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Abstract 

In fire protection engineering an important field is to reduce the heat transfer to steel 

structures at elevated temperatures. There are a wide range of possible solutions to achieve 

this. One of these is by using insulation to decrease the heat flux to the steel. Boards made of 

calcium silicate are one type of insulation. Calcium silicate is an isotropic material and does 

not conduct heat well, which makes it suitable for insulation. 

To be able to decide the amount of insulation needed for protection the material properties 

have to be known, e.g. the thermal conductivity. Depending on the conductivity of a material 

it conducts heat differently. A low conductivity reduces the thermal impact from a heat source 

by decreasing the heat transfer within the material. 

There are several existing methods with the purpose of determining the conductivity of 

materials. Many of these methods are applicable for calcium silicate boards. There are 

however drawbacks with some of the methods and improvements can be made. For instance, 

some methods require expensive equipment or the equipment available are only self-made. 

There are also methods only valid for certain temperature spans, which reduces the area of 

application. 

The aim of this thesis was to evaluate a new method to determine the conductivity of 

insulation boards made of calcium silicate. The results are to be used in the area of fire 

protection engineering. Meaning, the results can be used to determine how much insulation is 

needed for protection at increased temperatures. The objective was to test calcium silicate 

boards in a cone calorimeter and measure the temperatures at the boundaries. The 

measurements were then used as input in computer models to determine the conductivity. 

A total of six insulation board samples were tested in a cone calorimeter. Two different set-

ups were used in the laboratory tests to evaluate the influence of different boundary 

conditions. In four of the tests the insulation boards were exposed directly by the heating of 

the cone. In the other two a thin steel plate was attached to the top of the boards. This was 

done to accurately measure the temperature of the surface. 

The results showed a decreasing conductivity at elevated temperatures in all tests. Comparing 

the conductivity at 20 °C and 650 °C a reduction in conductivity of two-thirds was seen. At 

440 °C the conductivity of the boards was calculated to approximately 0.16 W/(m×K). Since 

the methods have not been tested before further research and evaluations should be made to 

ensure its credibility and accuracy. An important part is to evaluate the methods at higher 

temperatures. 
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Sammanfattning 

Inom området för brandskydd är en viktig del att känna till hur värmeledning till 

stålkonstruktioner kan reduceras. Det finns flera möjliga lösningar på hur detta kan uppnås. 

En av dessa är att med hjälp av isolering minska uppvärmningen av stålet. Skivor bestående 

av kalciumsilikat är en typ av isolering. Kalciumsilikat är ett isotropt ämne som inte leder 

värme väl, vilket gör att det är passande som isolering. 

För att kunna bestämma mängden isolering som behövs vid brandskydd är det viktigt att 

känna till materialegenskaperna för isoleringen, t.ex. den termiska konduktiviteten. Beroende 

på konduktiviteten leder materialet värme olika bra. En låg konduktivitet minskar den 

termiska påverkan från en värmekälla genom att värmeflödet i materialet reduceras. 

Det finns flera existerande metoder med syftet att bestämma konduktiviteten för olika 

material. Flera av dessa passar för kalciumsilikatskivor. Det finns dock nackdelar med vissa 

av metoderna och förbättringar skulle kunna göras. Till exempel kräver vissa metoder 

kostsam utrustning eller så är den utrustning som finns tillgänglig enbart egentillverkad. Vissa 

metoder gäller enbart för ett visst temperaturspann, vilket minskar användningsområdet för 

dessa. 

Syftet med examensarbetet var att undersöka en ny metod för att bestämma konduktiviteten 

för isoleringsskivor bestående av kalciumsilikat. Resultaten ska vara tillfredställande nog för 

att kunna appliceras på området för brandskydd. Detta betyder att de ska kunna användas för 

att bestämma mängden isolering som behövs för brandskydd vid förhöjda temperaturer. Målet 

var att testa kalciumsilikatskivor i en konkalorimeter och mäta temperaturerna vid ränderna. 

Mätningarna skulle sedan användas som indata till datormodeller för att bestämma 

konduktiviteten. 

Totalt testades sex stycken prover av isoleringsskivor i en konkalorimeter. Två olika 

försöksuppställningar användes för att utvärdera påverkan vid olika randvillkor. I fyra av 

testarna blev skivorna exponerade direkt utav värmen från konen. I de resterande två försöken 

monterades en tunn stålplåt på toppen av skivorna. Detta gjordes för att enklare kunna mäta 

temperaturen på ytan. 

Resultaten visade på en minskade konduktivitet vid förhöjda temperaturer för alla försök. Vid 

jämförelse av konduktiviteten vid 20 °C och 650 °C kunde en reducering av konduktivitet på 

två tredjedelar ses. Vid 440 °C bestämdes konduktiviteten av skivorna till ungefär 0,16 

W/(m×K). Eftersom metoderna inte har testats tidigare behövs ytterligare försök och 

utvärderingar för att kunna säkerställa dess trovärdighet och noggrannhet. En viktig del är att 

utvärdera metoderna vid högre temperaturer. 
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Nomenclature 

Latin upper case letters 

A Area [m2] 

C Heat capacity per unit area [J/(m2K)] 

R Resistance [(m2K)/W] 

Q Internally generated heat [W/m3] 

T Temperature [°C or K] 

 T  Absolute temperature [K] 

V Volume [m3] 

Latin lower case letters 

c Specific heat capacity or specific heat [J/(kg×K)] 

d Thickness [m] 

e Specific volumetric enthalpy [J/m3] or [Wh/m3] 

h Heat transfer coefficient [W/(m2K)] 

k Conductivity [W/(m×K)] 

l Latent heat [J/m3] 

m Equation gradient [J/(m3K)] 

q Heat [J] 

t Time [s] 

u Moisture content [%] 

x Length [m] 

Greek letters 

β Convective heat transfer coefficient [W/(m2K)] 

γ Convective heat transfer power [-] 

ρ Density [kg/m3] 

σ The Stefan-Boltzmