisture or mechanical strength has been improved in 

an optimisation process driven by market demands [14].  
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The Energy Performance of Buildings Directive will be a driver to reduce the energy consumption in 

EU from buildings over the next decade. There are several methods architects, engineers or the 

owners have at their disposal for reducing the energy consumption of their building. Equipment and 

appliances as well as the choice of construction materials can be chosen with care so they consume 

less in use or during the manufacturing. In the design phase a higher thermal resistance can be 

incorporated reducing the energy consumption further and be a key aspect in the design. However, 

existing buildings would need a total renovation with a change of all the facades at a much higher 

cost and is undesired. A way to achieve these energy goals for existing buildings is to refurbish 

buildings, as proposed in the directive. A better thermal resistance of existing walls can be achieved 

by injecting an insulation material into a wall cavity such as cellulose, mineral wool or spray foam. 

Not all buildings, however, have cavities in the walls and therefore are not suited for this solution. 

External Thermal Insulation Composite System(s) (ETICS) are multi-layered and contain an insulating 

layer as well as a finish which can be installed externally on existing walls, as seen in Figure 1.3. This 

provides existing buildings with additional thermal resistance as well as a new appearance which can 

contribute with additional protection from the weather and provide a modern look. Increasing the 

thermal resistance of an existing building with the same benefits as an ETICS solution is metal faced 

composites, commonly called “sandwich panels”. Sandwich panels consist of a core of thermal 

insulation sandwiched between two thin faces often made of metals such as steel, cobber or 

aluminium but many combinations of core and faces exist. Unlike ETICS systems, sandwich panel 

systems are not fitted directly to the existing wall. Rather, sandwich panel systems are fitted to a 

metal frame which can then be externally attached to existing buildings or as part of new buildings. 

Like the ETICS system it can have varying thicknesses to provide any required thermal resistance. 

Typical applications for sandwich panels are industrial buildings, sports halls and warehouses [15]. 

Other systems such as structural insulated panels and insulating concrete formwork are also 

available on the market with their own benefits and restrictions, as highlighted by Hidalgo [16], and 

will not be covered further herein. 

 

Façades with more traditional materials, such as brick, concrete and light-weight concrete, can often 

be replaced by a sandwich panel with the same thermal resistance at a lower weight and reduced 

thickness. The weight of sandwich panels can be lower than traditional wall elements as the density 

of the core range from 15 kg/m3 [17] to 120 kg/m3 [18] for lightweight EPS and dense stone wool, 

respectively. Such low weight solutions are very attractive for many buildings. As an example, for 

taller buildings the lower weight of the panels can in turn lead to a reduced thickness of the load-
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carrying elements as sandwich panels are usually not load-carrying. The lightest sandwich panels are 

with aluminium facings but stainless steel is also common.  

 

 

Sandwich panels are not exclusive to industrial, commercial buildings or dwellings. For maritime 

vessels composite panels are usually solid or when of a multilayer structure it is either honeycomb, 

corrugated and made of all-metal, hybrid metal or composites. The composite is usually filled with 

either a polymer foam or balsa [20], but will not be further discussed as they are used under 

different conditions and are regulated differently compared to the sandwich panels intended for the 

building industry. 

 

New industrial and commercial buildings, such as office buildings, retail outlets, storage units and 

sandwich buildings are often constructed with steel or aluminium faced sandwich panels. In Europe, 

a traditional alternative to this would be an insulating material between any combination of brick 

and concrete. The steel faced sandwich panels, however, are lighter than the traditional external 

and internal facades, and they are therefore often a cheaper and more attractive solution. An ever 

growing trend in the building industry is to construct as fast as possible to profit as much as possible 

and materials and products that are easy to handle and allow for quick construction are desired [21]. 

This makes products that are lighter and easier to handle and work with preferred. The thermal 

conductivity is not the only key parameter in terms of keeping a building well insulated, as thermal 

bridges and lack of integrity can increase the heat flow significantly. Thermal bridges can occur as a 

result of poor craftsmanship, but also for non-façade elements such as doors, windows and window 

 
Figure 1.3: A typical ETICS solution attached with adhesive to an existing façade 
to improve the thermal resistance and efficiency of the existing building through 
a renovation or retrofit, from [19]. 

1. Adhesive
2. Thermal Insulation Material
3. Anchors
4. Base coat
5. Reinforcement
6. Finishing layer

1.
2.

3.
4.

5.
6.
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frames. It is therefore not enough to keep adding insulation to the building envelope. It is, however, 

an effective initial step to reduce the heat losses from a building to a minimum. It is a full building 

analysis and not just a single component analysis that is needed to obtain the optimal solution with 

considerations e.g. towards acoustics and natural light. Many manufactures provides wall, ceiling 

and corner-joints as a system-solution. This way builders and contractors can assemble the façade 

with prefabricated elements that fit together which reduce the risk of thermal bridges as well as the 

influence of craftsmen. However, as all panels are limited in width by the production line they are 

manufactures with joints and seals which do require attention to ensure optimal system 

performance. A political, corporate and societal focus on sustainability, carbon emissions [22], 

environmental impact and life-cycle analyses [23] [24] is starting to emerge as key parameters in the 

building planning process [25]. These analyses, however, are not an easy task to begin with as the 

international standards on the subject are vague in its execution [26]. Buildings consist of a wide 

range of materials and products, use electricity, heating and water, equipment and requires 

maintenance which all influences the performance of the building. As a result, building material 

ratings are emerging to indicate the limited environmental impact of products, such as 

biodegradability, CO2 foot print, payback times for energy and greenhouse gases, disposal or 

toxicity. Such requirements often put newer products such as sandwich panels in front of the 

traditional products, as they are designed to optimize the mentioned parameters [27] originally from 

[28]. However, ratings can also be misused as they are trademarked and can be the property of a 

single company where the rating have no scientific, standardised meaning or limiting factors 

preventing it from being applied to all the products of that company.  

 

Plastic insulation materials have many of the properties desired by the building industry: low 

conductivity is ideal for high thermal resistance, the low density makes them easier to work with and 

requires slimmer load-carrying elements, compressive strength for flat roofs and the low 

permeability prevents moisture transport and high airtightness to minimise convective heat losses. 

However, as all plastic insulations inherently are made out of hydrocarbons, it is a combustible 

insulation type. For this reason is it common for manufactures to add flame retardants during the 

transformation of the raw material to the finished product in order to meet mandatory fire safety 

regulations. Many of the first generations of plastic insulation cores contained Chlorofluorocarbons 

(CFC) as they reduced the density, improved the thermal conductivity [29] and worked as a flame 

retardant. The CFC worked as a fire retardant was by quenching the fire and reducing the conversion 

of CO to CO2 [30] which reduce the heat released, temperature and therefore also the heat feedback 
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to the fuel which is required to sustain its flaming conditions [31]. However, after the realisation of 

the ozone depleting potential of CFCs the Montreal Protocol [32] bound the world to phasing out all 

CFC products, with a few irreplaceable exceptions, the industry had to adapt and change. The 

obvious replacement, Hydro chlorofluorocarbons (HCFCs), have always been considered a 

temporary replacement as these are also in the process of being phased out also under the 

Montreal Protocol due to their high Global Warming Potential (GWP). Currently the foam industry in 

the developed world is not using CFCs or HCFCs but instead water to form CO2 and hydrocarbon 

fuels such as pentane or hydrofluorocarbons (HFCs) [9] as the blowing agents in order to achieve the 

desired density and thermal property [33] [34]. For reference, water and CO2 has a GWP of 1, 

Pentane about 11 and some HFC such as -245a and -134a has a GWP of 1030 and 1430, respectively. 

In the US these should be banned by the end of 2017 [35]. In the EU the HFCs with a GWP higher 

than 150 will be banned in XPS and all other insulating foams from 2020 and 2023, respectively [36]. 

 

1.2 Fire Performance of Insulation Materials 

The classification of sandwich panel products with respect to fire safety, moisture transport, 

mechanical strength, conductivity, global warming potential, allows for engineers, architects and 

contractors to navigate through a diverse market to find the optimal product fitting their needs. 

However, prescriptive fire safety is not presented in the same way as a quantification of a single 

important parameter, merely as a pass/fail or an underlying level of accepted risk (not to be 

confused with the classical risk analysis where the risk is the product of the probability and the 

consequence [37]). Most parameters of importance are directly measured or inferred values such as 

mechanically strength and conductivity, respectively, are usually determined by an appropriate 

classification. Furthermore, fire is a complex phenomenon and can be influenced by numerous 

factors such as ambient temperature, nearby materials, wind flows, oxygen availability, just to 

mention some, which makes it unlikely for two fires to be identical. This makes the market for fire 

safe products difficult to navigate for an outsider having to consider multiple aspect in the building 

process and determining which parameters are important while choosing the product with the 

desired level of safety. 

 

Currently, in the EU, the reaction to fire test standard for a steel-faced sandwich panels is the EN 

13823:2010+A1:2014 [38] (Single Burning Item, SBI) and is thereafter classified according to the EN 

13501-1+A1:2009 [39]. The test standard is an intermediate-scale corner configuration measuring 

0.5 m x 1.0 m x 1.5 m in L x W x H, respectively, without any horizontal restriction. The products are 



  

8  
 

subjected to flame impingement by the corner located triangular gas burner. The standard was 

development in several iterations and 30 materials deemed commonly used in the construction 

industry were tested as part of the first round robin. The test standard successfully correlated the 

fire growth at its intermediate-scale to behaviours seen in full scale compartment tests (ISO 9705). 

This held true for about 87% of the materials [40]. A sandwich panel with a classified combustible 

material was however, among the 13% of the tested material types that did not show a strong 

correlation [40]. Other types that failed to be correlated accurately were pipe insulation and cables 

which are linear products and they were instantly recognised as unfit for extrapolation between the 

smaller corner configuration and the compartment. A polycarbonate panel where the classification 

test overestimated its fire growth compared to what was seen in the compartment test was also 

among those 13% with worse. Other standards were later developed specifically for these types of 

linear products. The classification test for sandwich panels, however, remained the SBI, despite the 

fact that the SBI test determined the sandwich panel to be safer than its actual performance when 

tested in the compartment. The end result is problematic, as the test and classification standard, 

which is still used, knowingly under-predicts the risks of certain products. Nevertheless, EN 

13823:2010+A1:2014 is the current standard for testing the performance and risk of a sandwich 

panels in an enclosure. 

 

There is a societal perception that all buildings are up to code and therefore safe in case of a fire. 

This is however not always the case as seen; during the apartment block fire in Lakanal House, 

England, that killed 6 people in 2009 due to unsafe renovation work and failure to inspect the 

building [41]; A day-care centre fire in Hermosillo, Mexico, that killed 49 also in 2009 because of lack 

of emergency exits and improper compartmentation [42] [43]; One of several garment factory fires 

in Gazipur, India, where 7 died fighting the fire in 2013 due to an improper fire hydrant system [44]; 

An apartment building fire in London (Grenfell Tower), England, where 71 occupants died in 2017, 

caused by a combination of poor and/or defect fire safety solutions resulting in an internal fire 

spreading vertically on the outside while smoke was filling the inside [45, 46], just to mention a few 

from a very long list of failures. It should be noted that there is a clear difference between following 

a poor code and ignoring all together or cutting corners with regulations, respectively. It is not 

feasible for the code to require designs capable of preventing all damage in case of a fire but merely 

be able to mediate the risks and prevent consequences not deemed acceptable. Furthermore, the 

codes cannot always expect designs to predict and be protected from any and all fires which can 

cause great losses, or even worse, fatalities. Standards often specify the Heat Release Rate(s) (HRRs) 
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or a temperature, such as the design fires in the NFPA 286, EN 13823 [38] (Single Burning Item - SBI), 

ISO 13784-1 [47] and the ISO 834 [48] respectively, as seen in Figure 1.4 to the left and right, 

respectively, to represent a fire scenario which needs to be passed for compliance and access to the 

market. The ISO 834 standard used to classify building elements with respect to their resistance to 

fire is a test that subject a complete product such as a door, wall or ceiling to a fixed predefined 

temperature-time correlation. It is not possible for this thermal attack to represent all possible fires 

and actual performance of materials and products in a fire is fundamentally unpredictable [49]. 

 

         
Figure 1.4: The designed thermal load for various test standards. 

 

Designing a building that is compliant with the building code can be done in several ways where the 

simple one is to simply follow the solution(s) prescribed in the building regulations to the letter. 

Another way is to meet the underlying objective of the prescribed solution e.g. ensure the life safety 

of occupants. This way is referred to as a performance-based design where the objective is more 

important than the solution used to ensure it. This offers many possibilities for architects, designers 

and engineers to make innovative designs while still following the, usually, stringent building 

regulations with respect to fire safety. Using a performance-based design approach is based on the 

design being “as-good-as” the prescribed solution in the building regulations. Performance-based 

building designs can be an essential part of novel buildings, which does not fit into the rigid 

prescriptive code system, to obtain building permits. The Performance-Based Fire Designs (PBFD) 

can be quite complex and often include computational fluid dynamic (CFD) simulations and 

pedestrian flow calculations to assess whether the design is as-safe-as a prescriptive design where 

occupants is deemed to have sufficient time to evacuate safely. The PBFD can be used in countries 
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where the building regulations allow it and while it is capable of providing a solution to any problem 

a higher level of knowledge is required compared to the prescriptive code. The design is only as 

good as the knowledge of the engineers and their understanding of the materials and the risks they 

present. Therefore a lot of underlying assumptions with respect to the assumed or prescribed final 

fuel load in the building, material properties such as calorific energy content, ΔH, ignition 

temperature, Tig, Critical incident Heat Flux (CHF) as well as the human behaviour of the occupants in 

an event of a fire can play a vital role. Furthermore, the PBFD methodology allows for fire safety 

engineers to conduct a desktop studies justifying why their choice of materials should be considered 

“just-as-safe” as a permitted prescriptive design would be [50, 51]. In order to allow for desktop 

studies in a regulatory framework, the building code is often formulated as an objective merely with 

examples that are compliant but not mandatory. In England, the Approved Document B furthermore 

allows for accredited domestic fire laboratories to make an expert statement regarding a material 

choice if the test documentation is not available or appropriate for a specific design [52]. This could, 

as an example, be a desktop study arguing that a certain material with insufficient documentation 

behaves as a material with sufficient test documentation and this way could be approved for the 

studied project.  

 

From a design purpose, fire safety engineers have often used the discrete fire growth values, α, from 

the NFPA 204M [53]. The standard contains a list with single fuel sources and their growth rates. 

Furthermore, four typical values are proposed for materials without a known growth rate: ultra-fast, 

fast, medium and slow, representing 75 s, 150 s, 300 s and 600 s growth time to reach 1055 kW 

(1000 BTU/h). These values cover a large range of commodities such as wool pallets, mail bags and 

various plastic items. Growth rates can be extracted from journals and reports and with caution be 

applied to any design if the effects of the experimental setup are understood such as if they were 

performed in an enclosure, under a suspended ceiling or with any nearby walls. If the data obtained 

is from a free burning fire under a hood, which can be the case [54] [55](from [56]), or in a 

compartment [57, 58] as the only fuel the results should be used with care as the dynamics and 

burning behaviour might be different in another enclosure or even position. 

 

A major difference between a HRR controlled fire scenarios vs a temperature controlled is the actual 

heat input to the test set-up. The HRR controlled tests are defined by their input value and the 

temperature controlled tests are adjusted based on the output temperature and both have their 

advantages. The HRR is therefore fixed prior to the initiation of the test via a flow meter whereas the 
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temperature is continuously monitored during the test and adjusted. A product contributing with 

more energy to the test system would have a disadvantage over a product contributing less in any 

scenario with a fixed HRR whereas a temperature controlled test its contribution would be 

countered by a lower input from the testing setup. In Figure 1.5 “Panel #A.1” refers to the first test 

with a class B stone wool panel type and “Panel #B.3” refers to the third test for a class B PIR panel. 

Figure 1.5 presents the data for fuel consumed and both panels consumed less propane than an 

inert concrete wall did and that panel type B even less than panel type A to maintain the prescribed 

furnace temperature. There are two reasons for this; the panels provide some energy to the system 

or they have higher thermal resistance and less heat is lost through the boundary. A similar and 

opposite problem arise if a product release an oxygen replacing gas or a gas phase flame retardant 

and therefore reduce the completeness of the combustion and HRR for tests where the HRR is pre-

defined.  

 

  
a) b) 

Figure 1.5: The fuel consumption during an EN 1364:1 fire resistance furnace test for two types of sandwich 
panels compared to the fuel consumption of an aerated concrete reference wall; a) as a function of time and b) 
as a function of 5 min increments (all three #B panels failed between 15 min and 20 min), extracted from [59]. 

 

Smaller scale tests can and are being used as a screening tool to evaluate if a material is likely to 

pass a large scale classification tests or replace them all together. To be successful, however, this 

requires that the failure mode or modes are transferrable across scales, such as material properties 

like the density, critical heat flux (CHF) and ignition temperature (Tig), are. The cone calorimeter (ISO 

5660-1 [60], BS 476-15 [61]) is often used in scientific research as it provide researchers with 

valuable fire safety properties of a material such as the time to ignition, HRRPUA and CHF [62, 63]. 

This makes it possible to evaluate the samples and compare them across studies. In Japan it is even 

0

5

10

0 5 10 15 20

Fu
el

 c
o

n
su

m
ed

 (
m

3
)

Time (min)

Concrete
Panel #A.1
Panel #B.1
Panel #B.2
Panel #B.3

0

20

40

60

80

100

0-5 5-10 10-15

Fu
el

 c
o

n
su

m
ed

 r
el

at
iv

e 
to

 t
h

e 
co

n
cr

et
e 

(%
) 

Time intervals (min)

Panel #A.1 Panel #B.1

Panel #B.2 Panel #B.3



  

12  
 

used as a classification tool itself. The cone calorimeter can also be very useful for PBFD as CFD 

models require input data which it can provide. However, for non-combustible faced sandwich 

panels with a combustible core the cone calorimeter did not identify the risks when compared to a 

scaled compartment fire, as Yosiaka et al. [64] pointed out. The lack of correlation between tests 

across different scales was also recognised by Johansson and Van Hees [65] and Axelsson and Van 

Hees [66] that compared the results of sandwich panels with various core types tested in the SBI test 

apparatus with a free standing compartment on fire. They found the SBI to underestimate the 

contribution from the panels with a combustible core to the fire growth in all three tested products 

[66]. When assessing compartment boundaries with high energy content that is either exposed or 

partially covered, fire safety engineers and regulators have to be aware of the potentially changed 

fire dynamics associated with such design choices. For example, sandwich panels provide a cheap, 

light and relatively high thermal resistance, while timber is deemed carbon neutral and as a 

construction material preferred over CO2 heavy alternatives, but both also provide additional fire 

load in certain compartment fire scenarios. Research is however being conducted with the focus of 

studying sandwich panels and cross-laminated timber in enclosures under fire conditions [64, 67, 68, 

69] trying to understand when they contribute and when they do not, with the goal to improve 

building fire safety. 

 

There are several ways to improve the fire safety properties of a material. Five common methods 

using flame retardants are, but not limited to; 1) avoid using materials with a high energy content, 2) 

dilution of pyrolysis gases usually by the release of inert gases such as H2O and CO2, 3) formation of a 

protective layer e.g. by charring or intumescence, 4) surface cooling by endothermic reactions, 5) 

radical quenching slowing the combustion process down [70]. For thermoplastic materials such as 

EPS and XPS charring and intumescence effects are not possible as the materials becomes soft and 

eventually liquid when heat is applied. Thermoset plastics such as PF, PUR and PIR are capable of 

having the four latter of the mentioned positive effects but predominately a char layer which 

protects the underlying virgin material from any direct flames is used [8]. If the char is cellular it has 

a low conductivity which lowers the heat transfer and if solid it reduces the oxygen diffusion [9] both 

are beneficial from a fire safety perspective. In reality it is a transition from a solid layer towards 

more cellular and will therefore change its fundamental method of providing protection. While the 

reduction of materials flammability is most desirable it can also have adverse effects such as 

increased toxic smoke production, as pointed out by Molyneux et al. [71]. Ultimately it is a trade-off 

between desired and unwanted affects and the cost. It should be noted that the smoke from fire 
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tests are currently not analysed for toxic compounds. However, the color [72], the smoke production 

rate [38], the smoke obscuration [73] or the smoke growth rate (SMOGRA) [38], just to mention 

some, are reported. This missing measure is also explicitly recognised in the National Fire Protection 

Agency (NFPA) 286 “The method of test does not provide the following: (1) Full information 

concerning toxicity of combustible gases…” [74]. The lack of regulative restrictions on the toxic 

products make products that release toxic compounds while reducing the fire advantageous over 

products with a less toxic release but with a higher release of energy. 

 

1.3 Mineral Wool and Polymeric Foams 

This section describes various commercially available sandwich insulation products in more detail, 

with a focus on the two core types studied herein, i.e. mineral and polymeric cores. Herein, the 

panels with a core of mineral wool were all of the stone wool core type. The Stone Wool (SW) was 

processed at temperatures as high as 1500 °C, making the core ingredients basalt rock and slag 

liquid enough to be whipped into thin strands of stone wool before being cured and packed. In a 

typical SW product the vast majority by mass is the wool itself combined with an organic binder and 

very little oil usually about 2% [75], [76]. Densities range from 40 kg/m3 to 180 kg/m3 with the 

denser types for applications that require a high level of passive fire protection [77] [16] [18]. The 

typical core also has a melting temperature above 1000 °C [78] according to the DIN 4102-17 [79]. 

The thermal conductivity in a mineral wool at ambient temperature is well understood as this is the 

main operational temperature range of with respect to the orientation of the fibres, modes of heat 

transfer and density, as seen in Figure 1.6, Figure 1.7 and Figure 1.8, respectively.  
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Figure 1.6: Thermal conductivity for a 
mineral wool as a function of the 
orientation where λV and λH is parallel 
and perpendicular, respectively, to 
the surface. Extracted from [80] with 
modifications and originally from 
[81]. 

Figure 1.7: The contribution of 
three major modes of heat 
transfer to the total thermal 
conductivity at 20 °C as a function 
of the density, from [80] with 
modifications and originally from 
[82]. 

Figure 1.8: Representative thermal 
conductivity for a mineral wool at 24 
°C as a function to the density. 
Extracted from [80] with 
modifications and originally from 
[83]. 

 

These relationships between conductivity and density at ambient help understand the internal heat 

transfer as they illustrate three distinctive trends as the density will decrease as first the binder and 

later when the minerals start to decompose : 

 The importance of the fibre orientation as at high densities the thermal conductivity can 

increase by 33% for horizontally compared to vertical oriented fibres.  

 The increased density means more fibres which is important as the mean free distance in 

the core will decrease and the radiation contribution likewise, at ambient temperature at 

least. 

 The reduced mean free distance will also increase the conductive contribution which means 

the core material heats up faster. 

 A decrease in density will generally increase the thermal conductivity if between 20 kg/m3 

and 100 kg/m3  

 

Ultimately this means as the temperature in the core increase and any binder is combusted the 

thermal conductivity will increase as the density will decrease and the radiation term will dominate 

due to its power relationship over the other terms linear relationship with respect to temperature.  
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This resulted in a proposed linear relationship for the thermal conductivity at ambient temperatures 

by Klarsfeld [84], as a function of the density of the mineral wool, as seen in Eq. 1.1 

 

k0 = 𝐴 + 𝐵 ⋅ 𝜌 +
𝐶

𝜌
 1.1 

 

Where k0 is the global conductivity of the mineral wool at ambient temperature, A, B and C are the 

internal convective, conductive and radiation terms, respectively, and ρ is the density of the fibrous 

material. Even though these correlations are based on studies with glass wool the similarity between 

gas and rock fibres, as seen in Figure 1.9, are noticeably and the theoretical approach is believed to 

be valid for stone wool as well, as presented by Dyrbøl [85] and Hidalgo [16]. However, differences 

as a function of the materials can be expected, as also pointed out by Dyrbøl [85], stating that 

“minor variations in the constants will exist when comparing with the work of other authors”.  

 

  
a) b) 

Figure 1.9: Cleaned glass wool and rock wool seen through a microscope in a) and b), respectively, 
from [86]. 

 

De Dianous et al. [87] studied the thermal conductivity using a bi-guarded hot plate and a 

spectrophotometer on rock wool batts with 38.5 wt% slag at ambient and higher temperatures and 

determined that the spherical shaped slag increased the radiation. Additionally, De Dianous et al. 

noted that in high-density board the fibres are more prone to be parallel to the face of the board as 

they get more compressed (for them heavy was 100 kg/m3). For boards with densities of 50 kg/m3 

and 100 kg/m3 the conductivity was increased from 0.037 W/m·K and 0.035 W/m·K to 0.138 W/m·K 

and 0.092 W/m·K, respectively, when the temperature was increased 24 °C to 400 °C (values 
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extracted from their “FIG. 7” in [87]). Livkiss et al. [88] measured an increase from 0.027 W/m·K to 

0.176 W/m·K in the thermal conductivity for a 105 kg/m3 stone wool batt from 24 °C to 400 °C 

(values extracted from their “Figure 1” in [88]). However, as the slag content was not known and is 

suggested to be the dominant mode of heat transfer at high temperatures quantitative predictions 

are impossible to make a priori. Nevertheless, the conductivity of mineral wool panels can be 

expected to increase at higher temperatures e.g. during a fire. The use of the heat transfer model, 

for Stone Wool (SW) will be presented in Section 2.3 - Heat Transfer Analysis coupled with a least-

square solver that provides the temperature dependent conductivity term, k1. The least-square 

solver is based on minimising the difference between the temperatures provided by the model 

compared to those measured throughout the duration of the experiments. 

 

1.3.1 Stone Wool Panels 

The type of steel-faced panel with a core of mineral wool used in this work consisted of a core of 

~100 mm stone wool with two 0.5 mm steel facings with a matt off-white finish. The panel is not a 

self-standing sandwich panel but a building material and is classified accordingly under the EN 

13501-1 +A1:2009 [39]. However, in Europe, compliance with EN 14509 [89] also dictates 

compliance with the EN 13501-1 classification system, even for self-supporting metal faced panels. 

These panels are furthermore classified by the Loss Prevention Standard (LPS) 1181, the LPS 1208 

and by the International American Society for Testing and Materials (ASTM) E119-12 [90] from 

Underwriters Laboratories (UL) and as Class 1 according to the 4880 [91] and 4882 [73] standard 

from the Factory Mutual Insurance Company (FM) [18]. The SW core (outside of sandwich panel use) 

itself is classified as a non-combustible material following the EN 13501-1 which correspond to 

either A1 or A2 [18]. The SW is, however, bound together by a binder within the core material as 

well as some glue binding the steel facings to the core. As a composite it is therefore not possible for 

the SW sandwich panel to reach one of the two non-combustible classifications. There is therefore a 

potential for this classified as non-combustible core to release energy when used as a sandwich 

panel core material. The panels were symmetrical around the horizontal centreline, as seen in Figure 

1.10, with the same steel-sheet thickness and coating the panels could not be installed incorrectly. 

There was no gaskets, film or other means providing protection to the core at the joints or ends. 

While the design of the joints were simple, they were often not filled with insulation, as seen in 

Figure 1.10, and thus reducing its thermal resistance at every joint.  
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Figure 1.10: Cross-section of the joint of the panel with SW core with measurements in mm, from [18]. 

 

1.3.2 Polymeric Panels 

Polymeric foam products includes, but are not limited to, polyurethane (PUR) and polyisocyanurate 

(PIR) foams and from an building insulation perspective always of the rigid type whereas the flexible 

type is more commonly used in the furniture industry. The two types, PUR and PIR, are also similar 

with respect to their chemical composition to the extent that they are never exclusively one or the 

other but a bland of the two. Their main component is the methylene di-phenyl di-isocyanate (MDI) 

and a reactive polyol. Together with toluene di-isocyanate (TDI) MDI is accounting for 90% of the 

global industrial PU production [92]. However, TDI is more commonly used in flexible PU and MDI in 

rigid PU. The main difference between PUR and PIR is not the chemical composition but the way the 

molecules are bound together. The PIR foam is formed using a higher MDI to polyol ratio together 

with a catalyst to promote the creation of isocyanurate rings, as seen in Figure 1.11, [92, 93] and a 

blowing agent to decrease the density [94] as well as other, usually proprietary, additives such as 

flame retardants. PUR is made in the same way as PIR, but with a lower MDI to polyol ratio and the 

generation of isocyanurate rings is therefore less frequent. Generally, for PUR, the polyol is reacting 

with the isocyanurates to produce a urethane, as seen in Figure 1.12, which can then again react to 

form another group. There are several other reaction schemes for PUR/PIR production and they are 

presented in greater detail by Avar et al. [92] and McKenna et al. [93] . 
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Figure 1.11: Three isocyanurates reacting to produce an isocyanurate ring, adapted by [93]. 

 

 
Figure 1.12: An isocyanurate reacting with an alcohol to produce an urethane, adapted by [93]. 

 

The advantage of the isocyanurate rings is their ability to maintain their stability at higher 

temperatures compared to the urethane bond, 270 °C to 300 °C and 180 °C to 200 °C, respectively 

[95].If the foam, however, is manufactured with too many isocyanurate rings it becomes too brittle 

and with too few it loses it bond strength and therefore its stability at higher temperatures. A 

combination of isocyanurate rings and urethane are therefore desired [96]. The two major types of 

polyols used are polyester and polyether and, as shown by Dominguez-Rosado et al. [8], can the 

right amount of polyether can give the foam the same or better thermal stability than foam with 

polyester.  

 

Generally speaking, consensus has been reached among the insulation industry, fire safety 

engineers, construction industry and regulatory bodies that PIR foam behave better under elevated 

temperatures than PUR foam [97]. This is attributed to the aforementioned increased amount of 

isocyanurate rings over urethane as their bonds remain stable at higher temperatures, and as seen 

by the classifications obtained by various products [98, 99, 100, 101]. The ratio between MDI and 

the polyol can vary between each PIR and PUR formulations based solely on their desired properties 

decided by the manufacture without an industry specified standard, ISO, EN or ASTM in place to 

guide the naming. Also, the type of polyol can also vary independent of the PUR or PIR name label. 

The differentiating ratio between MDI and the polyol from calling it PIR and PUR is not a fixed value 

which can mean that a PUR product can behave equal or better with respect to fire as a product 

named PIR, as seen in Table 1.1. The added Fire Retardant (FR) additive can additionally influence 
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the thermal behaviour to make the reaction in case of a fire completely independent of the PIR/PUR 

name. 

 

Table 1.1: Example of how naming does not correspond to 
a better reaction to fire classification. 

Naming 
Classification 

(EN 13501-1+A1:2009) 

 PUR B-s3, d0 [101] 

 PIR B-s3, d0 [102] 

 PUR B-s2, d0 [103] 

 PIR B-s2, d0 [100] 

 PIR B-s1, d0 [99] 

 

B-classifications are obtained under the EN 13501-1 [39] framework. The guidelines for mounting 

and fixation products to be followed by the accredited testing laboratory limits the influence by the 

operator, and thus improves the repeatability of the test results. The mounting shall be as close to 

the end-use as possible, and it is specified by the manufacturer or supplier providing the product for 

testing. Specifications can include the type of substrate, air gap or method of fixation. As the 

standard tests the product as a whole and under specific conditions it means the reaction to fire of 

the product is limited to the exact circumstances at which the classification was obtained. 

Researchers and engineers will have a hard time to extrapolate the obtained classification to other 

circumstances where, for example, the mounting, substrate or the fire differs even slightly and new 

tests can be needed. This will be further elaborated in Section 1.4 Classification. The standard does, 

however, allow for expert judgments to extend the use of the classification test results. 

 

1.3.2.1 Polyurethane 

The panels with a core of PUR was classified as B-s3.d0 [101] indicating the highest SMoke Growth 

RAte with a limited contribution to the FIre GRowth RAte, SMOGA and FIGRA, respectively, without 

forming burning droplets. Plastic products classified as d0 are thermoset and a formation of char is 

often expected. The PUR panels were not additionally classified with respect to fire safety properties 

such as insurance tests e.g. Loss Prevention certification Board (LPS 1181) or FM 4880. The panels 

were asymmetrical with an external 0.45 mm thick wave formed steel sheet and a 0.6 mm thick 

internal steel sheet with a gasket to seal the joint at one end, as seen in Figure 1.13. 
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 Figure 1.13: Cross-section of the PUR panel in mm, from [101]. 

 

1.3.2.2 Polyisocyanurate 

The PIR panels were classified as B-s1,d0 as per EN 13501-1 with the additional fire safety 

classifications: LPS 1181 and FM global 4880 & 4881 Class 1 fire classification for unlimited height 

[99]. The additional fire safety relevant certificates are not necessary for access to the European 

market but the additional voluntary scrutiny the panels have been subjected presents the product as 

resilient with good performance against more than a single fire scenario just as the panels with SW. 

Like the PUR panels the PIR panel were asymmetrical, differently shaped and gasket placement, as 

seen in Figure 1.14. The steel thickness was 0.63 mm and 0.40 mm with a matt white and matt grey 

finish internally and externally, respectively.  

 

 
Figure 1.14: Cross-section of the joint of the PIR panel in mm, from [104]. 

 

The classifications obtained by the products, such as FM 4880 and EN 13501, are depending on the 

mounting and the conditions at which the panels were tested under. This means that any 

discrepancies between the test set-up and the experimental set-up can potentially change the 

behaviour of the panel and a different contribution or reaction to fire depending on the robustness 

of the panel can be found. 
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1.3.3 Material Properties 

The material properties for the three steel-faced sandwich panels studied in a compartment setup, 

as seen in Table 1.2, show how minor details are approximately the same such as the thickness of 

the steel, coating colour and the European classification with respect to fire growth. The specific 

heat capacity was taken from literature as 1450 J/kg·K [105, 106] and 840 J/kg·K [107, 108] for PIR, 

PUR and SW, respectively, while the rest was taken from the technical data sheet provided by the 

manufactures or experiments conducted. 

 

 
Table 1.2: Summary of material properties for the four studied sandwich panes from the techical 
documentation if not otherwise stated. 

  PIR [99] PIR [99] PUR [101] SW [18] 

Thickness (m) 0.10 0.06 0.06 0.10 

ΔHc (MJ/kg) 29.1 ±0.5 29.1 ±0.5 23.1 ±0.5 2.1 ±0.1 

ρc (kg/m3) 40.0 ± 1 40.0 ± 1 40 ± 3 120 ± 3 

steel to core ratio (kg/kg) 0.31 0.31 0.20 0.59 

ρpanel  (kg/m3) 128  187 180 200 

m (kg/m2) 12.8  11.2  11.8 21.8 

cp (J/kg·K) 1450 1450 1450 840 

k0 (W/m·K) 0.021  0.035 0.024 0.038 

k0ρc (W2s/m4·K2) 1218 1218 1392 3830 

Internal coating  
Matt 

white1 
Matt 

white1 
White1 

Matt 
white 

Internal thickness (mm) 0.40 0.40 0.45 0.50 

External coating  Matt grey2 Matt grey2 White1 RAL9010 

External thickness (mm) 0.63 0.63 0.60 0.50 

Organic content (%) 99.613 99.613 * 9.993 

Internal face type Mini box1 Mini box1 Box2 Flat1 

External face type Micro1 Micro1 Mini box2 Flat1 

EN 13501-1 classification B-s1,d04 B-s1,d04 B-s3-d04 B-s1,d04 

FM 4881 classification Class 14 Class 14  Class 14 

1 as described by invoice 2 as per visual observation 

3 as found by STA analysis, see Section 3.1.1. 4 with prescribed mounting as done when classified 

* Only experiments with N2 
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1.4 Classification 

Generally speaking there are two major types of fire classifications, namely resistance to fire and 

reaction to fire. The mandatory tests, such as the reaction to fire tests are required for access to the 

European marked whereas there are also voluntary tests. These voluntary tests can be from the 

insurance industry where their own additional tests needs to be passed to qualify for certain 

insurances. Other tests can include aspects such as sustainability and acoustic performance. In 

Europe, for sandwich panels, various standards are used to regulate sandwich panels such as the 

general EN 14509 [89] for steel-faced sandwich panels. The fire-section prescribes compliance with 

EN 13501-1+A1:2009 [39] with respect to the reaction to fire and in general the EN 1363 [109] for 

resistance to fire. The fire classifications help e.g. architects or engineers making design decisions as 

the data is presented in an orderly manner with a simple letter and number system indicating the 

performance of all the products available in Europe. 

 

In Europe, internally mounted self-supporting sandwich panels are regulated under the EN 14509 

[89] and for fire safety compliance with the Euroclass system (EN 13501-1) which also goes for non-

self-supporting sandwich panel for internal cover. With respect to fire growth, under American 

regulations, the NPFA 286 applies to any internal and ceiling finishes which include steel-faced 

sandwich panels. The Euroclass system is separated into several classes ranging from best (class A1) 

to the worst (Class F) based on one or two tests which dependents on the class. The NFPA 286 is a 

simple pass/fail test where the flame spread, flashover, smoke production and peak Heat Release 

Rate (pHRR) are reported. An additional test is required if the panels are in need of classification for 

load bearing, R, insulating, I, or integrity, E. For European classification these are determined by 

measuring their resistance against the ISO 834 [48] also known as the “temperature-time curve” 

while the American equivalent is the ASTM E119 [90], however these are outside the scope of this 

project. Other test methods, also outside the scope of this project, are the British Standard (BS) 

8414 -1 [110] and -2 [111], the Swedish SP-105 [112] which includes the assessment of the panel to 

withstand external fire spread. For external fires, FM 4881 [113] is considered one of the most 

stringent tests and recognised internationally as a stamp of limited external fire spread, but is 

voluntary. 

 

The chosen summarised standards are important to the overall understanding of the standards that 

determines the classifications of sandwich panels with respect to fire. Table 1.4 lists the positive and 

negative aspects identified by the author, e.g. fundamental failure mechanisms. The important 
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classification with respect to sandwich panels will be presented in the following paragraphs focusing 

on the key aspects. These descriptions should not be taken as the summary of the full standard as 

the standards contain a lot of information as well as notes on minor but potentially important 

aspects to consider when classifying. The summarised standards does not include façade testing, as 

it is outside the bounds of this project. Supplementary classification relevant to sandwich panels but 

not specifically relevant to this project can be found in Appendix – Supplementary Standard Tests 

Relevant for Sandwich Panels.  

 

1.4.1 EN 13501-1+A1:2009 

The EN 13501-1+A1:2009 – Fire classification of construction and building elements – Part 1: 

classification using data from reaction to fire tests [39] is one of the key classifications in Europe 

when assessing the reaction to fires of a construction or building element. The EN 13501-1 standard 

works as an umbrella covering many other standards ranging from micro to macro scale testing. The 

classification provides a letter from the best (A1) to worst (E) with an additional class F for products 

without a performance determined or failed to obtain class E or higher. An overview, as seen in 

Table 1.3, illustrates all of the classifications from a European context for construction and building 

elements (excluding floorings, which are tested differently).  

 

The EN/ISO 1182 [114] is known as the non-combustibility test where a sample in lowered into a  

700 °C furnace and is not allowed to have a temperature exceeding the temperature of the oven by 

30 °C, have a mass loss greater than 50% or any sustained flaming during the 30 minutes test period 

in order to pass. The EN/ISO 1716 [115] is the gross calorific value test and the theoretical energy 

content for all individual components is determined by testing just a few grams. These two tests are 

only used for the A1 and A2 classes which are non- and nearly non-combustible, respectively, due to 

their low energy content and are believed to have no contribution to the fire growth. Materials in 

the A1 class are usually of the concrete, steel, stone and ceramic type of materials [116]. For any 

composite and sandwich panel the non-combustibility classes are unlikely to achieve as they at the 

very least require a type of glue to combine the various layers. For non-homogeneous products and 

building elements such as a sandwich panel the A2 classification is also obtainable by passing the EN 

13823:2010+A1:2014 [38], known as the Single Burning Item test (SBI) and the EN/ISO 1716. 

However, the glue is an internal non-substantial component and usually of organic nature and will 

therefore struggle to have a complete heat of combustion of less than 4 MJ/kg as required to obtain 

the A2 classification, as seen in footnote b in Table 1.3. The B classification is therefore the highest 
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classification a sandwich panel with an organic component and a glue can realistically obtain as the 

panel will be tested as a system rather on its individual components. 

 

 

Table 1.3: The underlying test standards under the EN 13501-1 classification standard, extracted from [39]. 

 

Class Test method(s) Classification criteria Additional classification

A1 EN ISO 1182 1, and ΔT ≤ 30°C , and 

Δm ≤ 50% , and 

Tf = 0 (no sustained flaming)

EN ISO 1716 ΔHc ≤ 2.0 MJ/kg 1, and

ΔHc ≤ 2.0 MJ/kg 2, 2a, and

ΔHc ≤ 1.4 MJ/kg 3, and

ΔHc ≤ 2.0 MJ/kg 4

A2 EN ISO 1182 1, or ΔT ≤ 30°C , and 

Δm ≤ 50% , and 

Tf = 20

s1 = SMOGRA 

≤ 30m2/s2 and 

TSP600s ≤ 50m2,  

s2 = SMOGRA ≤ 

180m2/s2 and 

TSP600s ≤ 

200m2,

s3 ≥ s2

d0 = No flaming 

droplets/particl

es within 600 s,

d1 = No flaming 

droplets/particl

es persisting 

longer than 10 

s within 600 s,

d2 = not d0 or 

d1,

EN ISO 1716, and ΔHc ≤ 3.0 MJ/kg 1, and

ΔHc ≤ 4.0 MJ/kg 2, and

ΔHc ≤ 4.0 MJ/kg 3, and

ΔHc ≤ 3.0 MJ/kg 4

EN 13823 (SBI) FIGRA ≤ 120 W/s2

LFS < edge of specimen

THR600s ≤ 7.5 MJ

B EN 13823 (SBI), and FIGRA ≤ 120 W/s2 , and

LFS < edge of specimen, and

THR600s ≤ 7.5 MJ

EN ISO 11925-28

Exposure = 30s

Fs ≤ 150 mm within 60s

C EN 13823 (SBI), and FIGRA ≤ 250 W/s2 , and

LFS < edge of specimen, and

THR600s ≤ 15 MJ

EN ISO 11925-28

Exposure = 30s

Fs ≤ 150 mm within 60s

D EN 13823 (SBI), and FIGRA ≤ 750 W/s2 , and

THR600s ≤ 15 MJ

EN ISO 11925-28

Exposure = 30s

Fs ≤ 150 mm within 60s

E EN ISO 11925-28

Exposure = 15s

Fs ≤ 150 mm within 20s

F Performance not determined
1 For homogenous products and substantial components of non-homogenous products.
2 For any external non-substantial components of non-homogenous products.
2a Alternatively, any external non-substantial component having a PCS ≤ 2.0 MJ/m2, provided that the 

product satisfies FIGRA ≤ 20 W/s2 and LFS <edge of specimen and THR600s ≤ 4.0 MJ and s1 and d0 according 

to the EN 13823
3 For any internal non-substantial component of non-homogenous products.
4 For the product as a whole
7 Pass = no ignition of the paper (no classification), Fail = ignition of the paper (d2 classification)
8 Under conditions of surface flame attack and, if appropriate to the end-use application of the product, 

edge flame attack
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1.4.2 EN 13823:2010+A1:2014 

Figure 1.15 shows the test configuration for EN 13823:2010+A1:2014 - Reaction to fire tests for 

building products – Building products excluding floorings exposed to the thermal attack by a Single 

Burning Item. It can be seen that the mounted building element is impinged by a fire from the corner 

located triangular shaped gas burner which is fuelled by propane and releases 30.7 ±2 kW. The fire 

impinges on the face of the building elements and the Fire Growth Rate (FIGRA), Total Heat Released 

(THR600s) and Smoke Growth Rate (SMOGRA) are calculated based on the collected and analysed 

combustion gases and the Linear Flame Spread (LFS) is visually determined. The surface flame 

spread must not reach end of the 1 m long wall in any of the three required repetitions. However, if 

the flame reaches the edge, three new tests can be conducted with the length of the wall being 1 m 

+ t, where t is the thickness of the panel. This configuration is also acceptable for obtaining the 

classification. Based on the limit values expressed in EN 13501-1+A1:2009 an A2, B, C and D 

classification can be obtained in combination with one other test. For A2 that other test is the 

EN/ISO 1716 known as the gross calorific value test while for the classes: B, C and D that test is the 

EN/ISO 11925-2:2010 [117] known as the single-flame source test. 

 

 
Figure 1.15: Top view of the EN 13823:2010+A1:2014 SBI test setup. The test specimen 
is placed in the U-profiles marked with a 7 in the figure, from [38] with modifications. 

 

1.4.3 ISO 13784-1 

The ISO 13784-1:2014 [47] is a compartment fire similar to the ISO 9705 [118] where a 0.17 m x 0.17 

m sandbox gas burner is located either near a corner in the wall opposite of the door opening or in 

the middle at wall opposite the door opening at a joint between two panels. The internal dimensions 

of the compartment measures 2.4 m x 3.6 m x 2.4 m in width, length and height, respectively, with a 
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door measuring 0.8 m x 2.0 m in width and height, respectively, as seen in Figure 1.16. Unlike the 

ISO 9705 the compartment boundaries in the ISO 13784-1 are completely build-up of the sandwich 

panel elements desired to test fastened onto the internal frame and not onto a non-combustible 

enclosure as in the ISO 9705.  

 

 
Figure 1.16: The internal test frame for the ISO 13784-1 to the left and a cross-section of the gas 
burner to the right, from [47]. 

 

There is not a fixed failure definition and a report of the test reporting various times such as time to 

flashover, temperature development at specified locations as a function of time is produced. The ISO 

13784-1 and the ISO 9705 are HRR regulated standards which are fixated to pre-determined values, 

as seen in Figure 1.4 on page 9. The fire exposure in these tests is 100 kW and 300 kW for 10 min 

each, provided by the 0.17 m x 0.17 m sandbox burner with its opening 20 cm above the floor. For 

the ISO 9705 the burner is fixated in the corner as the lining materials are nailed or otherwise 

attached to the compartment. However, as the compartment in the ISO 13784-1 is potentially 

constructed with the sandwich panels attached to an internal frame the burner can be prevented 

from impinging the internal corner as the scope of the standard otherwise state is the purpose of 

the test. If an internal frame is used and a column is in the corner the burner must be moved to the 

nearest joint on the back wall (relative to the doorway) while being “not less than 300 mm” or “≤ 

300 mm” from the corner depending on the contradicting paragraphs in the standard. For all the 

experiments conducted herein, except the full scale, this was not a concern, as the panels were 

supported externally and not internally. The only two experiments with different burner locations 

than the corner were E15 and E16, see Table 2.12 on page 65, where the burner was placed in the 

middle of the compartment at the back wall and in the centre of the compartment, respectively. 

Key

1   Gas inlet

2   Sand (2 mm to 3 mm)

3   Brass wire gauze (1,8 mm)

4   Gravel (4 mm to 8 mm)

5   Brass wire gauze (2,8 mm)
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Table 1.4: A Summarising pro and con list for the standards applicable to sandwich panels. 

EN 13501-
1+A1:2009 
[39] 

Pro All materials and products can be fitted under this umbrella of sub 
classifications and provides a unified classification system from A to 
F which is useful for e.g. engineers, architects and designers. 

Con All materials and products inherently vary and an arbitrary scaling 
system ranging from A to F has difficulties capturing differences 
between products as they are lumped together in letters 
determined by different classification masking the measured 
quantities. 

EN ISO 1182 
[114] 

Pro Provides a direct measure of the thermal degradation of a material 
at 700 °C exposure for 30 min. Five replications are prescribed 
adding robustness to the result. 

 Con The 700 °C is produced by heating coils and is just as much a 
reaction to   5̴1 kW/m2* of radiation on all the surfaces than an 
actual direct temperature exposure.  
A multi-component product might shield a specific material from the 
direct radiation and as such the heat transfer will be conduction 
rather than radiation. Alternatively an air gap can be part of the end-
use. Such design features will not be recognised as components are 
tested individually. 

EN ISO 1716 
[115] 

Pro Provides a direct measure of the gross calorific value of the 
component useful for determining the total fuel load in a 
compartment for e.g. design purposes and risk assessments. 

Con The gross calorific value assumes the H2O in the combustion is in its 
liquid phase, which it rarely is in a fire giving an overly-
conservatively measure. 
A multi-component product with a design preventing either oxygen 
or high temperature from reaching a component with high gross 
energy content (>4 MJ/kg) is not recognised as all components are 
tested individually. 

EN 13823 
[38] 

Pro The flame spread across the surface in a corner configuration, which 
is considered to be the worst, is estimated by a direct impinging 
flame from a 31 kW fire which is a realistic scenario as single burning 
items are capable of releasing such energy. 
The products are tested as in their “end-use” application which 
provides a product rather than a component measure. 
Three repetitions provide some robustness of the obtained results. 

Con This configuration is believed to capture the dominant mode of fire 
growth in a compartment. Multi-layered products with a non-
combustible outer layer have a critical failure mode different than 
surface spread which is not recognised by this configuration. 
The configuration has no horizontal restriction like the ceiling in a 
compartment and both the build-up of hot gases and flame 
impingement which could happen in a compartment. 

EN ISO 11925-2 
[117] 

Pro The lowest possible threshold for the European market is defines by 
a restriction of vertical flame spread by a lighter sized flame which is 
a likely initial source. 

 Con For class B, C and D classifications the exposure is 30 s and 
monitored until 60 s have passed. For the class E requirement is the 
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product exposed to 15 s of exposure and the experiment is stopped 
after 20 s and potentially not all spread is measured. For multi-
layered products the burner is moved inwards to impinge the centre 
of the product if applicable and the vertical surface flame spread is 
no longer measured.  

FM 4880 (the 
part about fire) 
[91] 

Pro The classification involves four tests; a 50 kW/m2 radiation exposure 
to the face of the product which is the part that will be exposed 
during a fire, large corner mock up with the products installed as in 
their “end-use”, an even larger corner mock-up similar to the other 
corner test, and a compartment fire with the product mounted as an 
internal lining. All represents realistic fire scenarios and the products 
are tested as specified in their end-use providing an accurate 
expected performance during a fire. Two of the three tests are full 
scale. 

 Con The main mode of fire spread in three of the four tests are surface 
flame spread and in the corner mock-ups the hot gases and smoke 
are able to exit the system after heating the un-confined ceiling. For 
products with a non-combustible face this will not be the dominant 
mode of fire- spread or growth. 
The compartment fires to choose from are not the same design fire 
or failure criteria which one is less severe which can make it a 
preferred choice and thus give a less conservative estimate of the 
ability of the product tested. 
Two of three tests are large and therefore expensive to conduct. 

ISO 13784-1 
[47] 

Pro Provides a test report for the product in a compartment setup for a 
20 min specific fire scenario. 
Full scale experiment with end-use configuration 

Con The fire scenario is partially testing the surface flame spread of the 
product. 
The test is not required under the European regulatory framework 
and is considered large and therefore expensive to conduct. 
No failure is defined in the standard, only tick boxes for flashover 
and integrity failure 

LPS 1181-2 
[119] 
 

Pro A compartment fire test with a 34 kg wood crib as fuel elevated 
from the floor to ensure the flames are impinging onto the ceiling is 
a realistic fire scenario. 
Full scale compartment fire scenario with end-use configuration. 

Con The fire source can be considered relative small compared to the 
size of the compartment with a short burning duration. 
The test is considered large and therefore expensive to conduct. 

 * Based on blackbody radiation, 𝑞̇′′ = 𝜖 ⋅ 𝜎 ⋅ 𝑇4, where 𝜖 is 1 for a black 
body, 𝜎 is the Stefan-Boltzmann constant (5.67·10-8 W⋅m−2⋅K−4) and T is the 
temperature of the heating coil. 

 

The FM test does include ceilings in order to reflect the horizontal restriction and the hot gases from 

the wood crib or panels themselves are free to leave the control volume of the test setup, as 

described in Table 1.4 and in Appendix A - FM 4880 and FM 4881 on page 154, but also in order to 
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be a compartment test. As the FM and LPS tests are from an insurance perspective their focus is on 

the protection of the property, which is optional in the national prescriptive standards known to the 

author. However, as the insurance industry stands to lose money if a fire develops beyond their 

estimate, their requirements are often more stringent than the mandatory national regulations. This 

is possible as insurers potentially have less interest groups advocating for certain choices and are 

less influenced by outside forces, beneficiaries or lobbyists than the international standards 

committees are. In addition to considering inputs from manufactures and interest groups advocating 

their cases, national regulators also have an interest in the labour heavy construction industry to 

erect buildings without imposing too much bureaucracy and over-regulation [120]. This has to do 

with avoiding imposing unnecessary regulations which does not directly benefit the general public. 

An argument can be that it is not the role of the state to dictate the expected lifetime of the 

constructions build by private companies or investors. The state does however have a responsibility 

to keep the public safe and such an objective can be regulated and is what often is written into the 

respective building codes worldwide. At the same time collapsing buildings will be a risk for the 

health of the general public making it balance for any regulator to consider. 

 

1.5 Knowledge Gap 

The problem with tests arises when it does not address fundamental or intrinsic properties where 

the outcome is independent of the input and in fire testing this is often the case. Fires are dynamic 

and influenced by many factors such as combustion kinetics and boundary conditions and material 

and product diversity is a challenge for standardised tests. Some products containing a lot of fire 

retardants can be effective at resisting a single burning item or the first item burning. A growing fire, 

however, might be too developed for the same fire retardants to have their desired effect and at 

higher combustion temperatures they can even have an adverse effect increasing the lethality of the 

smoke [121]. One of the fundamental problem with these kind of fire safety tests is the success 

solely depends on the ability of the classification test to predict the exposure of real-life fires to the 

elements. Furthermore, there is often no requirement in any of the ISO, EN or ASTM test standards 

that indicate the robustness of a material. Robustness could include a lot of things, e.g. the ability of 

the element to reproduce results (some small scale test standards do require up to 5 samples), how 

a 10% fire load/temperature/mechanical stress increase or how deviations from optimal instalment 

affects the performance. Combined with the rules of extrapolating classification based on the 

passing of similar materials can lead to a transferred classification based on a single passed test out 

perhaps several attempts. Olsson reported temperatures even within the same furnace were far 
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from homogenous [122], albeit for resistance-to-fire tests. This indicates a lack of reproducibility in 

test procedures where local deviations can determine the performance of the whole element and 

possibly future similar products responsible. The consequence of this is that a product passing its 

11th test but failing the first 10 will be classified differently the 11th time and sold as such. Depending 

on the test, this could be from a C to a B classification or from REI 30 to REI 60. Although this is a 

hypothetical scenario, the unintentional deviations occurring across test setups and materials makes 

this scenario possible as consecutive similar results are not a requirement. 

 

There are an abundance of standards to choose from when the time comes to classifying your 

product, and while some are mandatory others remain voluntary. National building codes are always 

concerned with the life safety aspect of a fire safety design solution and mandated classifications 

such as the EN 13501-1, in Europe, is required. The interest of a manufacturer can be different from 

the buyer and the user. A manufacturer is obliged to pass any required classification tests before it 

can be sold and anything voluntary can be considered as a loss as it is not necessary, such as 

prolonging a standard test till failure occurs. Furthermore, passing a test with a large margin can also 

be costly if the cause of this is an expensive ingredient or feature and is undesirable [123]. In the EN 

13501-1 and the underlying standards materials not tested for non-combustibility is conducted on 

the product as a whole and not its individual components and is considered appropriate from an 

end-use perspective. 

 

The cost of the room corner test lead to research into other smaller scale tests and the Single 

Burning Item (SBI) test was found sufficiently successful in predicting the behaviour observed in a 

compartment. The assumption is the behaviour seen in a corner configuration at smaller scale could 

be extrapolated to the behaviour in compartments. However, this premise is primarily based on the 

main mode of fire growth is flame spread across the surface of the tested samples. Providing 

products with a surface layer not prone to surface spread proved this method of scaling unable to 

extrapolate result [40]. Furthermore, steel-faced sandwich panels are used either as wall or ceiling in 

a compartment and never as free standing wall without a ceiling or a horizontal restriction of some 

kind. The SBI test therefore fails to consider the effect of the enclosure as that part of the end-use 

feature and is a poor test for identifying the behaviour of steel-faced sandwich panels [66, 124, 40]. 

The SBI test is however great at extrapolating the behaviour of materials where the surface flame 

spread is the dominating method of fire growth. Materials with a combustible surface, which the 
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majority of construction materials have, had a strong correlation between the SBI and the room 

corner test [40], which is the reason the standard was implemented in the first place.  

 

Making informed decisions regarding the choice of the fitting sandwich panel, or any product in 

general, to use for specific applications requires information. Fire tests do not truly indicate how a 

material will behave in an actual fire [125]. Fire tests are at best meant for comparative studies 

between products or elements and at times it does not even do that [126]. Building elements and 

products can fulfil the same objective in different ways and can be optimised to pass the exact 

impacts prescribed in tests. The rate of flame spread across a surface, which is the assumed failure 

mode in the EN 13823, can be reduced by the addition of sufficient flame retardants, having a non-

combustible surface layer or have a non-combustible homogenous product. All three materials have 

the potential to surpass the requirements posed in any pass/fail test which only focuses on the 

flame spread. However, the indebt temperature gradient and penetration could be of importance, 

and so could the boundary conditions, just to mention some. This means two identically classified 

materials based on fundamental different methods of passing that test can behave differently when 

the test set-up and boundary conditions are changed, which was supported by Maluk [127] with 

respect to the boundary condition, albeit for structural members under the EN 13501-2 frame work. 

If the parameter causing the failure is not the same as the one it was tested for, but only a side 

effect of the test, then extrapolation of the data and/or the classification of the tested product or 

material will often be poor. This means there can be a discrepancy in the interpreted classification of 

a product and the reaction, resistance or performance during an actual fire. All providers of steel-

faced sandwich panels are required by regulation to show their product can pass classification tests 

appropriate for its use before access to the market is granted. This ensures the product has a 

minimum level of safety. One test can, as noted, be a poor indication of the actual level of fire safety 

for certain products, which is more probable if the basis of the test standard is the wrong type of 

failure mode to such extent that the actual performance will remain unknown.  

 

The data sheet for any sandwich panel is often available online or at the very least available upon 

request from the manufacture/distributor. The data sheet has to contain the legally required 

information such as the fire classification obtained. Much of the underlying information is hidden 

and not required to be disclosed as limit values are inferred by the provided classification. These 

could include the actual mass loss percentage or gross calorific energy content from a non-

combustibility test behind the non-combustible product class or the exact smoke growth rate 
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calculated based on the SBI test, both part of the EN 13501-1 classification standard. Conducting 

experiments with the intention to acquire additional information not disclosed by manufactures are 

essential for understanding the materials and identifying risks of exothermal reactions, phase 

change, mass loss or loss of integrity can be of great value for research and development and 

scientists. Eventually this knowledge can also be useful for the decisions makers determining 

acceptable the societal fire safety level and the design of test standards intended to classify 

accordingly or engineers and architects dimensioning and designing buildings.  

 

If the price, difficulty and time restraints of conducting full scale experiments is believed to outweigh 

the benefit of an accurate classification then an alternative test that is cheaper, easier and faster, 

which also provide an inaccurate identification of the risk of a product would seemingly be 

preferred. However, identifying the dominating behaviour of the fire growth at full scale and 

designing a simpler alternative test would be ideal and the appropriate scaling method would be 

selected and the ability to extrapolate the data back to large scale would increase. A free burning 

fire is different from an enclosure fire as the heat feedback from the enclosure and the formation of 

a hot gas layer can play a role in the fire dynamics. Determining the potential for a compartment to 

fail by either flashover (a change to an oxygen controlled fire) or integrity failure for wall covers, 

products or materials tested in a compartment would be preferred. This also goes for steel-faced 

products the choice of scaling the whole compartment rather than an open corner test setup is 

preferred. By conducting more complex experiments, as a compartment fire compared to a surface 

flame spread test is, several key aspects have to be considered: 

 The size of the compartment. 

 The fuel and appropriate fire scenario. 

 The scaling theory deployed. 

 

Which all add additional questions such as: how to assemble, what to measure, what to measure 

and what, if at all, should be the failure criterion. These aspects will be covered in section 2 - 

Analysis Methods and Experimental Setups and specifically in 2.1 Scaling Analysis and 2.2.5 -  

Detailed Description of the Scaled Compartment Experiments.  

 

Fire experiments are valuable as it allows for the acquisition and addition of non-regulatory 

knowledge such as failure modes, important parameters and key operational parameters. By 

changing the boundary conditions and geometrical factors additional knowledge can be acquired 
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which will help develop the understanding of the behaviour of any materials over a wider range of 

scenarios assisting making an informed decision with respect to fire safety uses.  

 

1.6 Research Overview 

This section provides an overview of the important parameters necessary to determine the 

appropriate experimental setup and scale required to fulfil the research objective. The steel-faced 

insulating panels were studied at a component level and at product level to determine parameters 

important from a fire safety perspective. 

 

1.6.1 Geometrical Scaling 

An appropriate method to determine the performance of steel-faced insulation panels builds on the 

understanding of the behaviours of the products at a detailed and fundamental level. Fire is a 

complex phenomenon relying on transient physical properties, chemical reactions and ambient 

conditions where the extrapolation of the knowledge across scales is often a necessity. The scale at 

which the products are studied at has to be sufficiently detached from the boundary conditions and 

the experimental setting to be useful outside the experimental environment. The reliance of the 

extrapolation from the surface flame spread in the current open corner configuration to a 

compartment is not believed to be the appropriate way of testing sandwich panels with an inert 

surface material. By employing a geometrical scaling methodology the entire geometry, boundary 

conditions and fire scenario of the full scale compartment is all be maintained at a reduced size. This 

is thought to be a more robust and appropriate way of conducting the test as the failure mode will 

be the heating up of all the boundaries by direct flame impingement and by enclosing the hot gases 

in the compartment from the burner, just as in a full scale compartment fire. 

 

1.6.2 Micro Scale Experiments 

The microscale experiments are designed to determine fundamental intrinsic material properties. 

The thermographic analysis (TGA) conducted under inert or reactive atmosphere is a simple 

experiment for which the sample size needs to be sufficiently large in order to ensure a measureable 

mass loss as well as a ratio between porosity and the heating rate of analyser. Ensuring heating rate 

independence will provide useful information, such as reactivity as a function of the temperature of 

the sample. The data can be used for modelling purposes, for example to determine the 
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temperature of a compartment with the material internally mounted, as Marquis et al. [128] 

successfully did using Fire Dynamic Simulator. 

 

Energy content is a key material property that can provide a quantitative measure of a products 

material compositions and often is not provided by manufacturers leaving the engineer to assume a 

value often based on generic literature values. Energy content is determined under extremely 

favourable combustion conditions and will therefore provide results considered conservative 

compared to the expected energy release during conditions common in fires. The total energy 

available is, however, a key parameter for fire safety engineers when determining the thermal load 

for a compartment with parametric fire curves, i.e. the curves for structural design by Magnusson 

and Thelandersson [129] or Pettersson et al. [130]. The results of the microscale experiments are 

presented in Section 3.1 - Small Scale Experiments with a holistic perspective with respect to fire 

safety and enclosure fire dynamics.  

 

1.6.3 Macro Scale Experiments 

At the macro scale the dissection of the products in parametric studies were conducted to 

determine under which conditions the products are posing a fire risk. Steel-faced insulation panels 

have been investigated thoroughly under the cone calorimeter and compared to the SBI and ISO 

9705 compartment from a standardized test perspective where the focus was on the extrapolation 

of the results [66, 64, 131]. However, intermediate results are rarely presented in literature as the 

focus too often lies exclusively in the successful results, relationships and inter- and extrapolation 

possibilities. By dissecting at what boundary condition the core material behave a certain way it is 

easier to design an experiment which prevents any negative aspects from becoming a problem also 

at larger scales. The mass loss calorimeter experiments used to measure the mass loss, thermal 

penetration and to tract the thermal wave penetrating through the thickness of the samples was 

performed under various incident heat fluxes. The results and analysis are presented in Section 3.1.2 

- Cone Calorimeter and discussed with respect to the implications for larger scale experiments and 

the limitations of the experimental results. 

 

1.6.4 Compartment Setup 

The steel-faced insulation panels are designed to be used as compartment walls and it is only natural 

that the panels are studied in a compartment framework. The compartments are sized as a 
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“standard” room meaning it is a small compartment prone to flashover fires where the temperature 

and heat release rate within the compartment is limited by the availability of oxygen rather than the 

amount of fuel available [132]. In compartments, the fuel is usually placed on the floor and enclosed 

by the walls preventing the fire from spreading to other adjacent compartments or to any outside 

façade. The studied compartments, however, contain its fuel within the walls and ceiling and if 

involved can cause the fire to spread beyond the volume of the compartment. The growth of the fire 

will then be controlled by the mass loss rate of the fuel as well as the supply of oxygen externally 

and internally, respectively. The geometrically scaled compartments and scaled HRR from the gas 

burner was varied in order to determine the validity of the scaling method across several scales by 

comparing the temperatures and time to failure. The compartment fails if one of three criteria are 

meet: 

 The occurrence of flashover (a change to an oxygen controlled fire), 

 Integrity failure with respect to flames, 

 Collapse of one of the panel boundaries 

 

The compartment setups are reported in detail in Section 2.2.5 -  

Detailed Description of the Scaled Compartment Experiments. 

 

1.6.5 Heat Transfer Analysis 

The requirements of conducting large scale experiments are numerous and the ability to conduct 

reduced scale experiments are of great advantage. Maintaining the appropriate ratios of modes of 

heat losses and transfer is important for the extrapolation and robustness of the method. The 

thermodynamics in the compartments were analysed to ensure the quantitative measurements 

such as temperature and heat flows were also scaled satisfactory. A simple one-dimensional heat 

transfer model through a solid governed by the heat diffusion equation derived from Fourier’s law 

and the conservation of energy, as described by Hidalgo [16], was used to determine the net heat 

flux through the solid boundaries of the enclosure. The conductive losses combined with the 

convective losses determined by doorway measurements enabled a non-dimensional global heat 

transfer analysis for cross-scale comparison. The heat transfer model is presented in Section 2.3 - 

Heat Transfer Analysis with the subsequent results presented in Chapter 3 alongside a comparison 

to experimental results from literature provided by Sørensen [133]. 
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1.7 Research Objectives 

The focus of this study was to assess the fire dynamics, measure the heat transfer and the fire 

growth in compartments constructed with steel-faced insulation panels when subjected to various 

design fires at different scales. In order to quantitatively assess the key parameters important to the 

fire growth of a compartment, the internal enclosure temperatures, the amount of energy 

emanating as hot air, heat released, smoke produced, and the heat conducted through the 

boundaries were measured. Fires are governed by physical relationships, chemical kinetics and heat 

transfer, therefore, the important and dominating physical relationships while having a simple main 

fuel source were scaled to examine the possibility of acquiring data at small scale and extrapolate it 

back up. The dimensions of the compartments and heat release of the fires were scaled rectilinearly 

and by maintaining the Froude number constant, respectively. The analyses of the important 

parameters were done to determine the viability of conducting the experiments at a smaller scale to 

reduce the operational difficulties and burdens that conducting large scale testing and experiments 

has. 

 

The objective of this research is to determine a suitable experimental setup and size for determining 

the performance of steel-faced insulation material used as compartment boundaries. This is done by 

analysing the critical parameters such as boundary and compartment temperatures, heat transfer 

and heat released. The different sizes of compartments also allowed for a comparison between the 

fire performance and the size of the compartment with respect to the scaling. 

 

1.8 Outline of the Thesis 

The thesis has four chapters, and starts with the Introduction, which includes the background for the 

thesis and sets up the problem definition, including the classifications used to determine the fire 

safety properties of sandwich panels by using standardised testing methods. The subsequent sub-

sections present the scaling theory behind the scaled compartment experiments and the heat 

transfer model used to compare the energy distribution in the compartment. The compartments 

used for the 1:5, 2:5, 1:2 and at full scale are presented in Chapter 2 as well as the smaller scale 

setups and findings. Chapter 3 presents all the findings of the compartment experiments and discuss 

the uncertainties and limitation of the methods used, with Section 3.2 presenting the results 

illustratively for a quick overview of the findings. Chapter 4 presents the conclusions, as well as the 

recommendations for future work.  
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2 Analysis Methods and Experimental Setups 

This chapter introduces the experimental setups and analysis methods used in order to determine 

the performance of the core materials, both individually and the products as a whole. The scaling 

theory behind the majority of the conducted experiments is presented in Section 2.1 Scaling 

Analysis, which includes the relationship between compartment size, HRR of the fire, and panel 

thickness. This chapter also presented the setup for the three small scale experiments in 2.2.1 - 

Small Scale Experiments and the compartment experiment setups which include: 2.2.3 - 

Compartment Experiments where the full scale compartment is presented, and: 2.2.5-  

Detailed Description of the Scaled Compartment Experiments with the experimental setup of the 

compartments scaled as 1:5, 2:5, 1:2 of the full scale compartment. Finally, a versatile non-

dimensional heat transfer model used for analysing the distribution of energy to the enclosure 

boundaries during the compartment fires is presented at the end in Section 2.3 Heat Transfer 

Analysis. 

 

2.1 Scaling Analysis 

The scaling of any fire, which governed by complex physical- as well as chemical process, is 

challenging as it is virtually impossible to maintain all material and ratios identical across all scales. 

While the material properties such as the density and conductivity are easily transferable, the total 

mass of the panels scales to the power of two while the volume of the compartment to the power of 

three. The non-dimensional numbers such as the Reynolds and Froude numbers with respect to the 

flow velocity scale linearly and to the power of two. A fire in a compartment adds to the complexity 

as other effects such as the boundary layers and the build-up of a hot gas layer can become a factor 

to consider. The latter will play a dominating role if the gas layer heats up while having a high 

emissivity caused by a high soot concentrations and as the radiation increase the risk of 

compartment failure likewise increase. The downscaling of compartment fire tests allows for a safer 

and faster execution and it is therefore feasible to conduct several and not a single test. Conducting 

several experiments or tests the applicability, limitations and robustness of a product can be studied 

and is therefore very attractive and if not for regulatory and classification purposes then surely for 

research and development. Several scaling laws exist throughout the literature, but the Froude, 

pressure and analogue scaling methods are commonly used in fire research as they scale the 

important parameters relevant to fires.  
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The analogue scaling is, as the Froude scaling, based on preserving the Froude number by using 

liquids with different densities to simulate the ratio between the hot and cold gases in a fire. The 

advantage of this method, besides preserving the Froude number, is the ease of likewise preserving 

the Reynolds number if the flow is high enough to be turbulent. The disadvantage of this method is 

that the choice of liquids is based on maintaining the ratio between densities across scales, which 

often means scaling a fully developed fire as the ratio remains constant. This problem can, however, 

be overcome by changing the gases over time, adjusting for the change in temperature and densities 

between the mimicked hot and cold gases. However, the scaling method does not involve a fire, 

which for this research is paramount as the involvement of the panels and fire growth is essential 

data. The pressure scaling allows for the preservation of both the Froude and Reynolds numbers 

across all regimes which is important for fires inducing laminar flow fields. The pressure scaling, 

however, is demanding from an experimental point of view, as the entire compartment would need 

to be inside a pressurised vessel throughout the duration. If the HRR is to be measured by means of 

oxygen calorimetry a flow through the analysing equipment is furthermore required and with a 

reduction in the geometrical length to 0.4 an increase to four times the atmospheric pressure 

(L3P2=constant [134]) is required, and thus making the setup process cumbersome. The Froude 

scaling is able to maintain the ratio between the inertial and gravitational forces and with high 

enough fuel mass flows and fire size the Reynolds number should also be preserved as the flow is 

turbulent. 

 

A partial scaling method was used preserving the Froude number, Fr, and the non-dimensional heat 

release rate, �̇�∗, across all the scales. This method has previously been used for free burning wood 

crib fires [135] as well as compartment fires [136](cross-reference from [137]) with good results. 

However, it is also important to acknowledge that this method of scaling downplays the importance 

of other, potentially important, relationships such as the Reynolds number and radiative 

contribution. For pre-flashover fires the radiation from the gas layer is of negligible magnitude while 

exact magnitude of the Reynolds number is not of importance with turbulent flow fields. When 

radiation becomes important, the fire is so developed that the dynamics causing it already has 

played its role. Therefore, when radiation is ignored in the Froude Scaling, the duration and 

potentially the magnitude of the fully developed compartment fire is questionable. The basic non-

dimensional heat release rate of the gas burners in the current study was 7.95, making it behave as a 

pool fire rather than a jet flame. The values were then multiplied with the integers 1, 3, 4 and 6 for 

various fire scenarios, and for the full scale experiments this translates to 100 kW, 300 kW, 400 kW 
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and 600 kW, respectively. At full scale each value would be kept for a duration of 10 min, as 

explained in more detail in Section 2.1 and Table 2.12.  

 

The non-dimensional Froude (Fr) number, which is a measure of the inertial forces with respect to 

gravity, as pointed out by Drysdale [138], is shown in Eq. 2.1 , where u is the velocity of the fluid, this 

is assumed to always be air, D is the length of the source of the flow, i.e. the sides of the square gas 

burner, and g is the gravitational constant.  

 

Fr2 =
inertia forces

gravity forces
=
𝑢2

𝐷 ⋅ 𝑔
 2.1 

 

All of the three mentioned scaling methods are a result of rewriting the governing conservation 

equations (mass, momentum, energy, radiation, species, state, solid energy) into 28 independent 

and dimensionless groups [139] (from [137]), 𝜋1 to 𝜋28. It is not possible to preserve all 28 groups, 

and a partial scaling is therefore needed. Williams [139] derived all the groups and Heskestad [140] 

and Quintiere [137] presented key assumptions focusing on fire dynamics such as ignoring the 

preservation of the Reynolds number, the radiation and conductive groups. The preservation of the 

Reynolds number is of minor importance as long as the flow is turbulent, the radiative group is 

ignored as the design fires are not fully developed fire while the conduction in air is very low. 

Additionally, the Boussinesq approximation is applied for the conservation of momentum equation. 

This is also done for the ideal (weak) plume theory and the density of the gas only is important with 

respect to the buoyancy and otherwise can be assumed equal to the ambient environment which 

increase in validity as the distance to the fire source increases. By keeping the dimensionless group 

with the Froude number constant, the heat release rate can be transformed to the universal non-

dimensional heat release rate, shown in Eq. 2.2. 

 

�̇�∗ =
(�̇�′′′) ⋅ 𝐷

𝑢 ⋅ 𝜌∞ ⋅ cp,∞ ⋅ 𝑇∞
=

�̇�

𝐷5/2 ⋅ 𝜌∞ ⋅ cp,∞ ⋅ 𝑇∞ ⋅ √𝑔
 2.2 
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Where the area of the fire source, A, is assumed to be a square with the lengths D, 𝜌∞, cp,∞, and 𝑇∞ 

are the density, specific heat capacity and temperature of the ambient environment, respectively. 

 

The thickness of the PIR panels differed and the experiments with the 6 cm thick panels were scaled 

with respect to time, as done by [137, 141, 135] and seen in Eq. 2.3. This means the burning 

durations were shorter for the 6 cm compared to the 10 cm thick panels by a factor 77.5% 

corresponding to a reduction from 600 s periods to periods of 465 s.  

 

𝑡2 = 𝑡1 ⋅ (
𝑡2
𝑡1
)
0.5

 2.3 

 

Maintaining the same Froude number for the burners across the scales used for the performed 

experiments will then have the same temperature along their relative vertical centre axis and the 

non-dimensional HRR will also remain identical for the scales. If the ambient conditions are kept the 

same, the relationship between Fr1 and Fr2 becomes a ratio between the HRR and length, as seen in 

Eq. 2.4.  

 

�̇�1

𝐷1
5/2
⋅ 𝜌 ⋅ cp ⋅ 𝑇 ⋅ √𝑔

=
�̇�2

𝐷2
5/2
⋅ 𝜌 ⋅ cp ⋅ 𝑇 ⋅ √𝑔

 2.4 

  

�̇�1

𝐷1
5/2
=
�̇�2

𝐷2
5/2

 2.5 

 

This means the scaled HRR will be proportional to its length ratio to the power of 5/2 multiplied by 

the non-scaled HRR, as all other parameters are close to constant across the two experiments, which 

was ensured by conducting the experiments under controlled ambient conditions.  
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2.1.1 Examples of the use of Froude scaling in literature 

The relationship between the HRR and the length is also used in the plume correlations proposed by 

McCaffrey [142] and Heskestad [143] to predict the mass flow of the plume and temperature along 

the vertical centre axis, respectively, useful for smoke management designs. Both correlate the 

effect of the fire, �̇�, to a height of interest, z, as part of their plume correlations. The temperature 

correlation by McCaffrey was for a buoyant plume split into three distinctive regions based on the 

HRR of the fire. The intermittent plume region, and where the tip of the flame ends, was quantified, 

as expressed in Eq. 2.6, for all three regions shown in Figure 2.1. 

 

𝑇(𝑧) = 𝑇∞ ⋅ (1 + (
𝜅

0.9 ⋅ √2 ⋅ 𝑔
)

2

⋅ (
𝑧

�̇�2/5 
)

2⋅𝜂−1

) 2.6 

 

Where T(z) is the temperature at height z above the fire source and 𝜅 and 𝜂 are experimentally 

obtained constants unique to each of the three regions of interest. For the continuous region and 

intermittent regions the constants 𝜅 and 𝜂 are 0.5, 6.8 m1/2/s and 0, 1.9 m/(kW1/5s), respectively. The 

plume region is not of interest as the ceiling of the compartment will prevent the plume from rising 

far enough above the fire.  

 

 
Figure 2.1: The temperature along the centreline of a fire as a function of the distance from the 
source divided by the HRR to the power of 2/5 according to McCaffrey’s plume correlation. 
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The three regions defined by McCaffrey splits the flame into 0%-21%, 21%-53% and higher than 53% 

of the height of the compartment for the first burner step, as seen in Table 2.1, whereas the third 

step would cause the intermittent region (flame tip) to impinge the ceiling above the burner. 

 

 

Table 2.1: The flame height for the intermittent and continuous 
regions for two scales: 1:1 and 1:5, with a relative height for 
reference. 

  
1:1 1:5 z/H 

  
(m) (m) (%) 

Step 1 �̇�1
∗ = 8 

   Intermittent flame 0.50 0.10 21 

Continuous flame 1.26 0.25 53 

Step 2 �̇�2
∗ = 3 ⋅ �̇�1

∗ 

   Intermittent flame 0.78 0.16 33 

Continuous flame 1.96 0.39 82 

Step 3 �̇�2
∗ = 6 ⋅ �̇�1

∗ 

   Intermittent flame 1.03 0.21 43 

Continuous flame 2.58 0.52 108 
 

McCaffrey et al. [144] correlated the compartment temperature over a range of fuels and 

compartment sizes with a least-square method to the HRR, as seen in Eq. 2.7. Rewriting the 

equation to solve for the HRR shows how it scales with the geometrical length to the power of 9/4 

and not 10/4 as the Froude scaling does. The scaling of this compartment temperature is, however, 

scaled with respect to the ventilations controlled conditions, e.g. the availability of oxygen, and the 

compartment openings are therefore also scaled. The compartment temperatures used for the 

correlations ranged from as low as 20 °C to 550 °C but the upper limit is reported as extendable 

[145]. However, care should be taken if the compartment becomes ventilation controlled as all the 

energy is no longer released within the enclosure. 

 

𝑇g = 𝑇∞ + 𝐶 ⋅ 6.85 ⋅ (
�̇�2

𝐴0√𝐻0𝐴𝑇 ⋅ ℎ𝑘
)

1/3

 2.7 
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Here C is a correction factor for the locations of the fire (1.7 for corners, 1.3 for walls and 1 if none 

of above), AT is the total surface area where heat is conducted through and hk is the effective heat 

transfer coefficient and a function of the square-root of the thermal inertia (kρc) divided by the 

time.  

 

The compartment experiments were constructed out of sandwich panels and geometrically scaled 

so all the dimensions were therefore a function of a single length, X. Changing the length-related 

constants in Eq. 2.7 to a function of a single length, X, as seen in Eq. 2.8, simplifies the expression. 

Isolating the HRR, �̇�, provides an estimate of the limiting HRR where the compartments flashes over, 

and as a result transition from being fuel controlled to being ventilation controlled. 

 

Q̇ = 𝐶−3/2 ⋅ 0.07 ⋅ √𝑋9/4 ⋅ ℎ𝑘 ⋅ Δ𝑇
3/2  2.8 

 

Here Δ𝑇 is the increase in temperature (𝑇𝑔 − 𝑇∞) and 𝑇𝑔 often assumed to be between 500 °C and 

600 °C. Equation 2.8 suggests that an increasing C reduces the required HRR needed to cause the 

transition. McCaffrey et al. empirically determined C as 1.7 and 1.0 for corner and centre burner 

locations, respectively, which significantly decreases the limit of Q̇ (by 55%). 

 

2.2 Experimental Methods 

2.2.1 Small Scale Experiments 

The complete heat of combustion was determined as described in EN ISO 1716 Gross calorific value 

test while the STA experiments were carried out according to ISO 11358-1, Thermogravimetric (TG) 

of Polymers – Part 1: General principles [146].  

 

2.2.1.1 Thermographic Analyses and Differential Scanning Calorimetry 

Three different materials were studied in a Jupiter® 449 F3 STA from Netzsch [147], two polymeric 

cores: one PIR and one PUR, and one stone wool core. A balance between the experimental duration 

and the sample size is always required when doing experiments where transient heat transfer is 

involved. Ideally the duration should be as short as possible without compromising the accuracy by 
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having the heating rate higher than the time for the entire sample to be in thermal equilibrium. The 

samples were prepared by cutting them with a sterilised scalpel while hold the sample suspended in 

mid-air and at least 1 mg was removed and loosely packed in an open Al2O3 crucible. The exact initial 

and final mass of each sample can be seen in Table 3.1. The heating rate was fixed at 10 K/min to 

increase the resolution of the data [148] as a higher heating rate can make the identification of 

reactions and corresponding temperatures harder. The samples were heated from ambient 

temperature at 28 °C to 1050 °C in a flow of nitrogen. This temperature range was chosen as 

previous compartment experiments conducted in full and 1:5 scale had temperatures within this 

range [149, 150]. The PIR and SW core were studied further in an atmosphere of air in a Perkin 

Elmer STA 6000 [151], also with a heating rate of 10 K/min, although from 30 °C to 950 °C due to the 

temperature limitation of the Perkin Elmer STA 6000. 

 

2.2.1.2 Mass loss cone and in-depth temperature measurements 

The cone calorimeter, standardised under the ISO 5660:1 [60], NFPA 271 [152] and ASTM E1354 

[153], is often used by researchers to investigate the response of a material under a known heat flux 

[154, 155, 156, 157]. Measurements of the combustion gases (O2, CO2, CO) as well as the smoke 

obscuration and production can enable the calculation of the soot yield of a product when combined 

with the mass loss rate (MLR). The experiments were conducted in a mass loss cone (shown in Figure 

2.2) with five 0.25 mm thick type-K thermocouples inserted into pre-made holes in the sample with 

one thermocouple placed on the surface in a pre-stressed state that ensured contact throughout the 

exposure. An ignition source in form of a spark plug was rotated on top of the specimens, as seen in 

Figure 2.2, to facilitate the ignition of combustible gases released by the specimens during the 

heating process. The incident heat fluxes of 10 kW/m2, 20 kW/m2, 30 kW/m2, 40 kW/m2, 50 kW/m2 

and 70 kW/m2 to the samples was provided by a standard mass loss calorimeter from Fire Testing 

Technology Ltd. [158]. The studied samples measured 0.105 m x 0.105 m x 0.05 m ±0.002 m in 

width, length and thickness, respectively, and the cores studied were the PIR and the SW. 
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Figure 2.2: Schematic of experimental setup including the conical heater, the 
spark plug and the location of the thermocouples in a sample in a mass loss 
cone setup. Inspired by [159, 160]. 

 

Extrapolating the cone calorimeter results to compartment experiments is difficult, because some of 

the assumptions are too crude for sandwich panels [64]. More specifically, this is due to the fact that 

the results are too closely linked to the conditions of the experimental method and separated from 

the boundary conditions of the setup. As the experiments, however, are not used to classify 

products but to understand their behaviour during elevated temperatures the addition of in-depth 

thermocouples and the load scale provided experimental data of value. On average, the SW and PIR 

samples had an initial core mass of 90 g and 44 g, respectively, as seen in Appendix – Additional 

Mass Loss Cone Graphs. A rig was built with five straight 5 cm long stainless steel pikes to ensure 

approximately identical thermocouple location for all the samples.  

 

2.2.1.3 Gross calorific content  

The calorific content of building materials, as seen in Eq. 2.9, is a key parameter in the design fire 

process and three samples of each of the cores: SW, PIR and PUR were studied in an IKA C200 bomb 

calorimeter apparatus [161]. The temperature increase is used in the following expression to 

calculate the heat of combustion of the studied material: 

 

Δ𝐻𝑐 =
𝐶 ⋅ Δ𝑇 − 𝑄

𝑚
 2.9 

 

Surface
5 mm

10 mm
15 mm
20 mm

30 mm

x
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where ΔHc is the complete heat of combustion, m is the mass of the sample, C is the calibrated 

vessel conversion coefficient, ΔT is the change in vessel temperature from ignition to finish and Q is 

the known added fuel i.e. the ignition thread. Additional fuel, in form of a benzoic tablet with known 

calorific content, was used to facilitate a continuous combustion in the vessel for the SW samples, as 

their low calorific value was insufficient to support a combustion and enabling a measurable 

quantity on its own. 

 

2.2.2 Fire Scenarios and Burner Outputs 

A compartment fire normally has an incipient phase followed by a growing phase that generates 

smoke. If the smoke is produced faster than it is flowing out through openings and leakages a smoke 

layer builds up within the compartment. Depending on the intensity of the fire the smoke layer 

increase in temperature and will eventually so hot it causes all other fuels within sight to ignite via 

radiation. This can lead to a flashover- and often a steady burning phase while the fuel is consumed 

and eventually decays, as seen in Figure 2.3 for two scenarios. There is, however, also a dependency 

on the ventilation conditions [162] as large opening in the upper half of the compartment will allow 

for hot gases to exit, which can prevent a thermal runaway (flashover), while openings in the lower 

half of the compartment will provide openings for oxygen to sustain any combustion processes 

taking place.  

 

In order to study the contribution of the core of the panels and the material behaviour, a growing 

design fire scenario with an incipient and growth phase inspired by the ISO/EN 9705 and ISO 13874-

1 and -2 [163] was chosen. The prescribed burner intensities in the ISO/EN 9705 and ISO 13784-1 

standards are 100 kW for 10 minutes, followed by 300 kW for another 10 minutes, and for the ISO 

13874-2 in durations of 5 min with an additional final step of 600 kW also with a 5 min duration. 

Herein, the burner settings for the first 20 min served as the baseline intensity and was abbreviated 

as “1_3” whereas several other experiments, matching previous studied intensities [149, 150, 133], 

were abbreviated as 1_3_6 indicating an additional burner step of 600 kW for 10 min. The naming is 

universal across the scales to indicate the fire scenario being scaled and as such “1_3_6”, according 

to the scaling theory, as seen in 2.1 - Scaling Analysis and Eq. 2.5, translates to 1.79 kW for 10 min 

followed by 5.37 kW for 10 min finished off with 10.74 kW for 10 min for the 1:5 scale experiments.  
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Figure 2.3: Two possible enclosure fire developments with respect to temperature or HRR as a function of time. 

 

The various steps represents various fires and if the studied compartment exhibited signs of a 

thermal runaway or integrity failure the gas burner was turned off for safety reasons. The 

terminated burner intensity is, however, still included in the naming to indicate the input required 

for the failure to occur. The HRR curve for a “1_3_6” fire running its full duration at various scales is 

presented in Figure 2.4. This fire scenario was used for eight 1:5 scale experiments, one 2:5 scale, 

one 1:2 scale as well as two full scale from literature [149]. The two experiments from literature 

were conducted with the same SW and PIR cored panels as used in the work herein, just from a 

different batch, but with the same classifications.  

 

The geometry and ventilation opening of the compartments in this study favours a change from a 

fuel-surface-controlled compartment fire to a ventilation controlled fire. There are differences in the 

fire dynamics between a close to cubical and long or very tall compartments. These differences were 

great enough for Thomas et al. [164] and Harmathy [165] to separate the dynamics into two 

distinguished categories. Thomas et al. preferred labelling them as Regime I and Regime II whereas 

Harmathy used the terms ventilation controlled and fuel-surface-controlled but essentially refers to 

the same concepts. A compartment with sufficiently small openings allowing for the smoke to fill the 

compartment falls under Regime I and the ventilation controlled category. The second category, 

where the smoke can leave the compartment and the combustion is governed by the fuel rather 

than the availability of oxygen is Regime II and fuel-surface controlled. The compartments with a fire 

determined by the fuel-surface was found to be a less severe scenario as the temperature were 

lower as well as the burning duration shorter, as pointed out by Harmathy [165].This regime can, 

however, only occur if the panels contribute with a significant amount of energy, because, as 

Temperature / HRR

Time
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mentioned, the HRR of the gas burner alone was designed to be insufficient to cause the transition 

to ventilation controlled conditions. Wood cribs are frequently used in fire testing [110, 91, 119] and 

are able to distribute the energy out over a large surface area. As the compartment tests use a gas 

burner at full scale this was likewise done for the scaled compartments experiments as would be 

safer, easier to control and repeatable. The design fires for the experiment was based on the 

methodology implemented in the standard compartment fire tests i.e. ISO 9705 and EN 13784-1 

(100 kW for 10 min followed by 300 kW for 10 min). The HRR from the burners was scaled by using 

the Froude number which have shown great potential for both free burning wood crib fires [135] 

and enclosure fires [136](from [137]). The gas burner was turned off once the compartments 

became ventilation controlled and the fire was only sustained by the combustion of the core 

material.  

 

 
Figure 2.4: The HRR curve for the “1_3_6” fire scenarios for various scales with respect to the 
burner steps. 

 

Herein, the thermal runaway was identified by either a rapid increase in the measured HRR, uniform 

compartment temperature or external flames through the doorway indicating under ventilated 

conditions (external flames often occurred other places than through the doorway but always after 

the thermal runaway took place).  

 

2.2.3 Compartment Experiments 

Compartments in four different sizes were assembled to study the behaviour of compartments 

constructed with steel-faced sandwich panels with PIR, PUR and SW thermal insulation cores. The 
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internal geometry of the compartments was scaled linearly in the scales: 1:5, 2:5, 1:2 of the full scale 

compartment. The full scale compartment measures 2.4 m x 3.6 m x 2.4 m in width, length and 

height, respectively, with a 2 m high and 0.8 m wide doorway placed in the middle of a short side, as 

seen in Figure 2.5 and Table 2.2, just as in the ISO 9705 and ISO 13784-1 tests. Rivets could have 

been used as part of the mounting for the classification of the sandwich panel, but as this was not 

disclosed in the documentation, it was treated as an unknown. The compartment experiments were 

conducted without rivets along the joints to provide additional fixation beyond the friction caused 

by the mounting. As panels in their end-use often have flashings along their edges they were also 

installed herein by fastening the various 2 mm thick flashings with 25 mm long and 4 mm thick 

stainless steel screws. L-profiles measuring 2.5 cm by 2.5 cm were fastened internally every X/4 

along all ceiling and wall edges. Externally, 15 cm by 5 cm L-profiles were fastened along the ceiling 

and walls with Y/5 intervals and along the door frame the exposed core was protected by 10 cm by 

2.5 cm U-profiles fastened every X/5. The flashings served as a method of keeping the panels in 

place, as they restricted longitudinal expansion and limited the possibility of panel deflection. As the 

experimental setup herein is very different from that in the standard tests the behaviour of the 

panels could be different depending on their robustness. 

 

 

 
 
 

Table 2.2: X and Y 
dimension for all the 
compartment scales. 

Scale X Y=1.5X 
 (m) (m) 

1:1 2.40 3.60 
1:2 1.20 1.80 
2:5 0.96 1.44 
1:5 0.48 0.72 

 

Figure 2.5: Schematic of the constructed compartments without 
internal- or external flashings or joints. 

 

 

As a natural consequence of the different sized compartments comparisons across scales will be 

made with respect to relative coordinates and distances, e.g. 80% of the compartment height, but 

with scalar measurements such as temperature.  

X
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For the 1:5 scale compartments, two different instrumentation setups were used:  

 The first series was conducted to measure the one-dimensional thermal penetration 

through the walls, the influence of the thickness of the panels and the effect of having joints 

mid-span. A total of 14 experiments were conducted: four with SW, 10 with PIR of which six 

with 10 cm panels and the remaining four with 6 cm panels and summarized in Table 2.11. 

 The second series was conducted to determine the net heat flux through the compartment 

boundaries and the effects of the thickness was re-visited. 

 

Both experimental configurations will be explained in further detail in Section 2.2.5.3 1:5 

compartment setup. The larger scales, such as the 2:5, 1:2 and 1:1 were mounted with the same 

thermocouple configuration as the second 1:5 scale series. The panels used were delivered in 

standard sizes and cut on site in the dimensions required for the specific scales. All the experiments 

excluding the full scale experiments (E29 and E30, see Section 2.2.3 and Table 2.12) were conducted 

with panels from the same batches of SW, PIR (both 10 cm and 6 cm), respectively. The full scale 

experiments with PIR and SW were conducted with the same types of panels as the scaled 

experiments but with a different production date. The compartments were constructed such that 

the front and end panels were X by X in width and height, respectively, as seen in Figure 2.5 and 

Table 2.2, whereas the sides were X in height and Y plus two times the thickness of the panels long 

to overlap the end and front walls. The ceiling rested on the walls thus overlapping and measured X 

+ 2 ⋅ t by Y + 2 ⋅ t, where t is the thickness of the panel. This system for assembling the 

compartments was used for all the 1:5 scale experiments. A 2.20 cm thick non-combustible 

FireFree® ScandiBoard 850 [166] calcium silicate board designed for protecting steel members from 

elevated temperatures was used as the base for all the scaled experiments providing a stable and 

inert floor for the panels to rest on. In the full scale experiments the plates inside the compartment 

rested on a concrete floor. The joints in the 1:5 scale experiments were placed so there was one in 

middle of all the walls and ceiling. These joints were placed in the centre line of the X, Y and Y plane 

for the front and backsides, long sides, and ceiling, respectively, as seen in Figure 2.13b) on page 60. 

This was the same way the joints in the other scales were also oriented, however, with more than 1 

joint due to the size of the compartments, seen for 2:5, 1:2 and 1:1 in Figure 2.15 b), c) and d) 

respectively, on page 63. This prevented the joint in the front above the doorway to align with the 

joint(s) in the ceiling all the way through to the backside wall. 
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The compartments were equipped with various sized sandbox gas burners linearly scaled with 

respect to the burner used for the ISO 9705 and 13784-1 compartment tests, which measures 0.17 

m x 0.17 m with its opening being 0.20 m from the floor, as seen in Figure 1.16. The internal width of 

the burners were 0.034 m, 0.064 m, 0.086 m (1 mm excess) for the 1:5, 2:5 and 1:2 scales, 

respectively, and seen in Figure 2.6 a) for the 1:5 scale and Figure 2.6 b) for the full scale. The design 

of the burners for the 2:5 and 1:2 scales were scaled linearly in all dimensions with respect to the 

design of the 1:5 scale burner, except for the thickness of the steel, which was constant. The flanges 

allowed for the burners to be fitted through the floor plates in their respective 1:5, 2:5 and 1:2 scale 

compartments. The gas to the full scale burner was flowing in a pipe penetrating the side wall of the 

compartment, rather than being supplied through the floor as was the case for the scaled 

compartments. As a result, the full scale gas burner did not have flanges, as it was resting on four 

legs to ensure the height of the top of the opening of the gas burner was correct. 

 

  
a) b) 

Figure 2.6: Gas burners used for a) the 1:5 scale experiments and b) for the full scale experiments. Note that the two 
figures have different scales, so see the given size measurements. 

 

The gas burners for the 1:5, 2:5 and 1:2 scale experiments were placed as close to the corner as the 

flanges of the respective burners allowed to. This resulted in a slight off-set from the walls, which 

was undesired, but was also the case in the full scale experiments as the column of the internal 

frame prevented the burner from getting closer to the walls than the thickness of the frame 

members (5 cm). The flow of gas to the gas burners was regulated and controlled by mass flow 

meters. The 1:5 and 2:5 scale experiments were conducted with Kosan Propane (>90% propane 

(C3H8), <10% butane (C4H10) and <<1% other) [167] while the fuel for the experiments at 1:2 and full 

scale was >95% propane. The complete heat of combustion for the fuels is 45.83 MJ/kg and 46.45 
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MJ/kg, respectively [168]. The differences between these two gases were considered negligible for 

the comparisons and analysis throughout this work. The fire from the gas burner was a diffusion 

flame as the fuel was not mixed with air prior to reaching the flame front. 

 

All the compartment experiments were conducted under an exhaust hood O2, CO2, CO and gas 

temperature were measured. The three measured species were used to calculate the HRR, pHRR 

and time to the thermal runaway in the compartment, which was characterised by a rapid change in 

the slope of the HRR. The total HRR from the burner and compartment was estimated by oxygen 

consumption calorimetry using the following expression by Janssens [169], as seen in Eq. 2.10.  

 

�̇� = [𝐸𝜙 − (𝐸𝐶𝑂 − 𝐸) ⋅
1 − 𝜙

2

𝑋𝐶𝑂
𝐴

𝑋𝑂2
𝐴  ] ⋅

�̇�𝑒
1 + 𝜙(𝛼 − 1)

𝑀𝑂2
𝑀𝑎

(1 − 𝑋𝐻2𝑂
𝑜 ) ⋅ 𝑋𝑂2

𝑜  2.10 

 

where �̇� is the HRR, 𝐸 is the energy content per kg of oxygen consumed, 𝜙 is the oxygen depletion 

factor, 𝐸𝐶𝑂 is the energy content per kg of CO produced, 𝑋𝐶𝑂
𝐴  is the actual measured CO 

concentration in the duct, 𝑋𝑂2
𝐴  is the actual measured O2 concentration in the duct, �̇�𝑒 is the mass 

flow, 𝛼 is set for 1.105 as recommended by Janssens for large hoods and flows, 𝑀𝑂2is the molar 

mass of O2, 𝑀𝑎 is the molar mass of the ambient air, 𝑋𝐻2𝑂
𝑜  is the fraction of water in the ambient air 

and 𝑋𝑂2
𝑜  is the fraction of O2 in the ambient air.  

 

The use of oxygen consumption to determine the heat released for unknown fuels is based on the 

stoichiometric reaction schemes for liquids and gases [170] and solids [171]. The average value of E 

for these common fuels was found to be 13.1 MJ/kgO2 with a ± 5% deviation. Nevertheless, it is 

considered valid for a wide range of hydrocarbon fuels such as e.g. methane (g) or benzene (l), it is, 

albeit, just an average value.  

 

The full scale experiments were conducted using an internal frame, as also described in the ISO 

13784-1 and seen in Figure 1.16. The two compartments studied at full scale were constructed with 

panels with a core of PIR or with SW, as seen in Table 2.3. The internal steel frame was constructed 

with U-shaped stainless steel profiles measuring 100 mm x 50 mm x 8 mm in height, width and 

thickness, respectively, which protected the internal corners and edges. 1.5 mm thick stainless steel 

L-shaped flashings measuring 150 mm x 50 mm with a white coating were fastened along the 
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external edges and U-profile flashings were fastened around the edges in the doorway. All the 

thermocouples used, both the internal and external, were 2 mm thick stainless sheeted steel of the 

type K. The thermocouples in the centrally located thermocouple tree and the ones placed within 

the walls measured at the same relative coordinates as for the 1:2 scale experiments, as shown in 

Figure 2.7 and Figure 2.10 a) and b), respectively. The thermocouples in the walls were placed evenly 

amongst the walls and ceiling in a 0.6 m x 0.6 m grid (except for the front) and 0.3 m from the 

internal edges to other walls, ceiling and floor, as seen in Figure 2.8. Additionally, two clusters of six 

thermocouples were mounted in the middle of the two walls closest to the burner to measure the 

in-depth temperature to track the thermal penetration. The pressure probes in the doorway with 

attached thermocouples were placed in the top half of the doorway, as seen in Figure 2.9, to 

increase the number of measurements of the gas leaving the compartments. This was done to 

improve the accuracy of the calculation of the energy leaving the compartments.  

 

  
a) b) 

Figure 2.7: a) In-depth thermocouple location in a core sample t thick and b) Thermocouple distribution along the height 
of the compartment. 
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Figure 2.8: The placement of thermocouples measuring the temperature of the internal steel sheet. 

 

  
a) b)* 

Figure 2.9: a) Placement of the pressure probes with thermocouples along the height of the door and b) Picture of 
the 1:1 scale SW compartment (E30) post experiment with the back wall and ceiling still attached.  
*the brigtness and contrast have been changed by +40% and -40 %, respectively.  

 

Table 2.3: Experimental matrix for the full scale compartment experiments. 

Experiment 
number Scale 

Core 
type Thickness 

Burner 
location 

Equivalent 
burner input a 

Actual rounded 
burner input b Joints 

In-depth 
TCs 

  
       

(-) (-) (-) (m) (-) (kW) (kW) (-) (-) 

E29 1:1 PIR  0.10  Corner 1_3 100_300 Yes 
 

1  

E30 1:1 SW  0.10  Corner ½_2_2 50_200_200 Yes  1  
a. The “Equivalent burner input” refers to the full scale input in hundreds for segments of 10 min for 10 cm thick panels 
or 7 min 45 s for 6 cm panels e.g. 1_3_3 refers to 100 kW for 10 min and 300 kW for 20 min at full scale for a 10 cm thick 
panel. 
b. “The actual rounded burner input” is the burner input rounded to the nearest kW in segments of 10 min for 10 cm 
thick panels or 7 min 45 s for 6 cm panels for the experiment.  
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2.2.4 Summary of Conducted Experiments 

Two polymeric cores and a single stone wool are studied in various experimental set-ups. The 

experiments are separated into two larger sections, the small scale experiments and the 

compartment experiments. The three types of insulation material have all been studied under the 

STA and the SW was on top of all the scales of the compartment experiments studied under the 

cone calorimeter. The overall experimental matrix can be seen in Table 2.4 and the specific ones for 

the Cone, STA, bomb and the compartment experiments in Table 2.5 to Table 2.8, respectively. 

 

 

 

 
 
 

Table 2.4: Overall experimental matrix for all the studied materials with respect to experimental-setups. 
 Small scale experiments Compartment experiments 
  Scaled compartment Full scale 

 Cone STA Bomb 1:5 2:5 1:2 1:1 
SW X X X X X X X 
PIR X X X X  X X 
PUR  X X X    

Table 2.5: Experimental matrix for the mass loss cone conducted both with and without protective steel sheet. 
 10 kW/m2 20 kW/m2 30 kW/m2 40 kW/m2 50 kW/m2 70 kW/m2 

PIR X X X X X X 
SW X X X X X X 

Table 2.6: Experimental matrix for the STA.   Table 2.7: Experimental matrix 
for the bomb calorimeter. 

 

 Air Nitrogen    
SW X X   SW X  
PIR X X   PIR X  
PUR  X   PUR X  

Table 2.8: Experimental matrix for the compartment experiments 
 In-depth 

thermocouples 
Surface 

thermocouples 
Surface thermocouples 

 Joint No joints Joints No Joints Joints Joints Joints 

 1:5 1:5 1:5 1:5 2:5 1:2 1:1 

SW X X X X X X X 
PIR X X X X  X X 
PUR    X    
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2.2.5 Detailed Description of the Scaled Compartment Experiments 

2.2.5.1 1:2 Compartment Setup 

The compartments in the 1:2 scale experiments like the 2:5 scale was placed in a top-open frame of 

aluminium struts resting with partial coverage of flashings supporting the compartment, as seen in 

Figure 2.10 a) with white solid and dashed circles, respectively. Three experiments were conducted 

at this scale of which two with PIR and one with SW (E26, E27 and E28, respectively, see Table 2.9). 

The flashings were covering the edges closes to the burner to provide the maximum strength to 

resist deflections and rotational movement while the edges in the doorway were completely 

covered which unfortunately left some edges exposed. The compartment was fitted with a 

thermocouple tree inside the compartment and in the walls, as seen in Figure 2.10 b) and Figure 2.8, 

respectively. All the thermocouples used, both the internal and external, were 2 mm thick stainless 

sheeted steel of the type K. Additionally, two clusters of six thermocouples were mounted in the 

middle of the two walls closest to the burner to measure the in-depth temperature and to track the 

thermal penetration.  

 

  
a) b) 

Figure 2.10: a) Picture taken from the backside of the compartment for E27 with 10 cm thick PIR panels prior to the 
experiment and b) Thermocouple distribution along the height of the compartment. 
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Table 2.9: Experimental matrix for the 1:2 scale compartment experiments  

Experiment 
number Scale 

Core 
type Thickness 

Burner 
location 

Equivalent 
burner input a 

Actual rounded 
burner input b Joints 

In-depth 
TCs 

(-) (-) (-) (m) (-) (kW) (kW) (-) (-) 

E26 1:2 PIR  0.06  Corner 1_2 17_34 Yes 
 

1  

E27 1:2 PIR  0.10  Corner 3_3 53_53 Yes  1  

E28 1:2 SW  0.10  Corner 1_3_6 17_53_106 Yes  1  
a. The “Equivalent burner input” refers to the full scale input in hundreds for segments of 10 min for 10 cm thick panels or 
7 min 45 s for 6 cm panels e.g. 1_3_3 refers to 100 kW for 10 min and 300 kW for 20 min at full scale for a 10 cm thick 
panel. 
b. “The actual rounded burner input” is the burner input rounded to the nearest kW in segments of 10 min for 10 cm thick 
panels or 7 min 45 s for 6 cm panels for the experiment.  

 

2.2.5.2 2:5 compartment setup 

An intermediate scale between the smallest, half and full sized compartment experiments were 

conducted at 2:5 scale (E25, Table 2.10). The compartment was constructed with panels with a core 

of SW with holes drilled to fit the thermocouples measuring the internal temperature of the surface 

and a thermocouple tree placed in the centre of the compartment measuring at four different 

heights, as seen in Figure 2.11 a). The compartment was constructed with SW panels and had the 

same thermocouple configuration for measuring the internal steel boundary and thermocouple 

three as the second series of the 1:5 scale compartments. The pressure probes and thermocouples 

in the door opening were skewed towards the top of the opening as the measurements in the smoke 

layer were prioritised over the air flowing into the compartment, as seen in Figure 2.11 b). 

 

  
a) b) 

Figure 2.11: a) Thermocouples along the height of the compartment in the centre of the 
compartment, and b) Pressure probes and thermocouples along the height of the doorway. 
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The small scale compartments were placed in a stainless steel frame, as seen in Figure 2.13 d), which 

was not possible for this compartment being twice the size in all dimensions and eightfold the 

internal volume. It was, therefore, confined in a top-open frame constructed out of 45 mm x 45 mm 

Bosch Rexroth strut profiles in aluminium similar to the 1:2 scale setup, as seen Figure 2.10 a). 

Furthermore, all the external edges were covered by 2 mm thick and measuring 150 mm by 50 mm 

L-shaped galvanized steel flashings including the vertical edges. Internally all non-floor edges were 

also covered by 2 mm thick and 50 mm x 50 mm L-shaped flashings.  

 

Table 2.10: Experimental matrix for the 2:5 scale compartment experiment.  

Experiment 
number Scale 

Core 
type Thickness 

Burner 
location 

Equivalent 
burner input a 

Actual rounded 
burner input b Joints 

In-depth 
TCs 

(-) (-) (-) (m) (-) (kW) (kW) (-) (-) 

E25 2:5 SW 0.10 Corner 1_3_6 10_30_60 Yes 1 
a. The “Equivalent burner input” refers to the full scale input in hundreds for segments of 10 min for 10 cm thick panels 
or 7 min 45 s for 6 cm panels e.g. 1_3_3 refers to 100 kW for 10 min and 300 kW for 20 min at full scale for a 10 cm thick 
panel. 
b. “The actual rounded burner input” is the burner input rounded to the nearest kW in segments of 10 min for 10 cm 
thick panels or 7 min 45 s for 6 cm panels for the experiment.  

 

2.2.5.3 1:5 compartment setup 

The 1:5 scale experiments were conducted by using two different sizes of steel frames one for the 10 

cm and another for the 6 cm thick panels which were constructed with 3 mm and 2 mm plate 

thickness, respectively. However, they both served the same purpose of providing confinement in 

order to avoid a collapse of the compartments. The frame was placed on a Sartorius EA35EDE-L scale 

with a 60 kg capacity with 0.010 kg readability to measure the mass loss of the panels throughout 

the duration of the experiments.  

 

For the first series of experiments 0.25 mm thick type-K thermocouples were mounted in clusters of 

6 measuring every one-fifth of the thickness of the panel in-depth throughout from the internal steel 

boundary all the way through to the external steel boundary, as seen Figure 2.12. The 

thermocouples were inserted to the desired depth from the external side through 5 drilled holes. 

This prevented the exposure of virgin core material to the higher temperatures in the compartment 

during the experiments and avoiding the thermocouple wires from being unnecessarily damaged. 

Five thermocouple clusters were inserted into all the walls except the front, as seen in Figure 2.13 

a). A thermocouple tree measuring the gas temperature in the compartment at four different 



59 
 

heights, as seen in Figure 2.13 e), was placed approximately in the centre equipped with four 1.25 

mm thick stainless steel sheeted type K thermocouples. For E 16 two thermocouple trees were 

placed 1/3rd and 2/3rds into the length along the middle of the compartment, respectively, as the 

burner was placed in the centre of the compartment, as seen in Figure 2.15. Furthermore, four bi-

directional pressure probes [172] with thermocouples attached on top were mounted in the centre 

of the doorway along the vertical axis to measure the air flow and temperature of the gases. 

 

 
Figure 2.12: In-depth thermocouple location in a core sample with the 
thickness, t. 

 

The six compartments where the influence of joints were studied, as seen in Figure 2.13 b), were 

assembled in such a way that the sides and ceiling joint aligned as a shorter span would always be 

preferred in a construction situation to minimise the bending moment as well as deflections. The 

panels with and without joints were fix along their edges by 2 mm flashings in stainless steel. L-

profiles measuring 2.5 cm by 2.5 cm were fastened internally every 0.12 m along all ceiling and wall 

corners, as seen in Figure 2.13 c). Externally, 15 cm by 5 cm L-profiles were fastened along the 

ceiling and walls with 15 cm intervals, as seen in Figure 2.13 d). Along the door frame the exposed 

core was protected by 10 cm by 2.5 cm U-profiles fastened every 8 cm. Furthermore, along the 

external ceiling-to-wall interface a strip of aluminium tape was applied to limit convective heat loses 

and allows the compartment to build up a pressure, as seen in Figure 2.13 d). The multiple in-depth 

inserted thermocouples in this experimental series were used for the LM least-square method to 

determine the temperature dependent conductivity terms for the heat transfer model for use across 

all scales. 
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 a) 

      
 b)  c) 

  
 d)  e) 

Figure 2.13: a) The thermocouples location of the 1:5 scale compartment, b) without flashings and. c) A sketch of the 
flashing for a wall-to-ceiling interface, d) experimental setup for E14 (see Table 2.11 and Table 2.12) from the back, 
e) Thermocouple trees placed inside the compartment and in the doorway, from right to left, respectively. 

 

The second series of 1:5 scale compartment experiments were focused on determining the 

distribution of heat using the heat transfer model with the temperature dependent conductivity. 

The results from the first series raised some questions regarding the effect of the thickness of the 
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used. The thermocouple tree and pressure probe tree placed inside the compartment and in the 

doorway was identical to the ones placed for the first series, as seen in Figure 2.13 e).  

 

The thermocouples measuring the in-depth temperature through the thickness of the cores were 

redistributed to the internal surface to increase the number of thermocouples measuring the 

temperature of the internal steel-face, as seen in Figure 2.14. The two series of 1:5 scale 

experiments included 23 experiments with various combinations of joints, burner input and panel 

thickness, as seen in Table 2.11. 

  

 
Figure 2.14: The placement of thermocouples measuring the temperature of the internal steel face. 
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Table 2.11: Experimental matrix for the two 1:5 scale compartment experiment series. 

Experiment 
number Scale 

Core 
type Thickness 

Burner 
location 

Equivalent burner 
input a 

Actual rounded 
burner input b Joints 

In-depth 
TCs 

(-) (-) (-) (m) (-) (kW) (kW) (-) (-) 

E1 1:5 SW  0.10  Corner 1_3 2_5 No  5  

E2 1:5 SW  0.10  Corner 1_3_6 2_5_10 No 
 

5  

E3 1:5 SW  0.10  Corner 1_3 2_5 Yes 
 

5  

E4 1:5 SW  0.10  Corner 1_3_6 2_5_10 Yes 
 

5  

E5 1:5 PIR  0.10  Corner 1_3 2_5 No 
 

5  

E6 1:5 PIR  0.10  Corner 1_3_6 2_5_10 No 
 

5  

E7 1:5 PIR  0.10  Corner 1_3 2_5 Yes 
 

5  

E8 1:5 PIR  0.10  Corner 1_3_6 2_5_10 Yes 
 

5  

E9 1:5 PIR  0.06  Corner 1_3 2_5 No 
 

5  

E10 1:5 PIR  0.06  Corner 1_3_6 2_5_10 No 
 

5  

E11 1:5 PIR  0.06  Corner 1_3 2_5 Yes 
 

5  

E12 1:5 PIR  0.06  Corner 1_3_6 2_5_10 Yes 
 

5  

E13 1:5 PIR  0.10  Corner 1_1_1_1 2_2_2_2 No 
 

5  

E14 1:5 PIR  0.10  Corner 3_3 5_5 No 
 

5  
             

E15 1:5 PIR  0.06  Back 1_3_6 2_5_10 No 
 

1  

E16 1:5 PIR  0.06  Centre 1_3_6 2_5_10 No 
 

1  

E17 1:5 PIR  0.06  Corner 3_3_3_3 5_5_5_5 No 
 

1  

E18 1:5 PIR  0.06  Corner 3_3 5_5 No 
 

1  

E19 1:5 PIR  0.06  Corner 1_3_3 2_5_5 No 
 

1  

E20 1:5 SW  0.10  Corner 1_3_6_6_10_16 2_5_10_10_18_29 No 
 

1  

E21 1:5 PIR  0.06  Corner 4_4 7_7 No 
 

1  

E22 1:5 PIR  0.10  Corner 4_4 7_7 No 
 

1  

E23 1:5 PIR  0.06  Corner 1_3_6c 2_5_10 No 
 

1  

E24 1:5 PUR  0.06  Corner 4_4 7_7 No 
 

1  
a. The “Equivalent burner input” refers to the full scale input in hundreds for segments of 10 min for 10 cm thick panels or 7 min 
45 s for 6 cm panels e.g. 1_3_3 refers to 100 kW for 10 min and 300 kW for 20 min at full scale for a 10 cm thick panel. 
b. “The actual rounded burner input” is the burner input rounded to the nearest kW in segments of 10 min for 10 cm thick panels 
or 7 min 45 s for 6 cm panels for the experiment.  

c. The burning periods were 10 min for this experiment with 6 cm thick panels. 
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2.2.5.4 Summary of the compartment setups 

The compartment setup for the four different scales and five different series varied as a result of the 

shifting focus from experiment to experiment as knowledge was gained and unknowns presented 

themselves. As the delivered panels were long and wide enough to form the enclosures for the 1:5 

scale compartments without mid-span joints, constructing with joints was optional. As the 

compartment size and lengths increased, joints were no longer optional. The number of joints along 

the walls and ceiling increased as the size of the compartments grew, as shown in Figure 2.15. 

 

   
a)  b) 

  
c) d)* 

Figure 2.15: Top view including the joints marked and the burner location for a) 1:5 scale, b) 2:5 
scale, c) 1:2 scale and d) full scale experimental setups. * The name tags: L1, L4, R1, R2, R3 and C1 
refers to the sandwich panels, as seen in Figure 3.33. 
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A picture from the front of each experimental scale is shown in Figure 2.16 to illustrate the size of 

the compartments. The summary of the experimental matrixes provided in Table 2.12 provides 

information on how the various parameters (i.e. fire scenario, panel thickness, joints) were 

combined. 

 

  
a)* b)* 

  
c)* d)* 

Figure 2.16: a) 1:5 scale compartment from the first series, b) 2:5 scale compartment, c) 1:2 scale compartment with 
10 cm PIR panels and d) full scale compartment with 10 cm PIR panels.*Brigtness and contrast increased with 20%. 
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Table 2.12: Experimental matrix for all the compartment experiments conducted as well as two experiments from 
literature. 

Experiment 
number Scale 

Core 
type Thickness 

Burner 
location 

Equivalent 
burner input a 

Actual rounded 
burner input b Joints 

In-depth 
TCs 

(-) (-) (-) (m) (-) (kW) (kW) (-) (-) 

E1 1:5 SW  0.10  Corner 1_3 2_5 No  5  

E2 1:5 SW  0.10  Corner 1_3_6 2_5_10 No 
 

5  

E3 1:5 SW  0.10  Corner 1_3 2_5 Yes 
 

5  

E4 1:5 SW  0.10  Corner 1_3_6 2_5_10 Yes 
 

5  

E5 1:5 PIR  0.10  Corner 1_3 2_5 No 
 

5  

E6 1:5 PIR  0.10  Corner 1_3_6 2_5_10 No 
 

5  

E7 1:5 PIR  0.10  Corner 1_3 2_5 Yes 
 

5  

E8 1:5 PIR  0.10  Corner 1_3_6 2_5_10 Yes 
 

5  

E9 1:5 PIR  0.06  Corner 1_3 2_5 No 
 

5  

E10 1:5 PIR  0.06  Corner 1_3_6 2_5_10 No 
 

5  

E11 1:5 PIR  0.06  Corner 1_3 2_5 Yes 
 

5  

E12 1:5 PIR  0.06  Corner 1_3_6 2_5_10 Yes 
 

5  

E13 1:5 PIR  0.10  Corner 1_1_1_1 2_2_2_2 No 
 

5  

E14 1:5 PIR  0.10  Corner 3_3 5_5 No 
 

5  
             

E15 1:5 PIR  0.06  Back 1_3_6 2_5_10 No 
 

1  

E16 1:5 PIR  0.06  Centre 1_3_6 2_5_10 No 
 

1  

E17 1:5 PIR  0.06  Corner 3_3_3_3 5_5_5_5 No 
 

1  

E18 1:5 PIR  0.06  Corner 3_3 5_5 No 
 

1  

E19 1:5 PIR  0.06  Corner 1_3_3 2_5_5 No 
 

1  

E20 1:5 SW  0.10  Corner 1_3_6_6_10_16 2_5_10_10_18_29 No 
 

1  

E21 1:5 PIR  0.06  Corner 4_4 7_7 No 
 

1  

E22 1:5 PIR  0.10  Corner 4_4 7_7 No 
 

1  

E23 1:5 PIR  0.06  Corner 1_3_6         c 2_5_10 No 
 

1  

E24 1:5 PUR  0.06  Corner 4_4 7_7 No 
 

1  
             

E25 2:5 SW  0.10  Corner 1_3_6 10_30_60 Yes 
 

1  
             

E26 1:2 PIR  0.06  Corner 1_2 17_34 Yes 
 

1  

E27 1:2 PIR  0.10  Corner 3_3 53_53 Yes 
 

1  

E28 1:2 SW  0.10  Corner 1_3_6 17_53_106 Yes 
 

1  
             

E29 1:1 PIR  0.10  Corner 1_3 100_300 Yes 
 

1  

E30 1:1 SW  0.10  Corner ½_2_2 50_200_200 Yes 
 

1  
             

PIRd 1:1 PIR  0.10  Corner 1_3_6 100_300_600 Yes  5  

SWd 1:1 SW  0.10  Corner 1_3_6_6 100_300_600 Yes  5  
a. The “Equivalent burner input” refers to the full scale input in hundreds for segments of 10 min for 10 cm thick panels or 
7 min 45 s for 6 cm panels e.g. 1_3_3 refers to 100 kW for 10 min and 300 kW for 20 min at full scale for a 10 cm thick 
panel. 
b. “The actual rounded burner input” is the burner input rounded to the nearest kW in segments of 10 min for 10 cm thick 
panels or 7 min 45 s for 6 cm panels for the experiment.  

c. The burning periods were 10 min for this experiment with 6 cm thick panels. 

d. From literature [16] used for the comparison across scales and the heat transfer model presented in Section 2.3 
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2.3 Heat Transfer Analysis 

The boundary conditions of any test or experimental setup are essential for determining, replicating 

and ultimately extrapolating the results onto other conditions. The boundary conditions in 

experiments are often a feature of the setup itself such as the thermal exposure from a flame but it 

can also be a feature of the product or material such as the surface or density of the material. The 

latter is easy to transfer to other setups as it is an intrinsic property, whereas the thermal exposure 

is an extrinsic property. By transferring extrinsic properties, which is often the case for fire tests, 

there is a risk of error and the robustness and versatility of the test is relied upon to ensure a correct 

extrapolation.  

 

Setting up an energy balance with the compartment as the Control Volume (CV), as seen in Figure 

2.17, results in Eqns. 2.11 and 2.12. The energy entering the CV is either stored as a change in its 

internal energy or leaving the CV again. 

 

𝑑𝑄𝐶𝑉
𝑑𝑡

= �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 2.11 

  

�̇�𝑔𝑎𝑠 = �̇�𝑏𝑢𝑟𝑛𝑒𝑟 + �̇�𝑐𝑜𝑟𝑒 + �̇�𝑣𝑒𝑛𝑡,𝑖𝑛 − �̇�𝑣𝑒𝑛𝑡,𝑜𝑢𝑡 − �̇�𝑐𝑜𝑛𝑑 2.12 

 

 

Here 𝑄𝐶𝑉 is the energy in the CV that is the volume of the compartment, 
𝑑𝑄𝐶𝑉

𝑑𝑡
 is the change in 

energy in the �̇�𝑔𝑎𝑠, �̇�𝑖𝑛 consists of the heat input from the gas burner, �̇�𝑏𝑢𝑟𝑛𝑒𝑟, the heat generated 

by ignition of pyrolysis gases from the core, �̇�𝑐𝑜𝑟𝑒, and the heat entering the compartment through 

the door opening �̇�𝑣𝑒𝑛𝑡,𝑖𝑛, while �̇�𝑜𝑢𝑡 is the heat leaving the compartment, which consists of the 

heat losses by radiation and convection through the door opening, �̇�𝑣𝑒𝑛𝑡,𝑜𝑢𝑡, and the heat 

conducted through the compartment boundaries, �̇�𝑐𝑜𝑛𝑑, as seen in Figure 2.17. The heat leaving the 

compartment through the door opening through radiation has, however, been found to be less than 

1% by Häglund [173] and 3% by Haramathy [132] and was considered negligible.  
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Figure 2.17: A simplistic schematic of the heat transfer in a compartment with a 
marked Control Volume (CV) warmer than the ambient environment. The arrows 
indicate the direction of the energy and the wave, white and black arrows indicate 
the energy not being part of, leaving and entering the CV, respectively. Not to scale. 

 

Ignoring the flow of the fuel (calculated as less than 1% of the total mass flow) from the burner and 

any pyrolysis gases from the core following the conservation of mass, 
𝜕𝑚

𝜕𝑡
= 0, the mass flow in and 

out of the compartment must be identical. This means the change in heat entering and leaving the 

compartment can be calculated as a function of the measured temperature and flow leaving the 

compartment, as expressed in Eq. 2.13. 

 

�̇�𝑐𝑜𝑛𝑣 = �̇�𝑣𝑒𝑛𝑡,𝑜𝑢𝑡 − �̇�𝑣𝑒𝑛𝑡,𝑖𝑛 = 𝐶𝑑 ⋅ 𝑣 ⋅ 𝐴 ⋅ 𝜌𝑔 ⋅ 𝑐𝑝 ⋅ (𝑇𝑔 − 𝑇∞) 2.13 

 

Here �̇�𝑐𝑜𝑛𝑣 is the difference in the energy leaving, �̇�𝑣𝑒𝑛𝑡,𝑜𝑢𝑡, and entering, �̇�𝑣𝑒𝑛𝑡,𝑖𝑛, the 

compartment and 𝐶𝑑 is the flow coefficient. Although the theoretically flow is the highest along the 

measured centreline and lower at the doorway boundaries, the coefficient is assumed to be 0.8 

[145] on average. 𝑣 is the weighted measured velocity along the height of the smoke layer, A is the 

area where the gases flowing out, 𝜌 is the density, T is the temperature where the subscripts g and 

∞ refers to the gas and ambient air, respectively. The velocity was based on the measured pressure 

difference by bi-directional pressure probes along the centreline of the door. The pressure was 

assumed to follow a linear distribution as a function of the change in gas density. The temperature in 

the compartments was measured by several thermocouples, and the change in the internal energy 

𝐶𝑉
�̇�𝑣𝑒𝑛𝑡,𝑖𝑛

�̇�𝑣𝑒𝑛𝑡,𝑜𝑢𝑡

�̇� 𝑎  �̇�𝑐𝑜𝑟𝑒

�̇�𝑏𝑢𝑟𝑛𝑒𝑟

�̇�𝑔𝑎𝑠�̇� 𝑎  

�̇�𝑐𝑜𝑟𝑒
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in the volume of the compartment was determined as the sum of those changes over time, as seen 

in Eq. 2.14. 

 

�̇�𝑔𝑎𝑠
𝑗
= ∑𝑉𝑛 ⋅ 𝜌𝑛

𝑗
⋅ 𝑐𝑝,𝑛
𝑗
⋅
𝑇𝑛
𝑗

Δ𝑡

𝑁

𝑛=1

 2.14 

 

Here V is the volume, ρ is the density, cp is the specific heat capacity, T is the measured temperature, 

n runs to N number of thermocouples and j denote the time. 

 

The net heat absorbed by the enclosure boundary exposed to the fire is the balance of the sum of 

the net convective and radiative fractions of the incident heat, as expressed in Eq. 2.15, and with 

opposite signs for the boundary between the enclosure and the ambient environment, as seen in 

Figure 2.18. 

 

�̇�̇𝑛𝑒𝑡
′′ = �̇�̇𝑟𝑎𝑑

′′ + �̇�̇𝑐𝑜𝑛𝑣
′′ = −𝑘𝑠 ⋅

𝛿𝑇𝑠
𝛿𝑡

 2.15 

 

Here �̇�̇𝑛𝑒𝑡
′′  is the net heat exchange, �̇�̇𝑟𝑎𝑑

′′  and �̇�̇𝑐𝑜𝑛𝑣
′′  are the net heat transferred by radiation and 

convection, respectively, k is the conductivity and s denotes steel. The steel-faced sandwich panels 

provide the possibility to transform the problem into a purely conductive one, which greatly 

simplifies it. Because it is a purely conductive problem, time dependent parameters such as the local 

Reynold’s number and the emissive property of the coating, which was prone to cracking and 

flaking, can be circumvented, and, as a result, the accuracy of this method increases.  

 

The heat transfer through a solid media governed by the heat diffusion exchange between the 

compartment and the walls and ceiling sandwich panels is derived from Fourier’s equation in Eq. 

2.16. The interface between the steel and the core has to abide the same rules, as seen in Eq. 2.17. 
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−
𝛿�̇�̇𝑐𝑜𝑛𝑑
′′

𝛿𝑥
= �̇�̇𝑖𝑛𝑡

′′′ + �̇�′′′ 2.16 

  

−𝑘𝑠 ⋅
𝛿𝑇

𝛿𝑥
= −𝑘𝑐 ⋅

𝛿𝑇

𝛿𝑥
 2.17 

 

Here �̇�̇𝑐𝑜𝑛𝑑
′′  is the conducted heat, �̇�̇𝑖𝑛𝑡

′′′  is the internal volumetric heat stored and �̇�′′′ is either an 

endothermic absorption or exothermic heat generation within the core element. 𝑘𝑠 and 𝑘𝑐, are the 

conductivities for the steel and core material, respectively. Attaching thermocouples to the backside 

of the steel face at the edge of the CV can, if desired and with calibration, also be used as thin-skin 

calorimeters [174, 175] to measure the incident heat flux rather than the net heat flux. However, the 

purpose of the thermocouples in this work was to determine the surface temperature of the panel. 

This was for determining the boundary condition to eliminate the uncertainties and difficulties 

related to the boundary layer between the wall and compartment volume and therefore used in 

these analyses. 

 

An a priori analysis was used to determine whether or not the steel faces of the panels would in fact 

act as a thermally thin element by estimating the limiting conditions that made the Biot number 

exceed 0.1 and thus making it act as a thermally thick material. The steel face plates were reported 

as 0.7 mm in thickness by the manufacturer. Maintaining a Biot number less than 0.1 for the 

stainless steel plates with an assumed constant conductivity of 15 W/m·K [176] requires the 

convective heat transfer coefficient to be lower than 2000 W/m2K. The flow in the compartment, for 

well-ventilated cases, is assumed to be laminar and the convective heat transfer coefficient is very 

likely to be less than 2000 W/m2K [138]. Veloo and Quintiere [177] reported convective heat 

transfer coefficients for fully developed compartment fires ranging from 30 to 80 W/m2K. Even 

conditions resulting in forced convection are unlikely to exceed 2000 W/m2K (typically for a forced 

flow the convective heat transfer coefficient ranges from 10 to 500 W/m2K [138]). The 

thermocouples were therefore placed within the walls, and the temperature distribution throughout 

the thickness of the steel was assumed to be uniform.  

 

The problem formulation for the heat balance is based on the application of an implicit and 

numerically stable finite difference method to solve the one-dimensional conduction heat equation. 

An inverse heat transfer model is proposed for the determination of equivalent thermal properties 
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prior to any thermal degradation. The heat transfer through a solid medium is governed by the heat 

diffusion equation derived from Fourier’s law and the conservation of energy as described by 

Hidalgo [16] and presented in Eq. 2.18. 

 

−
𝜕

𝜕𝑥
(𝑘(𝑇) ⋅

𝜕𝑇

𝜕𝑥
) = 𝜌(𝑇) ⋅ 𝑐𝑝(𝑇) ⋅

𝑑𝑇

𝑑𝑡
+ �̇�′′′ 2.18 

 

Here k(T), ρ(T), cp(T) are the temperature, T, dependent thermal conductivity, density and specific 

heat capacity, respectively, and �̇�′′′ is an endothermic or exothermic heat absorption or generation 

within the core element. The left-hand-side term represents the spatial variation of the heat 

conducted through the material and the first right-hand-term represents the heat stored by the 

core. ġ''' can be either positive or negative for generation or absorption of energy, respectively. The 

contribution of the core was determined theoretically by measuring the mass loss rate of a 1:5 scale 

experiment. The gross calorific value of the core was determined as 2.1 MJ/kg and the peak mass 

loss rate was 0.3 g/s during the modified burner step. The theoretical contribution of the core could 

be 6% of the input of the burner. Based on this, the ġ''' was assumed to be of a negligible 

magnitude. The energy balance below the steel facing extracted from Figure 2.18 with Fourier’s law 

and the energy stored in the face was solved for the net heat flux at the surface, as seen in Eq. 2.19 

and in its finite difference form in Eq. 2.23. The internal nodes between the steel surfaces and the 

external boundary condition are expressed in Eq. 2.20 and Eq. 2.21, respectively. The backside 

temperature was not measured and the boundary condition is therefore formulated as a simple 

balance between convective and radiative losses or gains between the steel face and the ambient 

environment. 
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Figure 2.18: Heat transfer model of a cross-section of a wall or ceiling. Not to scale. 
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′′ = −𝑘

𝜕𝑇

𝜕𝑥
|
𝑥=0

= 𝐿𝑠 ⋅ 𝜌𝑠(𝑇) ⋅ 𝑐𝑝,𝑠(𝑇) ⋅
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𝑑𝑡
+ (−𝑘𝑐

𝜕𝑇

𝜕𝑥
|
𝑥=𝐿𝑠

+
)         for 0 < 𝑥 < 𝐿𝑠 2.19 

  

𝜕

𝜕𝑥
(𝑘𝑐(𝑇) ⋅

𝜕𝑇

𝜕𝑥
) = 𝜌𝑐(𝑇) ⋅ 𝑐𝑝,𝑐(𝑇) ⋅

𝑑𝑇

𝑑𝑡
                                             for 𝐿𝑠 < 𝑥 < 𝐿𝑠 + 𝐿𝑐 2.20 

  

�̇�̇𝑛𝑒𝑡,𝑒
′′ = −𝑘

𝜕𝑇

𝜕𝑥
|
𝑥=(2𝐿𝑠+𝐿𝑐)

= ℎ ⋅ (𝑇∞ − 𝑇𝑁) + 𝜖 ⋅ 𝜎 ⋅ (𝑇∞
4 − 𝑇𝑁

4)    for 𝑥 = 2𝐿𝑠 + 𝐿𝑐 2.21 

 

Here �̇�̇𝑛𝑒𝑡
′′

𝑖
 is the net heat flux at the internal side, i, 𝑘(𝑇), ρ(𝑇) and 𝑐𝑝(𝑇) is the conductivity, 

density and heat capacity of the core, respectively, h is the convective heat transfer coefficient, ϵ is 

the emissivity, σ is the Stefan-Boltzmann constant, �̇�̇𝑛𝑒𝑡
′′

𝑒
 is the net heat lost to the ambient 

environment, and the subscripts c and s represent the core and steel, respectively. The convective 

heat transfer coefficient, h, was determined using the Nusselt number, Nu, for air flowing over a hot 

plate as function of the temperature of the plate with an assumed emissivity of 0.8. The specific heat 

capacity and density of the steel is deemed independent of the temperature as the variation ranges 

between 450 - 650 J/kg·K and 7910-7540 kg/m3 from 20°C to 870°C [178], respectively, and average 

values were taken. The density of the SW core material was also deemed independent of the 

temperature as the Thermogravimetric Analysis (STA) showed less than 4% mass loss for three 

studied samples in the range between 28 °C and 1050 °C. One-third of the mass loss from the core 

occurred between 250 °C and 350 °C, as seen in Figure 2.19, which is the region for decomposition 

of urea-formaldehyde [179] a common binder for stone wool products [180]. The structure of stone 

wool changes significantly when reaching its glass-transition and crystallisation temperature of  

𝑥 = 0
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′′
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691 °C and 867 °C [181], respectively. However, the specific heat capacity for the core was taken as a 

standard value for stone wool products as 840 J/kg·K [180] as it is thought to change negligible in the 

temperature region of these experiments [182]. As stone wool is an insulation material and 

thermally thick the in-depth temperature is lower than the temperature of the surface and the glass-

transition is, furthermore, only assumed to be a surface phenomenon and of negligible magnitude. 

The materials parameters, except the conductivity for the core material, were therefore assumed to 

be constant. 

 

 Figure 2.19: STA analysis from 28°C to 1050°C for three 
mineral wool core samples. 

 

In order to perfectly model the heat transfer problem in a fibrous material such as the stone wool 

core, computational fluid dynamics and a radiation transfer equation in addition to the diffusive 

heat transfer would be required [85]. This is to fully account for the nature and behaviour of the 

core, i.e. the core is heated and the binder pyrolysis and the pores within the core as well as the 

internal radiation between dark slag particles and the fibres increase. Although this might be 

preferred for some scenarios such as product development, the goal of this work, however, is to 

show how a simple model can estimate the net heat transfer across geometrical scales to show the 

similarities. To further simplify the problem the contact resistance between the steel and core is 

considered negligible. This assumption implies that the steel does not delaminate from the core 

causing the mode of heat transfer to change significantly. This is a reasonable assumption in the 

early stages of the fire (before flashover), where temperatures are lower than the decomposition 

temperature of the glue and because it is prior to thermal expansion that can cause delamination or 

95

96

97

98

99

100

101

0 200 400 600 800 1000 1200

M
as

s 
(%

)

Temperature ( C)

SW #1

SW #2

SW #3



73 
 

buckling of the steel relative to the core. A cone experiment following the ISO 5660-1 was used to 

determine when the steel face would delaminate from the core and was found to be at surface 

temperatures higher than 600 °C. This temperature was only exceeded at the measurement 

positions closest to the burner and the ceiling measurements directly above the burner. 

Measurements exceeding 600 °C only occurred during the third and final burner step. This means 

the model loses some accuracy towards the end of the experiments as up to 20% of the 

thermocouples would no longer measure the temperature of the steel face directly. 

 

The finite difference method used to solve the heat transfer problem is a Crank-Nicolson scheme 

[183]. This method uses a second order scheme, implicit in time and numerically stable and the 

temperature is determined as the temperature at the previous step plus the average growth 

between two steps, as seen in Eq. 2.22. The formulation is based on a system of N linear equations 

with N variables, where the thickness of the elements are Δx/2 for the nodes i=1 and i=N, and Δx for 

all other nodes. The temperature at node i=1 is known, as noted in the experimental setup section. 

The net heat flux is unknown and the number of unknowns therefore remains N. The equations in 

differential form for the two locations namely the internal boundary node and core nodes are 

expressed in Eq. 2.23 and Eq. 2.24, respectively. As the steel sheets at the boundaries were acting as 

thermally thin materials they were not included as separate nodes and the model exclusively 

calculated the heat transfer through the core material with the change of internal energy of the 

steel added. 
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Here 𝑇𝑖
𝑗
 and 𝑇𝑖

𝑗+1
 are the temperatures of the node at the time steps j and j+1, respectively, 

Δ𝑇

Δ𝑡
|
𝑖

𝑗
 

and 
Δ𝑇

Δ𝑡
|
𝑖

𝑗+1
 are the time variation of node i at time step j and j+1, and Δt is the time step. 

 

In Eq. 2.25 the energy balance is rewritten (from Eq. 2.12), with respect to the known energy input 

from the burner (�̇�𝑏𝑢𝑟𝑛𝑒𝑟), but without the heat term from the SW core, as seen in Eq. 2.25. This 

provides a system for comparison across scales, and will be used as the method for analysing and 

comparing the results from the scaled compartment to those from the full scale compartment as it is 

dimensionless and versatile. 

 

1 =
�̇�𝑐𝑜𝑛𝑣
𝑗

�̇�𝑏𝑢𝑟𝑛𝑒𝑟
𝑗

+
�̇�𝑐𝑜𝑛𝑑
𝑗

�̇�𝑏𝑢𝑟𝑛𝑒𝑟
𝑗

+
�̇�𝑔𝑎𝑠
𝑗

�̇�𝑏𝑢𝑟𝑛𝑒𝑟
𝑗

 2.25 

 

2.3.1 Temperature Dependent Conductivity 

The conductivity of the cores at ambient conditions provided by the manufacturers was considered 

too coarse of an assumption to use for the heat transfer model as other authors reported significant 

increases [88]. The thermal conductivity increased by factors of 2.6 [87] and 6.5 [88] from 40 °C to 

400 °C which is part of the expected temperature region for long periods of time for the 

compartment. 

 

The in-depth thermocouples were used to determine the conductivity, k(T), as seen in Eq. 2.26, as 

the sum of the conductivity at ambient conditions, k0, and the temperature dependent conductivity, 

k1, multiplied with the temperature measured, T. This function matches quite well with the model 

and the measurements found by Livkiss et al. [88] for a similar stone wool product. 

 

 

The heat transfer model included a best-fit optimization component which enabled the 

characterisation of any unknown material parameter, e.g. the specific heat capacity, conductivity or 

𝑘(𝑇) = 𝑘0 + 𝑘1 ⋅ 𝑇 2.26 
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density. The chosen optimisation method is a Levenberg-Marquardt least-square method [184] that 

compares the calculated temperature based on a range of values to the measured temperature to 

find the optimal value for the optimized parameter. The optimization model finds the local minima 

based on the provided initial values and the solution from the heat transfer model. The dominating 

internal boundary condition was measured directly by the mounted thermocouples, the density and 

specific heat capacity is considered fairly constant unless the core material changes significantly e.g. 

charring, pyrolysing or phase transitioning etc. during the experiments. The density and specific heat 

capacity for the cores were taken from the documentation from the supplier and literature and the 

density was verified through manual measurements. Even though the only parameter optimised is 

the temperature dependent conductivity term the algorithm finds local values which fits the model 

best. Ultimately this means the density, specific heat capacity and conductivity are lumped together 

as an effective parameter where many solutions could provide the same least-square value. The 

solutions are sensitive to the first two thermocouple measurements, and the boundary temperature 

will dominate the proposed solution. However, by having multiple measurement points the provided 

solutions become more robust as outliers are identifyiable. 
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3 Results and Discussion 

The Results and Discussion section is split into three sections where Section 3.1 covers the three 

small scale experiments, namely, the STA/DSC, mass loss cone and gross calorific content. Section 

3.2 presents observations from the compartment experiments Section 3.3 goes more in-depth with 

respect to the compartment experiments, which are analysed and discussed. The heat transfer 

results for the SW cored panels are also part of Section 3.3. 

 

3.1 Small Scale Experiments 

To get the intrinsic material properties a bomb calorimeter and a STA was used to determine the 

complete heat of combustion, ΔHc, under oxygen rich conditions and the mass loss potential under 

oxygen lean and rich conditions, respectively. The core materials studied were originally covered by 

two steel sheets as they were from sandwich panels. All the three sandwich panel cores were 

studied in the bomb calorimeter as well as in the SGA. The PIR and SW were studied in both air and 

an inert atmosphere of nitrogen, whereas the PUR core was only studied in an inert nitrogen 

atmospheres.  

 

3.1.1 Thermographic Analyses and Differential Scanning Calorimetry 

The initial mass, m0, mass loss (ML) and peak mass loss rate (pMLR) of the samples were measured 

initially and calculated, respectively, and the results are shown in Table 3.1. The experiments were 

conducted in an inert atmosphere of nitrogen to study the decomposition without oxygen readily 

available to prevent any flames from dominating the heating rate. However, as noted in Section 

1.3.2 - Polymeric Panels the isocyanurate, isocyanurate rings and urethane all contain oxygen and 

can still react during the experiments. The mass as a function of temperature for the PIR and PUR 

cores showed similar initial behaviours. These products both have an initial mass loss around 100 °C 

which is most likely either water bound or absorbed from ambient conditions or allophanate bonds 

breaking up [95]. Another minor reaction was initiated around 185 °C, where the urethane bonds 

start to break, and peaked around 200 °C [185]. The results from the TGA show that the three 

polymeric core materials have many of the same reactions, including the breaking of the 

isocyanurate rings around 300 °C and long alcohol chains degrading around 400 °C [93], as seen in 

Figure 3.1. The breaking of the Isocyanurate rings, the primary component, is the dominant reaction 

in inert nitrogen atmosphere alongside the breaking of alcohol bonds, as identified by Garrido and 
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Front [185] for flexible foams. As the core materials were prepared in ambient conditions prior to 

the experiments, the influence of the blowing agent used during the manufacturing process to 

increase the thickness and decrease the density of the foam was not determined. 

 

Table 3.1: Summary of the STA experiments for the three studied core samples conducted in atmospheres of air or 
nitrogen. 

  Nitrogen (Figure 3.1 and Figure 3.2) Air (Figure 3.3) 

 

 m0 ML∞ pMLR T(pMLR) m0 ML∞ pMLR T(pMLR) 

  
(mg) (%) (%/min) (°C) (mg) (%) (%/min) (°C) 

SW 1 11.674 3.21 -0.18 278 3.094 9.99 -1.11 505 

SW 2 5.689 2.45 -0.22 264     

SW 3 5.457 2.61 -0.21 299     

      
    

PIR 1 1.252 62.19 -7.87 333 1.593 99.61 -5.79 575 

PIR 2 1.457 63.31 -9.73 311     

PIR 3 1.769 67.65 -7.04 312     

      
    

PUR 1 1.771 75.01 -12.18 321     

PUR 2 1.404 73.54 -11.37 316     

PUR 3 1.573 75.46 -10.58 318     

 

 
 Figure 3.1: Mass loss rate for the three polymeric foams with hatched reaction regions 

studied in a pure nitrogen environment. The data has been smoothened. 

 

A minor reaction peaks around 360 °C and along with the initiation of the breakdown of the 

isocyanurate rings around 280 °C for both the PIR and PUR cores suggest that their polyol is a 

polyester [93]. The PUR core generally showed additional reactions over the other cores with 

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

0 200 400 600 800 1000

M
as

s 
Lo

ss
 R

at
e 

(%
/m

in
)

Temperature ( C)

Reaction zones

PIR   #1.3

PIR   #2.3



79 
 

multiple changes in the slope in the mass loss rate graph, as seen in Figure 3.1, and inAppendix – 

Additional STA Graphs.  

 

The majority of the mass loss of the SW cores were initiated 250 °C with a peak around 300 °C, as 

seen in Figure 3.2.The mass lost during the SW experiments was, however, very limited, and its mass 

loss and derivatives are to be treated with care, because even small fluctuations can falsely appear 

to be a reaction. 

 

 
Figure 3.2: STA results for the SW core sample in a pure nitrogen 
environment. 

 

The inert atmosphere allowed for identification of some of the reactions that occur in the core of 

the material as if the core protected due to an insulating upper layer of virgin-, charred material or 

the steel facing. Thermal expansion, delamination and buckling of the steel facings are, however, 

possible [186] and oxygen can potentially diffuse and change the combustion especially in or around 

the joints between the panels. 

 

The five noticeable reactions for the PIR core in the nitrogen atmosphere were replaced by three 

major reactions when studied in an atmosphere of air, as seen in Figure 3.3, 1) starting at 75 °C with 

a longer plateau peaking around 190 °C, 2) initiating at 250 °C peaking at 320 °C both just like the 

reactions taking place in the nitrogen atmosphere, 3) initiating around 460 °C and peaking at 580 °C 

where the largest amount of mass was lost and the sample almost was completely pyrolysed, as 

seen in Figure 3.4. It should be noted that the decomposition of the PIR core in air also has several 

other reactions that can be identified by the change in the slope of the MLR. Those reactions will, 
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however, remain merely as a note, because they contributed either right before or after the other 

three major reactions. 

 

 
Figure 3.3: Mass loss rate for PIR and SW studied in air. 

 

 
Figure 3.4: Mass loss for the cores studied under reactive air and inert 
nitrogen environments in the STA. 

 

The STA analysis presents the data for the measured mass loss as a function of temperature for the 

three core types, PIR, PUR and SW and the MLR for the core materials in inert atmosphere peaked 

between 278 °C and 333 °C. When studied in a reactive atmosphere of air the SW and PIR cores 

were losing the most mass at 505 °C and 575 °C, respectively. The probability for a thermal runaway 

in a compartment is therefore greatest when the core material reaches one of those temperatures if 

the mass loss correlates to energy being released.  
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A Differential Scanning Calorimetry (DSC) analysis was performed for the samples studied under 

nitrogen atmosphere to provide a qualitative estimate of the minimum energy release of the core 

materials. The release of energy as a function of temperature, as seen in Figure 3.5, show how the 

DSC curve change significantly around 300 °C for the PUR matching the range where 40% of the 

mass of the sample was lost. The DSC results indicate that, on a component level, the polymeric 

cores release different amount of energy at different times. The PUR core release more energy after 

280 °C than the PIR core, seen by the change in slope and that the PIR release more energy than the 

PUR after 750 °C also seen by the slope and dip. It is therefore expected at larger scales that the PUR 

will release more energy earlier on during the compartment experiments. 

 

 
Figure 3.5: DSC curve for the two polymeric core materials studied in a 
pure nitrogen environment.  

 

The STA and DSC provided information regarding the temperature ranges of concern indicated by 

large mass losses and energy release. The PIR will lose all of its mass if exposed to high temperatures 

if left unprotected in an atmosphere containing air and will maintain about 65% of its mass if the 

atmosphere is inert or if the formation of char is effective. When exposed to heat the PIR will react 

between 200 °C and 700 °C with the highest MLR at 300 °C and 400 °C in nitrogen and 300 °C and 

600 °C in air. The probability of a thermal runaway in the compartment is increasing when the 

energy released into the CV exceeds the energy leaving. The contribution from the burners alone is 

not sufficient in causing a thermal runaway and as the PIR is reactive around the 300 °C the risk of a 

thermal runaway is therefore profound if the compartment reach that temperature. The thermal 

runaway could, however, also occur if less than the full surface area of the compartment reaches 

300 °C provided a small surface area reaches 600 °C where, based on the data from the STA/DSC , 
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even more mass and energy can to be lost and released, respectively, if air is available. A summary 

of the temperatures of interest is provided in Table 3.2 

 

Table 3.2: Summary of temperatures of interest for the three core types when studied in the STA with nitrogen and air 

 Nitrogen, initiation of losses Air, peak values 
 PIR PUR SW PIR SW 

 (°T)  (°T) (°T) (°T) (°T) 

1. reaction 100 100 250 185 300 
2. reaction 185 185  360 500 
3. reaction 300 300  580  
4. reaction 460 460    

 

3.1.2 Cone Calorimeter 

Experiments were carried out with two types of sandwich panels: one with PIR, and one with the 

SW, with (w) and without (w/o) their respective steel faces in order to study the effect of the 

protective steel. The steel faces were removed by inserting a smooth 0.5 mm thick stainless steel 

disk under the steel face creating a lever. The face could hereby be removed with minimal impact on 

the underlying core surface. The spark plug was used for both series and of all the samples with 

protective steel only the SW samples exposed to 50 kW/m2 and 70 kW/m2 had a full surface ignition 

as the coating briefly ignited (< 4 s). All the SW samples maintained the same distance to the cone 

throughout the duration, which ensured a constant incident heat flux. The protected PIR samples 

expanded during the first 5 min of exposure, and it was visually estimated to be as much as 5 mm. 

during exposure to the heat the unprotected PIR samples initially expanded, and then later, 

predominantly at higher heat fluxes, shrunk back below their initial vertical surface location. The 

unprotected SW samples did not show this behaviour, which could be related to the minor mass 

loss, lack of expanding charring mechanisms. The SW could, however, be expected to shrink if 

mechanically loaded  [187]. The samples and sample holder did not make a perfect fit allowing for 

the fitting of the thermocouples and as a consequence flames emerged between the interfaces 

around the top edges. All the protected PIR samples, except for the one exposed to 10 kW/m2, 

ignited between 7.5 min and 20 s when exposed to 20 kW/m2 and 70 kW/m2, respectively. Applying 

these results to the incident heat flux from a radiative source for a thermally thick solid theory, as 

explained by Torero [188], the plotting of �̇�̇𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
′′  as a function of 1/√𝑡𝑖𝑔 suggests a critical heat 

flux (CHR) of approximately 10.5 kW/m2 with a R2 of 0.94. This can serve as a guide for PIR samples 

with steel. Without the steel to protect the core material from the radiation and to limit the 
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availability of oxygen, all the PIR samples ignited within a few seconds of exposure, with the 

exception of the one exposed to 10 kW/m2, partially confirming the crude CHF estimate.  

 

The PIR samples with and without the protective steel had lost between 4% and 17% and 7% and 

34% after 1000 s of exposure of 10 kW/m2 and 70 kW/m2 , respectively. The SW samples with and 

without the protective steel behaved more unpredictable than the PIR samples and had lost 

between 1% to 5% and 3% and 9% also after 1000 s of exposure for 10 kW/m2 and 70 kW/m2 , 

respectively, as seen in Figure 3.6.  

 

 
Figure 3.6: Mass loss relative to the initial mass for the SW 
and PIR samples studied with (w) and without (w/o) its 
protective steel. 

 

 

The small mass loss from the SW samples meant that even small self-induced displacements in any 

of the thermocouples could influence the measurement of total mass. The mass loss of the SW and 

PIR samples, as seen in, Figure 3.7 and Appendix – Additional Mass Loss Cone Graphs, was, however, 

cleaned up for spikes that were unlikely to reflect the behaviour of the samples (e.g. a 10% 

momentarily drop). Despite igniting almost initially when subjected to the radiative heat source the 

unexposed PIR samples did not lose more than 34% of their mass over the duration of the 

experiments. This suggests an effective protective char formation, which was not seen in the small 

STA experiments. 
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Figure 3.7: Mass loss for the SW and PIR samples studied 
with (w) and without (w/o) its protective steel while 
exposed to 70 kW/m2. 

 

The temperature measured 2 cm below the exposed surface in the protected PIR and SW samples 

reached steady state and quasi-steady state after 900 s for all incident heat fluxes, as seen in Figure 

3.8 a) and b), respectively. The thermal equilibrium was reached faster for the PIR core than for the 

SW core despite the fact that the PIR has a lower thermal conductivity. The measured temperature 

throughout the thicknesses of both the PIR and SW samples for all the incident heat fluxes were 

similar in shapes to the representative curves 20 mm below the exposed surface, as shown in Figure 

3.8 a) and b).  

 

  
a) b) 

Figure 3.8: Temperature measured 20 mm from the exposed surface for a) the PIR samples and b) for the SW samples. 

 

The steady state temperatures 5 mm below the exposed surface ranged from 300 °C to 700 °C for 10 

kW/m2 to 70 kW/m2, respectively. Following the STA results these temperatures could cause a mass 
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loss and a predicted exothermic reaction for both the SW and PIR cores. The measured temperature 

within the PIR samples did not reach steady state when unprotected and generally reached higher 

temperatures than the SW samples, as seen in Figure 3.9. For the SW cores the exothermic reactions 

were measured from 10 mm below the surface for 30 kW/m2 to 70 kW/m2, as seen in Figure 3.9 b). 

The exothermic reaction is recognizable by the slope of the curve changing from positive to 

negative, and thereby indicating the depletion of the binder, which was releasing the energy, and a 

transition towards steady state.  

 

The unprotected SW and PIR samples showed the same behaviour as when protected by their 

respective steel faces for heat fluxes of 20 kW/m2 and 10 kW/m2, respectively, reaching their steady 

state equilibrium temperature. At heat fluxes of 20 kW/m2 and higher the removal of the steel 

protection resulted in ignition, degradation and deformations for the PIR samples and steady state 

was not reached within 20 minutes. For unprotected SW samples exposed to heat fluxes of 30 

kW/m2 and higher, steady state only occurred much later (after the depletion of the binder), as seen 

in the Appendix – Additional Mass Loss Cone Graphs. 

 

  
a) b) 

Figure 3.9: Temperature measured for unprotected a) SW and b) PIR samples exposed to 40 kW/m2 with the 
corresponding 30 mm measurement from the protected sample as reference. 

 

When exposed to heat fluxes of 30 kW/m2 and higher, both cores started to pyrolyze, though most 

noticeable for the PIR samples as they ignited. Steady state was reached 5 mm below the surface in 

the SW samples after being exposed for less than 200 s for all external heat fluxes. However, in-

depth, the core heated up beyond the 5 mm steady state temperature, which was eventually 
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reached after 1200 s for the first 20 mm, while later for the measurements made at 30 mm from the 

surface, as seen in Figure 3.9 a) for 40 kW/m2. The PIR sample, as seen in Figure 3.9 b), ignited after 

less than 1 min, and the thermocouple placed 5 mm from the surface detached from the core and 

the temperature dropped after approximately 1100 s. The PIR samples deformed quite significantly 

without their protective steel sheet and the distance to the heater was increased and the received 

heat flux decreased. However, as the sample ignited, additional heat flux was supplied by the flame, 

and the actual incident heat flux is therefore unknown. The displacement of the thermocouples due 

to shrinkage caused the temperature after 1200 s to be lower than the peak value for the 

thermocouples placed 5 mm in-depth, as seen in Figure 3.9 b), for the PIR core. The measured peak 

temperature for the unprotected SW samples were higher than their steady state temperature due 

to an exothermal reaction in the core. As the measurements at 15 mm and 20 mm in-depth were 

almost identical, as seen in Figure 3.9 a), the method for inserting the thermocouples could be 

improved as the exact location of the TCs were seemingly off by a few millimetres. The deformation 

of the polymeric cores without their protective steel-sheets were significant and the thermocouples 

were not at their intended depth as the height of the sample was reduced while exposed to the 

heat. 

 

The thermal conductivity of the PIR material, and of polymeric insulation materials in general, is 

lower than the thermal conductivity of SW, and mineral wools in general, at least at ambient 

conditions while the integrity is not compromised. The final temperature reached after obtaining 

steady state or quasi-steady state in the PIR was, nevertheless, higher for 56% of the measurements 

when compared to the SW. This was after both 18 min and 20 min for the protected samples where 

the temperatures were within 7% of each, indicating a thermal penetration and steady state at a 

distance of 30 mm from the exposed surface. The steady state was obtained faster for the PIR 

samples compared to the SW samples. This was attributed to the lower thermal inertia rather than 

the conductivity as the bulk mass of the PIR was much less than the SW due to the different 

densities. By ignoring the effects associated with the thermal inertia, the lower conductivity of the 

PIR should otherwise have made the PIR cores reach steady state later than the SW cores. The 

thermal inertia is a concern for combustible wall coverings because it will lower the temperature 

required for a thermal runaway to occur, as reported by Poulsen and Jomaas [189] and Graham et 

al. [190]. This happens because the combination of the low thermal inertia and low conductivity 

results in the material requiring less energy to heat up and at the same time it conducts the heat 

away slowly. For a combustible material it means the temperature in the core increases fast at the 
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surface and with enough external energy ignition can occur. The core material is, however, not left 

unexposed when used as a wall panel and the internal steel face has a much higher thermal inertia 

and non-combustibility and as long as its integrity is maintained ignition should not be of concern. 

 

The temperature development in the experiments with SW cores without steel showed a significant 

increase in temperature, caused by the core thus indicating a heat generation potential within the 

core that is initiated solely by the net heat flux penetrating from the surface. The difference of the 

measured temperature 30 mm from the surface between the samples with and without steel, as 

seen in Figure 3.9 a), corresponds to a quantity of energy required to heat up that specific mass of 

core.  

 

The importance of the steel face with respect to the mass loss was found to be insignificant as only 

small amounts additional mass where lost when left unexposed. However, this is skewed as the 

unprotected samples shrank and the distance to the external heat source increased. The ignition of 

the PIR samples was significant when left unprotected and the cores ignited instantly at heat fluxes 

higher than 10 kW/m2. The SW core showed as much as 10 % mass loss when left exposed and 

subjected to 70 kW/m2 for 1200 s without igniting. Deflections were not seen at this scale but are 

expected in compartments as vertical and horizontal displacements are restricted leaving only the 

transversal axis for stress relief. If the thermal expansion is great enough, the steel face will buckle. 

Buckling behaviour will increase the accessibility of oxygen to the core and potentially increase the 

mass loss even further as the shielding effect is gone. Previously the SBI test (EN 13823-1) and the 

cone calorimeter [64] did, however, not provide an accurate prediction of the behaviour at full scale 

[40] and too much emphasis was not put on the micro and macro scale experiments. These 

experiments merely served as a way of studying the behaviour of the products under elevated 

temperatures and controlled conditions. 

 

Table 3.3 provides an overview of the mass loss cone experiments with respect to the peak 

temperature and after 1200 s. Experiments where the maximum measured temperature was more 

than 4% higher than the temperature after 1200 s is marked with grey. This allows for a quick 

overview of which heat fluxes at which depths caused an exothermic reaction in the core.  
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Table 3.3: Summary of the mass loss cone experiments with respect to steady state temperature, peak temperature and mass 
loss as a function of incident heat flux and presence of steel-facing. The grey hatched cells indicate which experiments where 
an exothermal reaction was measured. This incude internal temperature increase and surface burning. 

   
T(max) / T(1200 s) Mass 

Heat flux 
(kW/m2) 

Core 
type 

0 (mm) 5 (mm) 10 (mm) 15 (mm) 20 (mm) 30 (mm) m0 ML 

(°C) (°C) (°C) (°C) (°C) (°C) (g) (%) 

10 w SW 272 272 263 262 240 238 222 221 136 134 103 101 92.8 1% 

20 w SW 391 390 376 376 335 335 306 306 298 298 298 298 93.7 3% 

30 w SW 506 504 500 498 475 473 416 412 403 399 290 284 105. 5% 

40 w SW 585 581 571 571 535 533 499 495 485 481 338 331 99.9 7% 

50 w SW 602 601 600 600 554 553 529 528 508 507 508 507 83.4 6% 

70 w SW 714 714 696 696 641 640 
  

578 576 473 471 5% 

10 w/o SW 338 334 331 330 329 328 296 295 224 223 166 164 81.4 3% 

20 w/o SW 472 461 468 461 424 420 380 379 365 364 282 282 85.1 5% 

30 w/o SW 568 546 556 532 542 492 520 450 499 432 398 336 82.6 4% 

40 w/o SW 647 604 647 595 662 537 624 466 650 472 561 377 86.0 6% 

50 w/o SW 690 670 701 662 709 594 676 539 675 529 627 424 88.7 6% 

70 w/o SW 788 748 771 745 760 696 746 635 736 624 674 472 85.0 9% 

10 w PIR 285 284 278 277 257 257 236 236 193 191 145 143 48.8 7% 

20 w PIR 381 376 376 372 336 336 293 292 283 283 196 196 53.5 9% 

30 w PIR 
 

447 437 403 401 359 358 338 338 219 217 217 15% 

40 w PIR 530 530 554 544 492 491 454 454 439 439 439 439 36.6 21% 

50 w PIR 605 604 657 602 562 561 560 559 519 518 519 518 42.2 28% 

70 w PIR 734 734 704 703 693 692 639 638 619 618 515 514 44.5 30% 

10 w/o PIR 238 193 336 329 288 287 240 239 234 234 165 164 54.5 7% 

20 w/o PIR 624 401 523 481 511 508 492 488 460 459 301 298 48.8 7% 

30 w/o PIR 705 581 623 576 636 632 613 611 631 622 446 444 36.9 23% 

40 w/o PIR 800 508 679 414 684 661 674 669 662 660 532 526 41.1 29% 

50 w/o PIR 775 552 728 639 759 555 796 715 789 718 632 626 42.1 33% 

70 w/o PIR 824 548 842 571 829 643 837 791 826 788 611 596 38.8 34% 
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3.1.3 Gross Calorific Values 

The gross calorific value provide an upper limit for the additional fuel load for a compartment 

constructed with these products and is presented for the sizes of compartments studied, as seen in 

Table 3.4. The uncertainty with respect to the total heat of combustion was around 5%. The 

polymeric cores were found to contain more than 10 times the energy content per unit mass as the 

SW. The density of the SW is, however, four times greater than the polymeric foam, the actual 

energy content difference is therefore less than five times greater per cubic meter, as seen in Table 

3.4. 

 

Table 3.4: The complete heat of combustion for the three studied core materials with the 
corresponding additional fuel load per floor area for various compartments with 0.10 m 
thick panels. 

  PIR PUR SW 

ΔHc  (MJ/kg) 29.1 ±0.5 23.1 ±0.5 2.1 ±0.1 
ΔHc  (MJ/m3) 1164 ±20 924 ±20 252 ±12 
Q (2.4 m x 3.6 m x 2.4 m) (MJ/m2) 534 424 116 
Q(1:2 scale) (MJ/m2) 565 448 122 
Q(2:5 scale) (MJ/m2) 581 461 126 
Q(1:5 scale) (MJ/m2) 663 527 144 

 

From the Swedish study by Petersson et al. from the 1970s [191], two and three bedroom dwellings 

with a kitchen, offices, schools and hotels had fuel loads of 168 MJ/m2, 149 MJ/m2, 709 MJ/m2, 96 

MJ/m2, 82 MJ/m2, respectively. The data from literature is for compartment with assumed inert 

compartment boundaries and the addition of fuel from the panels is, theoretically, equivalent to 

that from the expected inventory present in 80% of the designs, as seen in Table 3.4. This means a 

fire safety engineer has to be aware of the potential for a different fire dynamic compared to 

traditional compartment fires. The walls and ceiling have the potential to contribute to the fire with 

additional fuel and thereby prolong the fire duration and thus increase the duration of the thermal 

attack on the enclosure, structure, occupants and increase the risk of injury to bystanders. The 

additional fuel in a compartment will get heated by the initial ignition source and can thereafter 

contribute with additional heat release and to the formation of a hot smoke layer accelerating the 

contribution from the enclosure boundaries back to all the fuels. Dwellings with panels with SW 

have a significant increase in their total fuel load while larger compartments have relatively less fuel 

load added. Furthermore, larger compartments such as warehouses and storage facilities, could 

have much higher fuel loads per floor area and the contribution from the walls would then be 

relatively smaller than presented in Table 3.4.  



  

90  
 

 

 

3.2 General Observations for the Compartment Experiments 

At all scales, the compartments constructed with SW panels showed little or no sign of a thermal 

runaway with respect to HRR generated beyond that of the gas burner. Smoke from the interfaces 

between the ceiling and the corner situated directly above the burner was observed pouring out of 

the doorway for the 1:5, 1:2 and full scale, as seen in Figure 3.10 a) to c). During the 1:2 and full 

scale experiments with SW (E28 and E30) the gas burner malfunctioned releasing too much propane 

and losing pressure just after the initiation of the increase to the second burner step, respectively, as 

seen in Figure 3.10 a) and b), respectively. Minor exothermal reactions in a 1:5 scale experiment 

with SW core occurred just as the experiment had ended as seen under the cone for samples 

without steel protection exposed to 30 kW/m2 or more. This was observed as a plateau in the 

temperature as a function of time measured 40mm and 20 mm from the internal boundary and seen 

in Figure 3.16.  
 

 

   

   
a) b) c) 

Figure 3.10: Smokeproduction and recorded temperatures at a distance from the ground of 90%, 69%, 48% and 27% 
of the height of the compartment for three compartment experiments with SW panels at a) 1:5 scale (E20), b) 1:2 
scale(E28) and c) full scale (E30). 
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The PUR panel were classified as B-s3,d0, which translates to “limited contribution to flashover” 

while producing unlimited smoke unlike the PIR panels, which has a B-s1,d0 classification. The PUR 

product was only studied once, and at 1:5 scale, as it was deemed too dangerous for larger scale 

experiments due to the significant HRR and Smoke Production Rate (SPR) compared to the PIR and 

SW experiments, as seen in Figure 3.11 a) to d). 

 

  
a) b) 

  
c) d) 

Figure 3.11: PIR (E21) and PUR (E24) 1:5 scale compartment experiments. Pictures of a) PIR at the time of 
SPRmax, b) PUR at the time of the second SPR peak, c) HRR measurements for E21 and E24, and d) SPR 
measurements for E21 and E24. 

  

The two 1:2 scale PIR experiments conducted with 6 cm and 10 cm thick panels (E26 and E27, 

respectively) were subjected to two different fire scenarios and both failed with significant 

quantities of yellow and black smoke released prior to and after flashover and failure, as seen in 

Figure 3.12 a) and b), respectively. The full scale PIR compartment failed, as seen in Figure 3.12 c), 

shortly after the HRR of the gas burner was increased from the initial 100 kW to 300 kW. 
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a) b) c) 

Figure 3.12: Photos from the PIR experiments as flames emerge from the doorway for a) E26 from the back, b) E27 
from the front and c) E29 at full scale from the front. 

 

3.3 Detailed Results for the Compartment Experiments 

3.3.1 1:5 Scale 

The steel-faced panels were delivered in standard sizes for construction (1.0 m x 3.6 m, 1.2 m x 3.0 

m for the PIR and the SW, respectively) and were cut on site to fit the sizes of the respective 

compartments. Six 1:5 scale experiments (E3, E4, E7, E8, E11, E12) were conducted with joints in the 

mid-span and their seal of their joints were studied by comparing the compartment temperature 

and HRR to those from the compartments without mid-span joints (E1, E2, E5, E6, E9, E10). The 

external frame, as sketched in Figure 3.13 a), along with the aluminium tape and flashings along the 

ceiling edge were effective at confining the gases for these baseline experiments. The smoke 

emanating from other openings than the doorway was less noticeable for the SW experiments at 1:5 

scale as compared to the other scales, although the smoke production rate (SPR) was generally very 

low during all the experiments with SW panels.  

 

Prior to their flashover, all the experiments with polymeric cores were showing signs of integrity 

failures, with smoke coming out of other openings than the doorway. Most often that smoke came 

from the ceiling-to-wall interface at the back of the compartment. Leaks along the floor, as seen in 

Figure 3.13 b), were also observed, suggesting a combination of a non-perfect seal to begin with, 

integrity failure and deflections or rotation of the panels allowing for this flow of gases.  
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a) b)* 

Figure 3.13: a) Sketch of the 1:5 scale frame and b) photo showing external smoke being released due to pressure 
differences (E10). *Brightness and contrast increased by 40%. 

 

The external smoke production went through three distinguishable stages; 1) after each increase of 

the HRR of the burner white smoke would leak out of the compartment through other openings 

than, and as well as, the doorway, 2) just prior to the compartment flashing-over white and yellow 

smoke emanating from one or more leakages would fill the vicinity of the experimental-setup. The 

cool smoke, without buoyancy, would hang around and spread radially rather than vertically, and 3) 

when the compartment fire was fully developed the smoke would undergo a transition becoming 

gradually more brown, as seen in Figure 3.13 b), and eventually black and often igniting. 

 

The first series of 1:5 scale compartment experiments were designed to study the thermal 

penetration through the core material and the ability of the joints and gaskets from the 

manufacturers to seal the compartment during the compartment fires. Additionally, the effect of the 

thermal conductivity on the temperature of the compartment was studied, because the thermal 

resistance of the 6 cm thick PIR core was relatively close to that of the SW, 0.035 W/m2⋅K and 0.038 

W/m2⋅K, respectively. This comparison assumes the core materials do not contribute to the 

temperature and maintain the same conductivity throughout the temperature range in the 

experiment. Furthermore, the contribution from the 10 cm thick and 6 cm thick PIR panels was of 

interest and if the additional 4 cm of core material would be shielded by the forming char.  

 
The temperature measured near the ceiling in the SW(E1-E4) and PIR(E5-E8 [10 cm] and E9-E12 [6 

cm]) compartments , as shown in Figure 3.14, followed the stepwise increase of the HRR from the 

burner for both the baseline and modified fire scenarios. After the first burner step the SW 

External frame

External flashing

Internal flashing

Sandwich panel

Floor plate

External smoke release
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compartments with joints were in average less than 6°C cooler than the SW compartments without 

joints and in average 4°C cooler than the 6 cm thick PIR compartments and less than 10 °C cooler 

than the rest of the compartments. Overall, the SW compartments were cooler on average than the 

PIR compartments prior to the third burner step, as seen in Table 3.5. The PIR compartments had 

various degrees of exothermic reactions compared to the SW, as seen by the increase in the 

temperature in the compartment in Figure 3.15. At the end of the second burner step the SW 

compartments with and without joints were 300 °C and 281 °C, respectively, which, according to the 

STA result, is high enough for the first reaction to take place. The temperature in the compartment 

did, however, not increase. Shortly after the initiation of the third burner step as a result of the 

contribution from the core materials the PIR compartments failed whereas the SW compartments 

continued to heat up in a similar way as for the previous two steps.  

 

 

Table 3.5: Compartment temperatures 
after the first and second burner step. 

 
Step 1 Step 2 

 
(°C) (°C) 

E1 - 90 % (SW) 140 302 

E2 - 90 % (SW) 140 300 

E3 - 90 % (SW) 133 286 

E4 - 90 % (SW) 131 281 

E5 - 90 % (PIR) 146 337 

E6 - 90 % (PIR) 146 400 

E7 - 90 % (PIR) 145 336 

E8 - 90 % (PIR) 150 351 

E9 - 90 % (PIR) 152 389 

E10 - 90 % (PIR) 137 394 

E11 - 90 % (PIR) 146 351 

E12 - 90 % (PIR) 139 334 
 

Figure 3.14: Temperatures measured 10% from the top of the 
compartment for E1-E4 (SW), E5-E8 (PIR, 6 cm) and E9-E12 (PIR 10 cm). 
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Figure 3.15: HRR measurements for the 1:5 scale compartments that did 
not fail (E1-E4 and E20 had SW cores, while E5 and E7-E17 had PIR 
cores). 

 

The temperature developed a bit differently for E10 compared to the other failing compartments as 

a significant portion of the smoke from the panels leaked from the ceiling panel and therefore 

released its heat externally. The temperatures measured near the ceiling level in E6, E8 and E12, 

with and without joints, and with 6 cm and 10 cm thick panels were, however, similar throughout 

the duration of the experiments, as seen in Figure 3.14. When failure occurred, the flow of gas was 

turned off and the following decrease in the temperature of the compartments were a results of 

decreasing combustion processes. The effect of the difference between the thermal conductivity 

and thermal resistance of the SW and PIR panels was not conclusive as the temperature in the 

compartments with joints mid-span in 9 of the 12 experiments for the first two burning periods was 

lower and seems more dominant over the conductivity. 

 

All the temperatures measured on the internal surface for E2, except for the cluster marked “B5” in 

Figure 2.13 a), which are shown in Figure 3.16, were below 300 °C for the first two burner steps, as 

seen in Figure 3.17. The rate of which the thermocouples heated up was slower in the compartment 

experiments compared to the samples studied under the incident heat flux suggesting an incident 

heat flux lower than 10 kW/m2 in the compartment. It is, however, also possible that the 

thermocouples were not in contact with the internal surface as intended. The delay between 

increase of the burner and measured temperature is low, suggesting they were in fact, generally, 

touching the internal surface as intended. A few of the thermocouples measuring very low 

temperatures and the late registration of the termination of the gas burner suggests they were, 

however, not all placed correctly.  
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 The thermocouples placed throughout the walls of the SW compartments identified the exothermic 

reaction, just as they did in the unprotected SW core when exposed to an incident heat flux higher 

than 20 kW/m2 in the cone experiments. Upon turning off the gas after the third burner step (30 

min), the in-depth thermocouple generally decreased immediately and so did the thermocouple 

placed at a depth of 80 mm. The temperature at 80 mm was, however, not decreasing as rapid as 

the internal temperature and steady state was observed in the temperature profile, as seen in 

Figure 3.16. The temperature in the core material on both sides of the thermocouple was lower and 

the temperature should be somewhere in between and, if the SW core was completely inert and 

only conducting the heat, not higher. With the STA in mind, two significant reactions were identified 

for the SW around 272 °C and 505 °C. The temperature was higher than both of those temperatures 

and an exothermal reaction could have occurred as indicated by the temperature profile. This 

occurred after the experiment was terminated and was not measured prior in any of the other 

experiments and is therefore not a concern for the validity of the heat transfer model.  

 

  
Figure 3.16: In-depth temperatures for cluster “B5”, as 
seen in Figure 2.13 a), for E2 with a core of SW. 

 Figure 3.17: Internal surface temperatures from E2 
with a core of SW. “R”, “B”, “L”, “C” corresponds to 
thermocouples placed in the Right, Back, and Left 
walls and Ceiling, respectively. 

 

The SW panels did not show any sign of contribution towards the temperature in the compartment 

but did show trends of an internal heating within the walls adjacent to the burner. The PIR 

compartments in E9 and E11 both reached pHRR values of 9 kW without causing a thermal runaway 

and showed signs of decreasing or stabilization, respectively, prior to the burner being turned off. 

The compartment with 10 cm thick PIR panels exposed to 5 kW (equivalent of 300 kW at full scale) 

for 40 min (E17) without causing a thermal runaway was an outlier as compartment subjected to 
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similar fire scenarios (E14 and E18), failed after 14 and 15 min of exposure to 5 kW, respectively. The 

behaviour of the compartment in E17 was attributed to an inaccurate placement of the gas burner. 

Opening the safety valve on the tube connecting the gas burner with the flow meter caused the 

burner to tilt away from the side of the wall. The importance of the impingement of the flames from 

burner onto the walls is recognized and considered a paramount feature of the experimental setup 

to ensure consistency and accurately maintaining a worst case scenario. 

 

The mass and mass loss of the compartments were measured as a function of time in the 1:5 scale 

compartment experiments (except for E4, E14 and E20). The experimental setups consisting of the 

steel frame, a non-combustible floor, steel-faces with a few micrometres thick coating were all 

considered of negligible contribution and any mass loss measured was attributed to be the core 

material pyrolysing. This was in an effort to determine the effect of the char protecting the virgin 

material by maintaining as much of the initial mass as possible. The peak mass loss rate (pMLR) for 

the PIR compartments was fairly constant at 6.57 g/s ±0.46 g/s for the 13 compartments that failed. 

The pMLR for the PUR compartment was 11.03 g/s and almost 70% higher. Scaling the thickness of 

the wall meant a reduction in the burner duration, as presented in 2.1 - Scaling Analysis. 

Experiments with 6 cm thick panels have been plotted to match the burning periods of the 10 cm 

thick panels by the non-dimensional representation of the burner duration, as seen in Figure 3.18.  

 

 
 Figure 3.18: The ML (above the x-axis) and MLR (below the x-axis) for the 12 compartments with PIR cores and a 

single one with PUR all failing. The x-axis is non-dimensional with respect to burner steps. E14, E18, E21, E22 (all 
with PIR), are experiments with constant burner scenarios and are marked with dashed lines while E24 (with 
PUR) is also with a constant burner step and marked with dots. The burner step of the constant fires are scaled 
with respect to 600 s duration burner steps. 
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The PIR panels lost between 39 % and 67 % for E10 and E12, respectively, E10 was already identified 

as an outlier due to the large smoke released externally and lower compartment temperature fitting 

well with the reduced mass loss. The PUR panel lost 87 % of its initial mass which also matched the 

visual observations made during disassembly where the core material was burned through and left a 

seemingly ineffective light porous char. Many of the PIR panels had, however, still virgin core 

material along the corners or at the very least a solid char with some strength left unlike the PUR. 

Once the compartments failed and the fire was fully developed the pMLR and ML were the same for 

the constant and ramped up fire scenarios, as seen in Figure 3.18, where E18, E21 and E22 all lose 

approximately the same mass as E19 and E23. This was expected as the compartment fires were 

controlled by the fuel in the boundaries rather than the gas burner as well as the availability of 

oxygen restricted by the identical sized of the doorways. 

 

The measured HRR corresponds very well with the MLR in terms of overall trend. Smoke that ignited 

when pouring out though the ceiling-to-wall joints, which converted the otherwise CO and soot rich 

smoke to varying degrees into CO2 and H2O, was releasing more energy. This meant that for the 

same pMLR the HRR could be higher, as seen for E14 and E18 or E19 and E23 between Figure 3.18 

and Figure 3.19. Based on the steady state HRR measured for the experiments, the supply of oxygen 

through the doorway to the combustion zone was approximated to 4.6 g/s prior to any external 

ignition. Theoretically, for post-flashover fires, the flow of air through an opening can be determined 

as simply as 0.5 ⋅ 𝐴0 ⋅ √𝐻0 [145] in kgair/s. The mass fraction of oxygen in air is 0.23 wt% and the 

theoretically oxygen supply is therefore 4.7 gox/s, equivalent of 61 kW, assuming complete 

combustion to CO2 and H2O matching the experimentally determined range. 
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Figure 3.19: HRR measurements for the 13 1:5 scale compartments with 
polymeric cores with significant contribution. Solid lines denote modified fire 
scenarios of 2 kW, 5 kW, 10 kW, except for E19 which was 2 kW, 5 kW, 5 kW, 
dashed lines denote constant fires with E14 and E18 as 5 kW and E21, E22 and 
E24 (PUR) as 7 kW. 

 

The mass loss was 0.5% for the experiments with SW cores (E1, E2, E3 (no mass was acquired for E4) 

that all withstood their respective fire scenario. The mass was lost with a constant rate for each of 

the three burner intensities, as seen in Figure 3.20 by the constant slopes. The four PIR experiments 

subjected to the baseline fire scenario all had an increase in mass loss rate after each of the two 

increases in gas burner intensities but never exceeded 1 g/s and shortly followed by a decreased 

with a total mass loss between 220 and 240 gram. The compartments subjected to constant fire 

scenarios with 2 kW(E13) and 5 kW(E17) lost 75 g and 300 g, respectively, and in average lost a 

constant of 0.03 g/s and 0.12 g/s, respectively, corresponding to 1 % and 7.5% total mass loss after 

40 min, respectively, as seen in Figure 3.20.  

 

 
Figure 3.20: Mass loss measured for 1:5 scale experiments with negligable 
contribution for the three SW panels (E1-E3) and the six compartments 
with PIR panels (E5, E7, E13, E17 [10 cm] and E9 and E11 [6 cm]). 
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By conducting experiments with constant fire scenarios for the 6 cm and 10 cm thick panels the 

effect of the thickness was found to be insignificant with respect to the time of the thermal 

runaway. The increased thickness also meant an additional fuel load and the 10 cm thick panels 

generally released more energy, as seen in Figure 3.21, during E14 and E22 than the rest of the PIR 

experiments. The compartments in E6 and E8 were, however, also constructed with 10 cm thick 

panels and showed the same THR as the experiments conducted with the 6 cm thick panels and the 

relationship between THR and panel thickness was not conclusive. The average effective heat of 

combustion over the full duration of the experiments, ΔHe, was 11.6 MJ/kg ±4 MJ/kg and 15 MJ/kg 

for the PIR and PUR, respectively. Prior to flashover, the combustion efficiency, χ, was found to be as 

low as 20% and post flashover increase up to 50% and all the way up to 80% in the decay phase. ΔHe 

for both polymeric cores are significantly lower than the ΔHc found in Section 2.2.1.3 Gross calorific 

content and χ was in average as low as 39% ±14% and 64% for the PIR and PUR cores, respectively.  

 

 
Figure 3.21: The average ΔHe and THR for the compartments with a 
thermal runaway at 1:5 scale experiments. 

 

E12, E15 and E16 were all experiments with 6 cm thick PIR panels, but with the burner located in the 

corner, at the middle of the back wall and in the centre of their respective compartments, 

respectively. The time of failure had a strong correlations to the area impinged by the flames. E12 

failed first followed by E15 and then by E16, which took the longest time to reach failure, as seen in 

Figure 3.22. The two experiments with the burners located in the corner and at back wall behaved 

similarly showing a rapid fire growth shortly after the initiation of the third burner step. For the 

compartment with the burner in the centre, the third burner step could be identified by the plateau 

prior to the occurrence of the thermal runaway.  
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Figure 3.22: The HRR for E12, E15 and E16 which were constructed with PIR panels but 
the burner located in the corner, at the back wall and in the centre of the 
compartment, respectively.  

 

3.3.2 2:5 Scale 

The 2:5 scale experiment with a core of SW (E25) was subjected to the modified fire scenario with 

the aim of comparing the temperatures and net heat flux across scales. The compartment was 

constructed with panels covering the full length and width without mid-span joints, just as E1, E2 

and E20. The temperature difference for compartments with joints at 1:5 scale showed no 

significant temperature difference and the lack of mid-span joints were not considered a 

requirement for cross-scale comparisons. The HRR measurement did not show a significant 

contribution from the SW core material as the measured HRR matched the HRR provided by the gas 

burner except for the very end where the flow to the burner was turned off and a “tail” of heat was 

measured, as seen in Figure 3.23.  
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Figure 3.23: The HRR for E25 in solid line with the HRR of the gas 
burner marked with the dotted line. 

 

The gas at the top of the compartment heated up rapidly after each burner step increase, as seen in 

Figure 3.24 a), whereas a lot of the wall temperatures increased beyond that. The highest, lowest 

and any inconsistent measurements made by the thermocouples in the right (R), back (B), left (L), 

ceiling (C) and front (F) walls are presented in Figure 3.24 b). The thermocouples in the walls close to 

the gas burner heated up the most, as expected, and some of the ceiling and left wall thermocouples 

heated up beyond that of the compartment gases, as seen in Figure 3.24 a).  

 

  
a) b) 

Figure 3.24: The temperature for E25 measured in a) within the volume of the compartment and b) the 
temperature of all the internal steel faces. “R”, “B”, “L”, “F”, “C” corresponds to thermocouples placed in the 
Right, Back, Left, and Front walls and Ceiling, respectively. 

 

Two thermocouples broke shortly after the increase to the second burner step and a thermocouple 

in the front wall of the compartment increased unexpected after the gas was tuned off. Additionally, 
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two thermocouples placed in the backside and right wall, respectively, showed a dampened 

temperature increase suggesting they were not in contact with the internal steel-face, as intended.  

 

The temperatures measured in the compartment ramped up faster as well as reached a higher 

temperature at the four measured location along the height after each increase of the HRR of the 

gas burner than in the 1:5 scale, as seen in Figure 3.25. The gas near the ceiling was 70 °C, 100 °C 

and 125 °C higher during the first, second and third burner step, respectively, corresponding to 34%, 

26% and 20% higher temperatures for the 2:5 scale compared to the 1:5 scale. Besides the values, 

the time it took to reach the steady state or nearly steady state were very different between the 1:2 

and 2:5 scaled compartments. The internal temperatures of the steel-face were also higher than 

those measured in the 1:5 scale experiments and the relative size of the fire from the burner did not 

match across the factor two in scales. The heat transfer in the compartments will be discussed 

below in Section 3.3.7 - Heat Transfer Analysis with the focus on the conductive and convective heat 

losses though the solid boundaries and the doorway, respectively. 

 

  
a) b) 

Figure 3.25: Temperature along the centre of the compartment for a) 2:5 scale (E25) and b) 1:5 scale (E2) experiment 
with SW panels. 
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3.3.3 1:2 Scale 

The two 1:2 scale experiments conducted with PIR panels (E26, E27) and the one with SW panels 

(E28) were all constructed with joints. There were three focus areas for these experiments: 

 

 Conduct an experiment with SW panels subjected to a modified fire scenario to compare 

with E2, E4, E20 and E25 (Burner scenario: “1_3_6”, see Table 2.12) 

 Conduct an experiment with PIR panels subjected to a constant HRR from the burner to 

compare to the time to failure from E18 and E21 (Burner scenario: “3_3” and “4_4”, 

respectively, as seen in Table 2.12). 

 Conduct a baseline experiment with PIR panels to compare with the temperature 

measurements from the first two burner steps from E19 (Burner scenario “1_3_3”, see Table 

2.12). 

 

For the SW experiment the HRR provided by the gas burner was incorrectly ramped up when 

transitioning from the first to the second step resulting in an increased compartment temperature 

following the trend of the provided HRR, as seen in Figure 3.26 a) and b), respectively. 

 

  
a)* b) 

Figure 3.26: Results from E28 with SW panels with a) the measured HRR and burner input, and b) the 
temperature measured in the centre of the compartment at various distances from the floor. *The HRR 
correction can be found in Appendix C. 

 

The measured HRR does not show any notable contribution from the SW core relative to the 

anticipated contribution from the burner. The unintended increase of the burner caused a rapid 
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to significant smoke production. The HRR at the highest burner step also increased beyond that of 

the burners further supporting the contribution of the panels to the measured HRR. However, the 

fluctuations in the HRR measurements decrease its certainty regarding the magnitude of the 

contribution from the core. The accidental ramp up caused the gas temperatures to reach steady 

state immediately and once the HRR was decreased the temperature was sustained which was not 

seen for the other two steps where the compartment temperatures ramped up just as seen in the 

1:5 scale experiments. The temperatures in the hot gas layer in the compartment were higher than 

measured at 1:5 scale suggesting a larger fire relative to the size of the compartment and not in line 

with the scaling theory. With the current data available this can suggests one of two possibilities; 1) 

the 1:5 scale is an inappropriate scale, or 2) the fire of the 1:2 scale experiment was, relative to its 

size, too big. 

 

The similarity of the results at 1:5 scale between 10 cm and 6 cm thick PIR panels with respect to the 

HRR and compartment temperature was used as the justification for conducting two different fire 

scenarios in the 1:2 scale compartments. E27 was conducted with a constant HRR from the burner of 

53 kW, equivalent to 300 kW at full scale (�̇�∗=24), and compared with the two constant fire 

scenarios studied at 1:5 scale. Their dimensionless HRRs and actual HRR was 24 and 5.4 kW, and 32 

and 7.1 kW for E18 and E21, respectively. The time for failure varied a great deal across the scales 

and fire scenarios. E21 with a �̇�∗ of 32 compared to �̇�∗ of 24 for E27 got the closest to matching the 

behaviour seen at 1:2 scale, but was still far off with respect to the HRR. The temperature in the 1:2 

compartments showed a lower time to failure than in the two 1:5 scale experiments. The 

temperature near the ceiling for E21 was, however, matching that of E47, but levelled off for 

another 2 min before the thermal runaway of the compartment occurred, as seen in Figure 3.27 b). 

Shortly after the thermal runaway, the two 1:2 scale compartments with PIR were both extinguished 

by water, as suggested by their rapid drop in both HRR and temperature.  
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a) b) 

Figure 3.27: Results from three PIR experiments with constant fire scenarios for 1:2 (E27) and 1:5 scale (E18, 
E21) with a) the measured HRR and burner input and b) the measured temperature at the top and middle of 
the compartments (90% and 48%, respectively). 

 

The scaling of the HRR from the burner for these scales were not able to capture the thermal 

runaway of the compartments and the times suggest the HRR at 1:5 scale is not enough as the 

failure occurs much later. Even as the temperatures near the ceiling for the first 250 s between E21 

and E27 matched the temperature in the 1:5 scale compartment took longer to reach the point of 

thermal runaway. This leads to a new the hypothesis: 

 

 The flashover at these two scales were not caused by the same mechanisms, which is a 

potential result of the scaling as even the �̇�∗ =32 at 1:5 scale was not able to replicate the 

failure for the constant fire of �̇�∗ =24 in a 1:2 scale compartment, which will be elaborated 

on in Section 3.3.5.1 below. 

 

With the knowledge from the previous experiments with PIR and SW, the fire scenario for E26 with 

PIR was amended. Compartment with SW the hot gases near the ceiling was lower for the 1:5 scale 

compared to those measured at 2:5 and 1:2 scale. The time to thermal runaway for E18 compared 

to E27 (both with PIR panels) was longer. The second step for E26 was therefore lowered to match a 

scaled 200 kW instead of the intended baseline value of 300 kW as this burner output value was 

certain to cause a thermal runaway as seen in E27. During the first burning period for E26 steady-

state was reached with temperatures of 231 °C and 306 °C in the hot gas layer measured at 79% and 

90% of the compartments height, respectively, as seen in Figure 3.28 a). The thermal runaway 

occurred when the burner was increased from 17 kW to 34 kW and reached 240 kW before being 
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extinguished due to severe external smoke production. At 1:5 scale the compartment was able to 

withstand the second burner step with indications of minor contributions from the core by a spike in 

temperature near the ceiling, as seen in Figure 3.28 b). The thermal runaway for the 1:5 scale 

compartment was initiated by the third burner step after the temperature in the compartment had 

stabilised at 274 °C and 336 °C measured at 69% and 90% of the height of the compartment, 

respectively. This was higher than for the 1:2 scale and the increased compartment temperatures 

prior to failure supports the hypothesis that the failing mode for the 1:5 and 1:2 scale might be 

different.  

 

  
a)* b) 

Figure 3.28: a) HRR and temperature at various heights from the floor in the compartment for E27 (PIR) and b) 
HRR and the temperature at various heights from the floor in the compartment for E23 (PIR). *HRR correction 
can be found in Appendix C. 

 

3.3.4 Full Scale 

The full scale experiments were conducted with an internal steel frame, as presented in Section 

2.2.3, which prevented direct flame impingement along the edges and absorbed some of the energy 

from the fire. The fire scenario for these experiments was 100 kW and 300 kW being released in 

steps of 10 min and 20 min, respectively. The HRR based on the provided gas flow, was 50 kW and 

200 kW for the compartment with SW panels, which resulted in a new fire scenario. The oxygen 

analyser failed to measure the first three min and the last two min of the 50 kW burner period and 

here after measured HRR of the second burner step of 200 kW, including the period where the 

burner system had to adjust for a depleted gas cylinder, as seen in Figure 3.29 a). The fire scenario 

for the compartment with PIR panels, according to the gas flow meter, was 100 kW for 540 s and 

300 kW and as the compartment went into flashover 120 s into the second burner step the gas was 
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terminated for safety reasons, as seen in Figure 3.29 b). Figure 3.29 b) also shows how the measured 

HRR for experiment E29 with PIR is much higher than the input of the mass flow controller. Based on 

the bi-directional pressure probes, the energy flowing out of the compartment as convective energy 

was calculated as 100 kW after 540 s. This means that the mass flow controller was not providing 

the planned gas flow, as some energy would have been conducted through the boundaries. Based 

on the flow data from other experiments, the convective energy is, however, also unlikely to be as 

low as 50%, which is suggesting that the measured HRR was also incorrect. As seen in Appendix – 

HRR Calculation, Analysis and Correction for E29 on page 169 the actual HRR was most likely 130 

kW-133 kW for the first 540 s and not 100 kW or 200 kW as the mass flow meter and the gas 

analyser showed, respectively.  

 

  
a) b) 

Figure 3.29: HRR data the full scale experiments E29 and E30 with a) panels with a core of SW and b) panels with a 
core of PIR including the burner, respectively. 

 

The temperatures in the compartment constructed with PIR panels reached steady state prior to the 

increase of the input of the burner to 300 kW where it failed. The temperature measured nearest 

the ceiling in the compartment was 270 °C and the lowest part of the smoke layer was 200 °C while 

for the compartment with SW panels the smoke layer was between 150 °C and 100 °C. Steady-state 

was never achieved for the compartment with SW panels after the increase to 200 kW and the 

shape of the temperature profile was similar to one from the 1:5 (E20) and not the 2:5 (E25) or 1:2 

(E28) scale compartments, as seen in Figure 3.30 a). The temperature measured at 90% of the height 

of the compartment for the first 600 s (the first burner step) matched the temperatures measured at 
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similar relative height in the 1:5 scale compartment. The �̇�∗ was 16 for the full scale compared to 

the 24 for the 1:5 scale during the second burner step the temperature was, however, higher for the 

full scale. The temperature in the PIR compartment during the first burner step matched the 

temperature measured in the 1:2 scale experiment (E27) and the second burner step in the 1:5 scale 

experiments (E12), as seen in Figure 3.30 b). Those failure temperatures fall within the range 

identified in Figure 3.1 and Figure 3.2 for ambient environments of nitrogen and air, respectively. 

This highlights that even the smallest scale experiments are important for identifying temperature 

ranges of concern. 

 

 

  

a) 

 

  

b) 

 

Figure 3.30: Temperature measurements near the ceiling for a) compartments with 
SW panels at 1:5, 2:5, 1:2 and full scale (E20, E25, E28 and E30, respectively) and b) 
compartments with PIR panels at 1:5, 1:2 and full scale (E6-E21, E26-E27 and E29, 
respectively). 
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Additionally, data from an older set of experiments from literature [16] with similar panels (identical 

names, but different production years) with thermocouples located both in the volume of the 

compartment as well as inside the walls was used for comparisons [149, 133]. The fire scenarios for 

these experiments were intended as 100 kW, 300 kW and 600 kW for 10 min duration each for the 

compartment with PIR panels and with the 600 kW step prolonged for an additional 10 min for the 

compartment with SW panels. The HRR was determined by the use of doorway mounted flow and 

gas measurements instead of a hood collecting the combustion products meant and increased 

uncertainty regarding the HRR. The measured HRR regions were extracted from the work done by 

Hidalgo [16], as seen in Figure 3.31.  

 

  
a) b) 

Figure 3.31: HRR data from literature [16] with full scale experiments with a) panels with a core of SW and b) 
panels with a core of PIR. 

 
The gas burner for the experiments with PIR panels was accidentally increased after 7 min and not 

10 min as planned and the final burner step of 600 kW was shortened. However, the thermal inertia 

of the gas is low and the temperatures in the compartment were stabilized prior to this increase and 

matched the temperatures in the compartment with SW panels reducing the implications of this 

premature increase, as seen in Figure 3.34.  
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Figure 3.32: HRR for the two 1:1 scale compartments with PIR panels (E29 and from literature [16]). 

 

The difference between the two full scale burner scenarios show how efficient the PIR panels are at 

limiting their heat release once the external heat source is removed. This behaviour was also seen at 

1:5 scale, but not as efficient where between 40% and 60% of the mass was lost, which was 

significantly lower based on visual char depth analysis conducted during disassembly. The ceiling 

panels were all delaminated on the internal face while most wall panels were mostly unharmed in 

the lower half with significant char formation in the top half, as seen in Figure 3.36 (R2 and R3). The 

internal steel frame effectively protected the shielded panels behind, as seen by the virgin core 

material along the edges, as seen in Figure 3.33 (L1 and L4), and the panel directly adjacent to the 

gas burner (R1). 

 

 
L1 L4 R1 R2 R3 C1 

Figure 3.33: Char formation for six panels from E29 showing the various degrees of char formation from the 
compartment boundaries after the removal of the internal steel-face. “L”, “R” and “C” refers to the left and right wall 
and ceiling, respectively, as seen in Figure 2.15. 
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a) b) 

Figure 3.34: Temperature data from literature [16] with full scale experiments with a) panels with a core of SW 
and b) panels with a core of PIR. 

 

As the full scale experiment with SW had complications the experiment with SW panels from 

literature was used as a reference for the modified fire scenario for neat heat transfer comparisons. 

The panels from literature were the same brand, type and thickness but with a red finish instead of 

the white herein. The full scale experiment with PIR panels from literature served as a duplicate as it 

also ignited within the first two burner steps. The PIR panels from literature were the same brand 

and type but differed with a grey finish on the outside instead of the white herein and a flat internal 

face whereas it is mini box herein.  

 

3.3.5 Summary of the Compartment Experiments 

The comparison of the temperatures in the hot gas layer across panel types and compartment sizes 

leads to the follow experimental relationships: 

 

 The scaling of the fire scenario to 1:5 scale did not provide the same relative sized fire as 

seen by the lower compartment temperature and the time to failure was longer for the 

compartment with PIR panels. 

 

 The gas temperature measured in the top 1/10th in the middle of the volume of the 

compartments the fire size of �̇�∗ = 4 at 1:1 scale was nearly identical with the 

measurements taken at 1:5 scale for a �̇�∗ = 8 for the compartments with SW. The quadruple 
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non-dimensional fire size �̇�∗ = 16 caused a higher increase in temperatures at full scale than 

a �̇�∗ = 24 at 1:5 scale, but lower than �̇�∗ = 24 at 2:5 for E2 and E20, respectively. These 

results provide further support towards concluding that the scaling relationship is incapable 

of replicating the fire in compartments at this small scale.  

 

 E27 and E29 with compartments of PIR panels with a fire scenario of �̇�∗ = 8 for their first 

burning durations showed close to identical temperatures throughout the height of the 

compartment. At the initiation of the second burning step ( �̇�∗ = 16 and 24 for E27 and E29, 

respectively), the compartment fires transitioned to ventilated controlled dominated by the 

energy released by the panels over the burner and the compartment temperatures 

increasing at a similar rate. The fires were extinguished at different times and the burning 

duration is not possible or intended to be compared. 

 

3.3.5.1 Hypothesis of Different Failure Mechanisms for the 1:5 Scale compared to Larger 

Scales 

After the gas burner was turned off more than 90% of the internal thermocouples in the 

compartments with PIR panels at the 1:5 scale were able to maintain a temperature above 500 °C. 

At 1:2 and at full scale this was less than 40% and for much shorter duration, as seen in Figure 3.35, 

albeit influenced greatly by water being applied early. This does, however, show that after the onset 

of the thermal runaway in the compartments the fire dynamics are significant different as almost all 

thermocouples are measuring temperatures higher than 500 °C at 1:5 scale but less than 40% are at 

1:2 and full scale. As a consequence of this, extrapolating the HRR based both on oxygen 

consumption or mass loss rate back up to 1:2 or 1:1 scale will be significantly overestimated. 
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 a)  b) 

  
 c)*  d) 

Figure 3.35: Distribution of thermocouples measuring more than 500 °C for a) E18, b) E23, c) E27 and d) E30, all 
compartments were with with PIR panels. 
* The compartment fire was put out with water shortly after it failed and the gas burner was turned off as 
well. 

 

3.3.6 Time to Failure and Critical HRR 

The HRR required to cause a failure (critical HRR) and to cause a transition from a fuel- to ventilation 

controlled fire is given by Eq. 2.8 (repeated below for convenience). The fuel coefficient, C, is 1 and 

1.7 for fuels burning in the middle and corner of a compartment, respectively. The expression was 

calculated for the 1:5 and 1:2 scale compartments with PIR panels, as seen in Figure 3.36 and Figure 

3.37, respectively.  
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For the 1:5 scale experiments the best fit is with the coefficient of unity as the HRR for E21, E19 and 

E14 was in the early phase of transitioning towards becoming ventilations controlled. Furthermore, 

the 1.7 coefficient already has the compartments in a transition phase with just 3 kW and 2.6 kW 

after 300 s and 600 s, respectively, and with that correlation all non-constant HRR 1:5 scale 

experiments should have failed at the second burner step, not the third. E14, E12 and E23 all fail at a 

higher HRR than the empirical correlations predicts, but not by much. E21 and E19 with constant fire 

scenarios were both growing parabolic passing the predicted threshold value suggesting an 

increasing wall area contributing to the growth before the transition of the compartment to 

ventilation controlled burning conditions which caused a sudden increase in the HRR. 

 

 
 Figure 3.36: HRR for five 1:5 scale compartments with PIR panels combined and Eq. 2.8 with C equal to 

1 and 1.7. 

 

The 1:2 scale compartments correlated differently to the two coefficients compared to the 1:5 scale, 

and the location for the fuel in the corner (1.7) provides the best predictions. Both E27 and E26 were 

in the growing phase when passing the threshold. However, the 1.7 coefficient provided the lowest 

estimate of failure in the late growing phase, but still before the HRR spiked, as seen in Figure 3.37. 
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Figure 3.37: HRR for the two 1:2 scale compartments with PIR panels and Eq. 
2.8 with C equal to 1 and 1.7. 

 

For compartments with the geometry of the standard test room and the compartment experiments 

conducted inhere the critical HRR causing a flashover converges towards 150 kW and 220 kW for PIR 

and SW with a thermal inertia at ambient temperature of 1300 W2s/m4K2 and 3800 W2s/m4K2 

respectively. The design fires used should therefore initiate a thermal runaway when the burner is 

increased from 100 kW to 300 kW 10 min after initiation of the experiments. The full scale 

compartments with PIR panels failed after 540 s and 480 s for E29 and the compartment from 

literature both shortly after the initiation of the second burner step to 300 kW, as seen in Figure 

3.32. The burner was turned off for E29 shortly after the compartment failed and the HRR slowly 

decreased whereas in the literature the propane flow to the gas burner was sustained and 

eventually increased to 600 kW after 1052 s for 200 s explaining the difference in the two curves.  

 

3.3.7 Heat Transfer Analysis 

The heat transfer model is one-dimensional and based on zero energy generated within the CV. 

Energy within the CV is merely transported from hot to cold, unstable to stable and as such the 

validity range for temperatures for experiments with PIR panels is very narrow (< 300 °C), seen in 

section 3.1.1 Thermographic Analyses and Differential Scanning Calorimetry as the first larger 

reaction. The heat transfer model is, therefore, only applied to compartments with SW panels as 

their limited mass loss and energy generation fit the limitations of the model. The in-depth 

temperature measurements for 26 thermocouple pairs from the full scale experiments with SW 

panels from literature exposed to the modified fire scenario [149] were used to determine the 
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thermal conductivity of the core material. In addition to those measurements, the 20 thermocouple 

clusters from both E1 and E3 were also used to determine k1 for the core material, as seen in Eq. 

2.26 (repeated below for convenience). A temperature dependent term was found for each of the 

thermocouple positions, as seen in Figure 3.38 and summarized in Table 3.6, and the median was 

used for further heat transfer analysis. The solution is sensitive to the location of the thermocouples 

and a scatter was expected and the conductive term from both the 1:5 scale and literature was 

found to be around 0.00020 W/m⋅K2 with some peak values being four times as high and others 

negative. 

 

𝑘(𝑇) = 𝑘0 + 𝑘1 ⋅ 𝑇 2.26 

 

 

 

Table 3.6: Summary of k1 coefficients for the 
SW 

k0 (W/m⋅K) 3.8E-2 
Median, k1 (W/m⋅K2) 2.0E-4 

 

Figure 3.38: k1 solutions for the SW panels from E1, E2 and 
literature based on the least square optimization algorithm. 

 

The one-directional heat transfer model was able to predict the thermal wave passing through the 

walls fairly well but by no means perfectly, as seen in Figure 3.39. The heat transferred was, 

however, still calculated to establish the net heat loss through the solid boundaries heat losses to 

compare it across scales. For the global heat loss analysis the calculated heat fluxes from the model 

are multiplied with the respective area the associated thermocouple corresponds to. The sum of all 

the heat conducted divided by the known HRR from the burner provides a versatile non-dimensional 

measure which is compared across scales, as seen in Eq. 3.1. 
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a) b) 

 Figure 3.39: The calculated in-depth temperature development marked with hatched marking a TC location ±3 
mm from intended depth with the measured temperatures in solid lines for two wall measurements from the SW 
experiments from literature. 
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The compartment was not mounted with thermocouples along the boundary towards the floor and 

the exact conductive losses were not estimated. The Calcium Silicate plates used as the bottom 

boundary had a higher thermal conductivity than the walls, as seen in Table 3.7. The boundary was, 

however, subjected to lower temperatures than the panels due to the nature of buoyancy forces 

driving the hot gases upwards thus reducing the convective losses. The measurements from the 

thermocouples in the walls nearest the floor was assumed to conservatively reflect the magnitude of 

the internal surface temperature of the floor plates, seen in Figure 3.40 a). Based on this the heat 

transferred through the floor was calculated as less than 3% of the heat released from the burner for 

E20 (1:5 scale), as seen in Figure 3.40 b), equivalent of 0.04 kW, 0.11 kW and 0.27 kW after 600 s, 

1200 s, 1800 s, respectively. As the magnitude of heat transferred was small the lack of 

thermocouples and undetermined heat transfer through the floor was considered negligible.  

 

Table 3.7: Material properties for the floor plate [166].  

 ρ  k0 cp (assumed) t Reaction to fire 
 (kg/m3) (W/m·K) (J/kg·K) (m) (-) 

FireFree ScandiBoard 850  250 0.0659 840 0.022  A1 (Non-combustible) 
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a) b) 

 Figure 3.40: a) the measured temperature for the thermocouples closest to the floor from E20 (1:5) and 
b) the heat transmitted through the floor plate relative to the known heat output by the burner. 

 

The bi-directional pressure probes mounted along the centre of the doorway was used to estimate 

the convective heat losses. Following traditional compartment fire dynamics, as explained by 

Karlsson and Quintiere [145], the flow can be calculated as a function of the pressure difference 

between inside and outside the compartment. The heat lost via convection through the doorway 

was determined on the basis of the measured velocities and temperature corresponded to a mass 

flow. By measuring the flow directly, the assumptions made regarding pressure difference being the 

dominating driving force from theory is avoided. This method accounts for the possibility of 

momentum driven flows caused by the deflection of hot gases by the ceiling. The convective heat 

losses were determined for four experiments at three different scales all with SW panels (E20, E25, 

E30 and literature), as seen in Eq. 3.2.  

 

�̇�𝑐𝑜𝑛𝑣 = 𝐶𝑑 ⋅ �̇�𝑔 ⋅ 𝑐𝑝 ⋅ Δ𝑇,  
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3.2 

 

Where �̇�𝑔 is the mass flow of the gas, 𝐶𝑑 is the flow coefficient and assumed to be 0.7 [145], 𝑣 is 

the velocity determined by the bi-directional pressure probes, W is the width of the door, H is the 

dynamic distance from the floor to the neutral plane, HN, and H0 is the height of the doorway. The 
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velocities along the height of the doorway for the experiments with SW panels at 1:5 scale and 2:5 

scale peaked at 4.2 m/s and 4.0 m/s after 1800s, respectively, as seen in Figure 3.41 a) and b), 

respectively.  

 

  
a) b) 

Figure 3.41: a) the measured doorway velocities over the height of the door for various times during a) 
E20 (1:5) and b) E25 (2:5). 

 

The weighted average of the temperature along the height of the smoke layer along with the 

assumption that the gases primarily consisted of air and acted ideal was used to determine the 

density of the gas as a function of time. Throughout the duration of the experiments small quantities 

of smoke, relative to the flow of gases from the doorway, was leaking from the compartments and 

was considered insignificant and was not accounted for. The fraction of heat lost through the 

doorway throughout the duration of the experiments compartment ranged from 0.20 to 0.80 where 

the first burner step for E20 was difficult to measure due to low velocities. At the initiation of the 

second burner step the fraction of heat lost via convection ranged from 0.40 to 0.60 and still with 

the 1:5 scale being in the lower end. The convective fraction of energy increased over time and, as 

seen in Figure 3.41, once the velocities in the doorway stabilized the energy loss also reached a 

constant quantity. The conductive energy initially peaked just after each increase in the HRR of the 

burner and as the temperature between the compartment volume and boundaries approximated 

each other the conductive losses approximated steady state. This was more correct for the full scale 

experiments than for the smaller scales, as seen in Figure 3.42. 
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a) b) 

  
c) d) 

Figure 3.42: Heat for the experiments with SW panels separated as modes of transfer for a) E20 (1:5), b) E25 (2:5), c) E30 
(1:1), and d) from literature (1:1). 

 

Overall, the heat transfer across the three scales was in the same range with about 2/3 of the heat 

losses being convective regardless of the input of the burner, as seen in Figure 3.42. There are 

noticeable inconsistencies for the conductive fraction across the scales such as the 0.3, 0.5 and 0.3-

0.4 initially for E20 (1:5), E25 (2:5), E30 (1:1) and literature (1:1), respectively, suggesting a 

discrepancy for the 2:5 scale experiment as it does not fit the 0.3 to 0.4 range. The distribution of 

heat in the 2:5 scale experiment is generally subjected to much more heat for both the conductive 

and convective fractions compared to the other experiments. A general trend across all scales is, 

however, the nearly-steady-state situation towards the end of the experiment where the calculated 

energy distribution accounts for 90% in three of the four experiments with the data from literature 

being about 15% lower.  
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a) b) 

  
c) d) 

Figure 3.43: The distribution of heat for the experiments with SW panels for a) E20 (1:5), b) E25 (2:5), c) E30 (1:1), and d) 
from literature (1:1). 

 

For compartments constructed with panels with an inert core material the satisfactory global heat 

transfer across the scales might be sufficient for some studies. The net heat flux penetrating the 

core material will, however, increase its temperature correspondingly as presented in Eq. 2.23 

(repeated below for convenience) if solved for the temperature, 𝑇𝑗+1.  
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To study the net heat flux transferred through the internal boundaries across four experiments and 

the four scales (E20 [1:5], E25 [2:5], E30 and from literature [1:1]) the calculated heat fluxes, as seen 

in Figure 3.44, were compared. The net heat flux peaks shortly after each increase in burner 

intensity as the increased HRR also caused the temperature of the enclosure and the temperature 

gradient between the gas phase and the steel-sheets to increase rapidly. This cause the net heat flux 

to increase temporarily followed by a slow decrease until steady state occurred. Conductive steady 

state or quasi-steady state was also identifiable in the global heat transfer analysis where E25, E30 

as well as the SW experiment from literature decreased towards the end of their respective 

experiments. 

 

  
a) b) 

  
c) d) 

Figure 3.44: Net heat flux calculated for all the thermocouples in a) E2 (1:5), b) E25 (2:5), c) E30 (1:1) and d) 
literature (1:1). 
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To accommodate for the different measurement densities across the scales the number of 

measurement points were made relative to the number of thermocouples. This means that the net 

heat flux calculated for a compartment with 20 measurement points would be plotted with 5% 

distance on the x-axis whereas a representation of the results from a compartment with 100 

thermocouples would be separated by just 1%. To compare the general distribution, and therefore 

also the applicability of the scaling method, the heat flux measured just prior and after each burner 

increase was ranked from lowest to highest to simplify the comparison, as seen in Figure 3.45. The 

net heat flux for the 2:5, 1:2 scale and from literature corresponded reasonable well for the 

initialisation of the experiment, as seen in Figure 3.45 a). The net heat flux for the full scale was 

higher for about 60% of the measurements. The net heat flux did, however, corresponded very well 

to the bottom and top 20% of thermocouples, as seen in Figure 3.45 b) and Figure 3.45 d), 

suggesting the surfaces closest and furthest away from the burner is heated the same. E2 and E30 

matched very well at the end of the first and second burner step (500 s and 1100 s), as seen in 

Figure 3.45 c). This indicates that the scaling of the HRR of the burner in 1:5 scale is not correct as 

E30 only was 50 kW and not the 100 kW which E2 was scaled for. The second burner step in E28 was 

ramped up too high and was therefore not comparable with the equivalent steps for E25 and the 

literature. It was, however, comparable with their third respective burner increases which resulted 

in net heat fluxes in the same range albeit at different times, as seen in Figure 3.45 e). The full scale 

experiment from literature had greater heat fluxes compared to those from E25 at 2:5 scale, as seen 

in Figure 3.45 d), where the second step from E28 at 1:2 scale were the closest approximation. The 

quasi-steady state near the end of the scaled experiments the E25 matched the 25% larger E28 but 

were both greater than the full scale from literature, as seen in Figure 3.45 f). This goes for the 

whole range of measurements, except for the 10% of the wall areas represented by the 

thermocouples closest to the burner, where the net heat flux was much higher for the full scale from 

literature [16].   
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a) b) 

  
c) d) 

  
e) f) 

Figure 3.45: Net heat flux a) after the first burner step for E25 (2:5), E28 (1:2) and literature (1:1), 
b) just before the second burner step for E28 (1:2), E25 (2:5) and literature (1:1),  
c) before the two first burner increases for E2 (1:5) and E30 (1:1), 
d) the first burner step for E25 (2:5), E30 (1:1) and literature (1:1),  
e) after the second increase for E28 (1:2) and the third for E25 (2:5) and literature (1:1), and  
f) the quasi steady-state heat flux prior to the termination of the experiment for E28 (1:2) and E25 (2:5). 
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The comparison between the scales with respect to compartment temperature and for SW also the 

global heat transfer and net heat flux presented some differences but also some similarities, 

summarized as: 

 

 Based on the compartment temperature, the reproducibility of the 1:5 scales for 

compartments with or SW was excellent if the placement of the gas burner was consistent. 

 The net heat transfer across all 4 scales for the first 600 s were identical for a majority of the 

measurement with areas closest to the burner where the heat flux is the highest deviating. 

 The quasi steady-state heat flux prior to the termination of the experiment for E28 (1:2) and 

E25 (2:5) was almost identical, suggesting a very similar fire compartment environment. 

 The net heat flux just after burner increases were not as similar as the more steady and 

quasi-steady periods. The net heat flux at 1:2 scale after the first increase to �̇�∗ = 24 

matched that of the full scale from literature, while the same increase at 2:5 scale was much 

lower. 

 The steady state net heat transfer before the two burner increases in 1:5 scale and the full 

scale SW experiment matched quite well despite different �̇�∗ suggesting a limit to the 

scaling of the net heat transfer. 

 The first and second burner steps for E25 and the compartment from literature compared 

well on many parameters, such as compartment temperature, initially induced net heat flux 

and the top and bottom 20% heat flux for the first 1200 s. 

 

3.3.7.1 Uncertainties 

The heat transfer model was generally very good at accounting for the known heat released into the 

compartment by its simple one-dimensional heat transfer with a linear temperature adaptation for 

the conductivity of the SW core. A higher measurement density provides a better resolution of the 

temperature whether it being the compartment temperature or of the internal walls. The small scale 

experiments were, however, less instrumented along the height of both the volume of the 

compartment and the doorway whereas the walls in the data from the literature is less 

instrumented than the conducted experiments. Reducing the number of measurements points while 

correspondingly increasing the area or volume assigned to them provided a method for determining 

the influence of the reduced instrumentation density. The large scale experiment from literature 

with eight measurement point along the height was reduced to four while the volume each 
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thermocouple represented was doubled. The internal thermocouples from E2 and E20 were used to 

determine the difference in the conductive heat transfer for different measurement densities in the 

walls for similar fire scenarios with matching compartment temperatures. The full uncertainty 

analysis for the measurements can be found in Appendix – Uncertainty Analysis of the Measurement 

Density on page 173. 

 

3.4 Results Highlights 

 The three steel-faced insulation panels, all class B according to the European reaction to fire 

scheme, performed very differently when studied in a compartment framework in both 

small and large scale experiment. 

o The PUR panels released significant heat and had almost a complete loss of mass, 

which means that it did not perform like a class B product is intended and expected 

to do. The HRR was almost two times that measured in the PIR compartments, 

significant amounts of smoke was released externally due to integrity failure, and 

the HRR equalled four times the ventilation controlled limit for post flashover fires 

based on the geometry of the doorway. 

o The PIR panels performed much better than the PUR with significant less energy 

released but both at 1:5, 1:2 and at full scale the panels contributed with sufficient 

energy to cause a failure with external flaming throughout the doorway. The mass 

loss of the core in the 1:5 scale experiments ranged from 40% to 60% where the 

remaining core material towards the external boundary often was still virgin. The 1:2 

and 1:1 scale experiments confirms that 300 kW (and its scaled equivalent) is 

beyond the limit of what the panels can mitigate matching with the data from 

literature. 

o In small scale experiments the SW were found to have the potential to release 

energy where an internal thermal runaway could occur. When mounted as 

boundaries of the enclosures the energy released was, however, insignificant and 

the mass loss was 1% after withstanding a modified fire scenario. At larger scales the 

smoke production was significantly increased localised around the ceiling area 

above the burner while the compartment temperatures showed no sign of 

additional energy being released internally. 
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 The flashover of the compartment was successfully replicated at 1:2 scale for the steel-faced 

panels with a PIR core using a stepwise fire scenario. Both compartments reached matching 

steady state temperature in the gas phase prior to the increase of the HRR from their 

respective burners, which immediately caused the thermal runaway.  

 The time to flashover at 1:5 scale was not different for panels with 6 cm and 10 cm core 

thickness. This was attributed to the fire growth being a function of the increase in the 

surface temperature and increasing by the amount of heat conducted through. The increase 

in surface temperature activated an exothermal reactions within the time period where the 

contribution from the additional 4 cm closest to the external boundary was negligible.  

 The burner placed in the 1:5 scale compartments was very sensitive to the angle of the 

burner where just a few millimetre caused the fire development to change radically. The 

location of the burner with respect to the placement in the corner, at the back wall or in the 

centre showed the corner is provide the most conservative results with respect to the time 

to failure. 

 The global heat transfer across scales is maintained as approximately 60% - 80% convective 

and 20% - 30% conductive for compartments with boundaries providing negligible core 

contributions and without discussing any uncertainties. This is despite the fact that the heat 

flux results show that the heat flux was not scaled correctly for the 1:5 scale experiments. 

This makes this type of analysis less useful unless other parameters are also included. 

 The temperature in the volume of the compartment as well as the net heat flux conducted 

through the enclosure boundaries was not successfully replicated at the 1:5 scale as 

compared to the 1:2 and full scale compartment experiments. 

 For the PIR panels, the steady state temperatures in the compartment experiments just 

prior to failure matched those temperature ranges for the larger reactions found in the small 

scale STA study. These temperature ranges for which PIR in environments of either nitrogen 

or air can react can therefore be a good first indicator to determine if a product safely can 

be used for specific projects. 

 The simple one-dimensional heat transfer model combined with the thermocouples within 

the volume of the compartment showed a strong correlation between the 2:5, 1:2 and full 

scale compartment experiments for the panels with SW core. 

o The net heat transfer during the first burner step both immediately after the ramp 

up and just prior to the second ramp up of the burner was matching 
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o After the increase to the second burner step the lowest 17% and highest 20% of the 

net heat transfer was identical with a higher net heat transfer for the remaining 

surfaces in favour of the full scale experiment compared to the 1:2 scale.  

o The net heat flux prior to termination of the experiment was almost identical for the 

2:5 and 1:2 scale experiments. 
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4 Conclusion 

The study of the fire performance of steel-faced insulation panels in a compartment framework was 

conducted by small scale, scaled and full scale compartment experiments. The small scale 

experiments provided valuable data with respect to the potential increase in fuel load and the 

critical temperatures for mass loss, and the critical heat flux for ignition. The importance of the 

steel-face was identified in the mass loss calorimeter where an exothermal reaction within the 

unprotected SW core occurred. With the protective steel-face the samples subjected to the highest 

incident heat flux did not show the same reaction. This indicate a possibility of the occurrence of a 

smouldering fire penetrating from the core outwards if exposed to radiation directly while oxygen is 

free to diffuse into the core. In that case, the binder in the core and the glue binding the faces to the 

core can potentially ignite. Without the protective steel-face the PIR samples ignited instantly when 

exposed to 20 kW/m2 or more. The ignition of the polymeric core was, however, successfully 

delayed when the steel was attached and only limited edge burning was observed. The small scale 

STA and DSC experiments are simple to conduct and repeat with little effort and provide easily 

interpretable data. The data provided can assist e.g. fire safety engineers in establishing threshold 

values for the smoke layer to reach before a significant risk for a thermal runaway and flashover can 

occur which requires significant resources to mitigate.  

The compartments were experimented on in order to increase the quantity of experiments studying 

the fire performance of the panels in a compartment framework unlike the current test standard. 

Furthermore, the scaling of the entire compartment and not just a section was useful for 

understanding the effect of the heat feedback from a hot smoke layer. Continuous measurement of 

the mass, temperature, gas flow and HRR in the 1:5 scale compartment experiments provided data 

for the one-dimensional heat transfer model and for calculation of an effective heat of combustion. 

The difference between the measured complete heat of combustion and the calculated effective 

heat of combustion for the PIR was more than a factor two confirming either an under-ventilated 

fire, an effective fire retardant or both.  

The compartments with PIR core panels failed at higher �̇�∗ values in the 1:5 scale experiments than 

in the 1:2 and 1:1, which were also much more alike with respect to gas temperature and time to 

failure. The compartments in 1:5 scale withstood the first two burning steps, thus reaching a quasi-

steady state compartment temperature exceeding the temperature near the ceiling compared to 

the 1:2 and full scale experiments. However, the ceiling temperature for all the experimental scales 
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was within the temperature ranges for the larger reactions identified in small scale STA experiments, 

thus proving the value of using even the smallest of scales to acquire fundamental material 

knowledge.  

The heat transfer analysis and compartment temperature showed a poor correlation between the 

1:5 scale compartments with SW cores compared with the larger 2:5, 1:2 and the 1:1 scale 

experiment from literature. The correlations were, however, better between the three larger scales, 

though only for the first two burner intensities. Complications during the larger scale experiments 

made a complete comparative analysis with own data difficult, but the 2:5 and 1:2 scale had the 

same steady state heat flux. A change in compartment dimensions from 2:5 to 1:2 scale is still a 

reduction of 25%, which reduces the size of the necessary exhaust hood to handle the gases for HRR 

measurements and 41% reduction in the HRR provided by the burner making the experiment safer 

to conduct. The success of the scaling was found to be limited to compartments larger or equal to a 

2:5 scaling for the compartments constructed with SW panels and 1:2 for those with PIR panels. The 

full scale SW experiment had the same gas temperature in the compartment during the first burner 

step as the 1:5 scale experiments had. This was unexpected as the HRR of the gas burner in the full 

scale experiment was incorrectly made half of the intended. The successful scaling, however, of the 

larger scaled compartments with SW core was supported by the compartment temperatures as well 

as the net heat transfer model for the first two burner steps. Exothermic reaction(s) in the PIR core 

were not compatible with the assumptions of the heat transfer model rendering it too inaccurate 

and only the temperature of the compartments and time to failure were comparable and both 

matched for the 1:2 and full scale. 

The measured and recorded temperatures, gas flows and HRR at larger and full scale SW 

experiments enabled the global heat transfer analysis which presented the distribution of heat 

exchange during the compartment fires across the scales. When the heat exchange within the 

volume of the compartment was transient and approaching a steady state the ratios between 

conductive and convective losses changed from 40% to 20% and 40% to 60%, respectively. It was, 

however, not possible to account for all the energy losses and the unaccounted heat lost conducted 

through the floor and radiated through the doorway are not to make up for this. This was the same 

for all the scales and not a scale specific issue. 

The Research Objectives stated in Section 1.7 were met with respect to determining a successful 

experimental scale in which the execution of compartment fire experiments could be conducted at a 
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smaller than full scale. The heavy instrumentation of thermocouples in the compartments enabled 

analysis of the net heat flux conducted through the solid boundaries, which in turn revealed 

differences between the 1:5 scale and the other scales with the corresponding theoretical fire size. 

The partially scaling method preserving the Froude number proved to be robust enough for the 

relaxation of the dimensionless groups such as for radiation and the Reynolds number for the 

compartments with both SW and PIR which did not fail and which did fail for scales larger than 1:5, 

respectively.  

The fact that the results from the experiments with the 1:2 scale compartments matched the 

results from the full scale experiments provides: 

 Data for successfully conducting research on compartment fires at smaller scale, which 

greatly benefits intuitions with smaller laboratories. 

  Classifying and regulatory bodies with data to argue in favour of smaller compartments 

tests, as the reduction allows for faster and safer testing.  

 The manufactures with data showing how reduced scale experiments can predict large 

scale failures for research and development at a reduced expense. 

 

At 1:5 scale the PIR and PUR panels produced two and four times the energy as otherwise 

ventilation controlled calculations would predict due to external flaming, respectively, while the SW 

panels remained practically inert and lost 1% of the mass of the core. At 1:2 scale and full scale the 

PIR panels failed and released abundant heat and black smoke while the heat contribution from the 

SW core was insignificant at 1:2 scale. Both at 1:2 and at full scale was white smoke release from the 

compartments with SW indicating a decomposition and combustion of either paint, glue or core 

material but not sufficiently exothermal to increase the compartment temperature to failure.  

 

The importance of conducting experiments within the framework the products or the function of the 

materials were evident from this as the failure of the compartment with PIR was replicated at half 

scale while in the literature the SBI test was incapable of recognizing the failure of a sandwich panel 

with a combustible cores as pointed out by other authors. The ability to conduct additional 

experiments can be preferred over a single test as it can provide valuable quantitative parameters 

important to building fire safety such as the HRR, temperature or the heat flux to internal as well as 

external boundaries. By being able to conduct more tests in the same time adds robustness to 

product classifications e.g. by repeating tests for a measure of spread or various design fires to add 

certainty to the capability of a tested products to withstand multiple fire scenarios. It is also positive 
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from a design, research and development perspective as they can optimise and improve the design 

using less resources. The compartment experiments at 1:5 scale showed various fire scenarios at 

which the compartments with PIR would fail but from an up-scaling was of little importance as the 

measurements were not matching those from larger scales with the same up-scaled fire. The 

comparison between compartments with SW core at 2:5 1:2 and full scale showed promising results 

and were easier to analyse as the core was close to inert throughout the duration of all the 

experiments. The Froude scaling of the fire to reflect the size of the compartment was not successful 

across all scales or fire sizes which limits the generic physically based scaling method. However, as 

the Froude scaling is a partial scaling method it was expected to have boundaries of validity.  

 

The fact that the three studied steel-faced sandwich panels with the same European classification 

performed so differently under the same conditions is a problem. The European classification is 

given under very specific conditions where the mounting, use of rivets and edges for the test set-up, 

where possible, are specified by the manufacturer or distributor ordering the testing. The same 

specifications were not followed in these experiments as the conditions under which they were 

conducted were different. As such, the implication of rivets along through the joints or sturdier 

fixation to internal or external frames are unknown. The current study showed that experiments can 

be carried out at a smaller scale, which allowed for more measurements and opened up for 

parametric studies of key attributes. As such, a more robust fire safety test should be possible to 

develop for sandwich panels.  
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4.1 Recommendations for Future Work 

The data for the full scale experiments from literature in combination with the compartment 

experiments conducted in this study enables additional scaled experiments with different HRR using 

a more experimental approach focusing on a scaling correction factor. Constant and step-wise 

increasing fire scenarios at 1:5 scale with panels with PIR for fire scenarios with the goal of matching 

the results from both E27 and E29, respectively. The heat transfer analysis between E30 and E2 

suggest that 50 kW at full scale is equivalent of 1.79 kW at 1:5 while the gas temperatures for E18, 

E21 and E27 suggest that 300 kW is slightly more than 5.37 and less than 7.19 kW at 1:5 scale. 

Conducting a 1:5 scale experiment with PIR panels subjected a fire scenario of 2_4½ to match the 

data from the 1_3 at full scale is of interest to determine a potential experimental coefficient or 

term to add to the scaling equation. 

 

The fundamental behaviour of the core materials reported for small scale experiments is too 

different compared to compartment experiments. The nature and benefits of charring combustible 

core materials are not recognised at small scales as they are tested or studied either under 

conservative conditions such as very oxygen rich atmospheres or in sizes preventing the char 

formation. The solution to scaling the compartment lies in the details and the understanding of the 

buckling, delamination and pyrolysis are all essential. Additional scaling methods could be of interest 

such as pressure scaling which is a heavier laboratory demanding scaling method. Future 

experimental work to study the effect of rivet distance and fixation at larger scales are of interest. At 

1:5 scale the compartment temperature did not change more than 10 °C in compartments with 

joints compared to those without for both PIR and SW compartments. Joints are unavoidable at 

larger scales and the fixation of steel faces to neighbouring panels could prevent larger openings 

caused by buckling whereby core materials are exposed directly to conductive and radiative heat 

transfer rather than conductive.  

 

Alternatively, address the problem from a computational angle. There is now experimentally 

available data for making a CFD model to compare with. Setting up a model which is able to replicate 

the results already at hand and target in on a better HRR for the scaled experiments to match the 

full scale data is a way forward for the panels with SW. Once the model is able to replicate the data a 

new series of experiments are to be conducted, preferably at a scaled with no data available to blind 

test the models prediction with the experimentally obtainable data. If successful, research can be 

directed towards implementing a combustible core in the model. 
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A. Appendix – Supplementary Standard Tests Relevant for 

Sandwich Panels 

1.  EN ISO 11925-2:2010 

The EN ISO 11925-2:2010 - Reaction to fire tests – Ignitibility products subjected to direct 

impingement of flame – Part 2: Single-flame source test is required for materials to obtain a B, C, D 

and E classification. The single flame source is impinging on the surface or edge of the product with a 

45° angle, as seen in Appendix Figure A.1, for 15 s or 30 s for class E and B, C and D, respectively. The 

Flame spread (Fs) is not allowed to propagate beyond 150 mm within 20 s or 60 s for class E and B, C 

and D, respectively, for any of the three required repetitions. If the tested element is thicker than 6 

cm it should be reduced in thickness and the cut side should not be exposed to the flame. A piece of 

paper is placed below the setup to monitor if dripping occurs and if so to what extent to determine if 

d0, d1 or d2 is the appropriate sub classification. For all multilayer products thicker than 10 mm the 

burner is moved so the flame is impinging the centre of the width of the bottom edge. 

 

 

 Appendix Figure A.1: Side view of the single flame test 
setup. The test specimen is placed in the holder marked 
with 1 in the figure, from [117] with modifications. 
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2.  FM 4880 and FM 4881 

The FM 4880 [91] compose of four individual tests each products wanting approval needs to pass: A 

sample measuring 10 cm by 10 cm by a maximum of 10 cm in width, length and height, respectively, 

is tested under a 50 kW/m2 heat flux to characterize the flammability of the product in the Fire 

Propagation Apparatus (FPA) following the same methodology as proposed in the ASTM E2058-03 

[192] and ISO 12136:2011 [193]. Second, a 25 ft. (7.6 m) tall corner mock-up of the product with a 

corner located wood crib burning for 15 minutes to test the flame spread. Third, a 50 ft. (15.2 m) 

also a corner mock-up with the product with a corner located wood crib burning for 15 minutes to 

test the flame spread, both corner tests can be seen in Appendix Figure A.2 a) and b), respectively, 

where the propensity of fire spread is evaluated. Fourth, a compartment fire where the product is 

mounted internally in an enclosure measuring approximately 2.4 x 3.6 x 2.4 m in width, length and 

heights, respectively, enclosure following one of three standard fire scenarios to test the fire growth. 

These three tests are the National Fire Protection Association (NFPA) 285:2012, the NFPA 286:2015 

and the ISO 9705-1:2016 test. These three possible enclosure tests vary in burner duration, intensity 

and burner size. The two NFPA tests dictate a burner effect of 40 kW for 5 min followed by 160 kW 

by 10 min from a 0.305 m by 0.305 m burner and ISO test is 100 kW for 10 min followed by 300 kW 

for 10 min from a 0.17 m by 0.17 m burner. Of the three types of compartment tests required by the 

FM 4880 test two are applicable to sandwich panels and they have different fire scenarios, yet both 

are equally valid from a classification perspective. 

 

  
 

a) b) 

Appendix Figure A.2: Fire test setup for the 50 ft. and 25 ft. setup in a) and b), respectively, from [91]. 
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The FM 4881 – Approval Standard for Class 1 Exterior Wall Systems is, unlike the EN 13501 and FM 

4880, focusing on the external spread of fires. The previously presented European classifications 

focus solely on a fire scenario where a fire is growing within an enclosure whereas the test of the 

insurance industry, namely the FM 4881, is a holistic classification with many aspects such as wind, 

hails and fire resistance. The fire test specified is the FM 4880 with a requirement of limited flame 

spread and unlimited, 50 ft. or 30 ft. height restriction, from a fire classification perspective the FM 

4881 and the FM 4880 are identical.  

 

3.  Loss Prevention Standard 1181 

The Loss Prevention Standard 1181 Series of fire growth tests for LPCB approval and listing of 

construction product systems; Part one: Requirements and tests for built up cladding and sandwich 

panel systems for use as the external envelope of buildings [119], is a standard which focus on 

property protection rather than life safety of occupants. The compartment is 4.5 m x 10 m x 3 m in 

width, length and height, respectively, with a 10 m x 2.25 m in width and height opening at one end. 

Opposite the opening, 1 m from the long wall and 0.5 m from the short wall is the centre base of a 

34 kg ±1 kg wood crib placed 0.76 m above the floor. The test lasts 30 min and can be extinguished 

after the 30 min has passed. The sandwich panel product is classified based on damage to the core. 

Other materials with combustible surfaces are also classified based on the damage to the surface 

lining and metal faced sandwich panels are exempt of this criterion. 
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4. Appendix – Additional STA Graphs 

Additional STA curves related to Section 3.1.1 - Thermographic Analyses on page 77. 

 

 
Appendix Figure A.3: Mass and mass loss rate curves from the three PIR samples 
studied in the STA in a pure nitrogen environment. 
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Appendix Figure A.4: Mass and mass loss rate curves from the three PUR samples 
studied in the STA in a pure nitrogen environment. 
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Appendix Figure A.5: Mass and mass loss rate curves from the three SW samples 
studied in the STA in a pure nitrogen environment. 
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B. Appendix – Additional Mass Loss Cone Graphs 

Additional mass loss curves related to Section 3.1.2 - Cone Calorimeter on page 82. 

  
a) b) 

  
c) d) 

  
e) f) 

Appendix Figure B.1: In-depth temperature measurements for SW exposed to a) 10 kW/m2 
b) 20 kW/m2 c) 30 kW/m2 d) 40 kW/m2 e) 50 kW/m2 f) 70 kW/m2 with their steel faces. 
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a) b) 

  
c) d) 

  
e) f) 

Appendix Figure B.2: In-depth temperature measurements for SW exposed to a) 10 kW/m2 b) 20 kW/m2,  
c) 30 kW/m2 d) 40 kW/m2 e) 50 kW/m2 f) 70 kW/m2 without their steel faces. 
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a) b) 

  
c) d) 

  
e) f) 

Appendix Figure B.3: In-depth temperature measurements for PIR samples exposed to a) 10 kW/m2, b) 20 kW/m2,  
c) 30 kW/m2, d) 40 kW/m2, e) 50 kW/m2, and f) 70 kW/m2 with their respective steel faces. 
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a) b) 

  
c) d) 

  
e) f) 

Appendix Figure B.4: In-depth temperature measurements for PIR samples exposed to a) 10 kW/m2, b) 20 kW/m2, 
c) 30 kW/m2, d) 40 kW/m2, e) 50 kW/m2, and f) 70 kW/m2 without their respective steel faces. 
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a) b) 

Appendix Figure B.5: Mass loss measurements for SW samples a) with and b) without their steel faces. 

 

  
a) b) 

Appendix Figure B.6: Mass loss measurements for PIR samples a) with and b) without their steel faces. 
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C. Appendix – HRR Calculations, Analysis and Correction of 

E26-E28 

The measured HRR for this series of experiments were significantly higher than expected based on 

the known propane gas flow. The relationship between the two (�̇�𝑐𝑎 𝑐 and �̇�𝐶3𝐻8  was determined by 

dividing them with each other, as seen in the top of Appendix Figure C.1 a). The HRR measurement 

was greater by a factor 3 averaged over the duration of the experiment. This assumes the HRR from 

the SW core was of negligible magnitude, which, based on the 1:5 and full scale experiments, E20 

and E30, respectively, it was considered a fair assumption. The drift in the oxygen unit was corrected 

by inversely calculating the O2 concentration based on the relationship between O2 consumed and 

CO2 produced for the 1:5 and 2:5 scale experiments with SW panels (E1-E4, E20). This resulted in a 

change of the energy released after the gas burner was turned off but otherwise not much, as seen 

in Appendix Figure C.1 b). 

 

  
a) b) 

Appendix Figure C.1: E28 with SW panels at 1:2 scale with a) corrected HRR and b) adjusted for the drifting of the O2 
analyser. 

 

The correction factor of 3 was extended to the two PIR compartments, as their initial HRR 

measurements also yielded much higher energy than expected. Based on a post-flashover 

compartment, as suggested both visually and by the HRR, the generic equation for the pHRR is 

determined for the compartments, as seen in Eq. C.1, as 610 kW.  

 

0

50

100

150

200

250

300

350

400

0 600 1200 1800 2400

H
R

R
 (

kW
)

Time (s)

Burner input
Q

0

3

R
at

io
 (

-)

Qcalc/Qflow Average

0

17

35

52

70

87

104

122

139

0 600 1200 1800 2400

H
R

R
 (

kW
)

Time (s)

Un-adjusted Adjusted



  

168  
 

�̇�𝐹𝑂 = 0.5 ⋅ 𝐴0 ⋅ √𝐻0 ⋅ 𝑋𝑂2 ⋅ EO2 = 0.5 ⋅ (1 ⋅ 0.4) ⋅ √(1) ⋅ 0.233 ⋅ 13.1 = 610 𝑘𝑊 C.1 

 

The un-corrected HRRs are 804 kW and 909 kW for E26 and E27, respectively, which are higher than 

the theoretical limit by 32% and 40% without flames emanating other places than the door further 

suggests the correction is correct, also for these experiments.  

 

  
a) b) 

Appendix Figure C.2: HRR data and corrected data for a) E26 and b) E27, both experiments with panels with PIR cores. 
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D. Appendix – HRR Calculation, Analysis and Correction for 

E29 

The mass flow meter controlling the HRR of the gas burner was set for 100 kW and after 10 min 

should be increased to 300 kW for another 10 min before being terminated. As Figure 3.29 

(presented again for ease) below shows was the measured HRR did not correspond to the output of 

the gas burner. The compartment temperature near the ceiling in the two full scale experiments 

(E29 and E30) as well as in the full scale experiments from literature (SW: 1_3_6, 1:1, from literature 

and SW: 1_3_6, 1:1, from literature) were compared. The input in the experiments from literature 

were 100 kW, 300 kW and 600 kW and the same exact size which enables a comparison to E29. 

 

 
 b) 

Figure 3.29 b) panels with a core of PIR including the 
burner, respectively. 

 

The experiments from literature combined with E30 provides temperatures as a function of HRRs of 

50 kW, 100 kW, 200 kW and 300 kW, as seen in Appendix Figure D.1 where a power and 2nd order 

polynomial trend lines have been added. The estimated HRR based on the steady state temperature 

for the other experiments is 130 kW and 133 kW for the power and polynomial trend lines, 

respectively. This means the mass flow meter was providing approximately 30% too much gas and 

the oxygen analyser was measuring 35% more than it should rather than one being 100% wrong.  
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Appendix Figure D.1: Smokelayer temperature near the ceiling as a function of the 
HRR of the gas burner with a power trendline and a 2nd order polynomial. 

 

The hot gases leaving the compartment as convective energy from the PIR compartment from 

literature is compared with E29 and the new HRR to analyse the validity of the estimate for the new 

HRR of approximately 130 kW. The energy released from the compartment from literature and from 

E29, as seen in Appendix Figure D.2 a) and b), respectively, are not significantly different. The 

convective energy released, presented in Eq. 3.2 in Section 3.3.7 on page 116, relative to the release 

from the gas burner in E29 is very similar to that from literature for the first 200 s hereafter the 

experiment from literature experiences a small drop while E29 continues to increase, as seen in 

Appendix Figure D.2 c). The ratio in the experiment from literature increase back up again and reach 

0.62 just prior to the increase in HRR from the gas burner whereas E29 reach 0.86 before its increase 

in burner intensity. The difference between ratios are however difficult to conclude upon as the 

behaviour in the literature changed and had it continued to grow could perhaps have reached the 

same ratio estimated for E29. 

 

 Based on these two methods of analysing and comparing the HRR is it not unlikely that the 

mass flow meter and the gas analyser were 30% and 35% wrong with respect to the actual 

energy released by the gas burner. 
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a) b) 

 
c) 

 
d) 

Appendix Figure D.2: Convective energy released for a) PIR compartment from literature, b) from E29, c) with their 
convective energy divided by the HRR of their respective gas burners and d) the corrected HRR for E29 with PIR 
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E. Appendix – Uncertainty Analysis of the Measurement 

Density 

Using only four of the eight thermocouples evenly distributed along the vertical axis used for 

determining the change in stored energy in the CV was used to determine the effect of a higher 

density of measurement points. The same goes for using only two of the pressure transducers at the 

top and bottom instead of all four and reducing the number of used thermocouples in the walls 

while increasing their corresponding areas by a factor four. The uncertainties will be determined as 

the difference between the respective fractions, as seen in Eq. E.1. 

  

휀 
𝑗
= |

�̇�𝑤,ℎ𝑖𝑔ℎ
𝑗

�̇�
𝑏𝑢𝑟𝑛𝑒𝑟
𝑗 −

�̇�𝑤,𝑙𝑜𝑤
𝑗

�̇�
𝑏𝑢𝑟𝑛𝑒𝑟
𝑗 |  E.1 

 

Where 휀 is the difference between the densely and less densely instrumented calculations, j is the 

time step and w is the specific mode of heat transfer. This method of calculating the error will give 

low values as they reflect the overall contribution in percent points rather than percent and was 

considered easier to interpret. 

 

The uncertainties for the three modes of heat transfer was dominated by the conductive term 

where a difference between the high and the lower resolution was 0.14, as seen in Appendix Figure 

E.1, equivalent of a 35% uncertainty at its highest. Small changes in the location of the top pressure 

probes resulted in a large difference in the results. For the 1:5 scaled experiments a change from 40 

cm to 39 cm in the location of the top probe resulted in χconv changing by 0.10 and the importance of 

accurate placement of the measuring instrumentation was noted as a key focus. The fraction of 

energy that was used to heat up the CV was minor and the uncertainty related to the density of the 

thermocouples was close to zero. The fraction of convective energy leaving the compartment was 

very sensitive to the number of probes as they were directly used in determining the thickness of 

the smoke layer. More measurement points and a dynamic smoke layer made it easier with more 

than two measurement points to get credible smoke layer thicknesses. The uncertainties related to 

measurement density are highest during the first 10 min and gradually decrease and reach 5% at 

quasi-steady state after 30 min.  
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Appendix Figure E.1: Estimated error as a function of the low and high 
measurement densities for the heat transferred by conduction and convection 
and the energy stored in the gas phase. 

 

The measurement density was not always in the advantage of one of the scales, which means the 

small-scale experiments have the uncertainty for the convective and gas energies whereas the full 

scale has the uncertainties associated to the conductive. Fewer thermocouples and larger areas for 

the conductive fraction meant a higher calculated fraction and the same was the case for the 

convective part where two pressure probes estimated more energy leaving the compartment. The 

largest uncertainty was related to the fraction of convective energy but overall the uncertainty 

related to the measurement density was less than 25% of the total energy and much less towards 

the end of the experiments as a quasi-steady state was obtained. 
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The heat transfer and fire dynamics of enclosure fires in compartments made 
from steel-faced sandwich panels were studied experimentally to assess the fea-
sibility of down-scaling the ISO 13784-1 test compartment. The results showed 
that, when scaling the compartment geometrically by a factor of two, both the 
temperature and the time to flashover was satisfactory replicated across the sca-
les. Furthermore, the temperature required for initiation of flashovers across half 
and full scale matched very with the results found in the small scale experiments.  
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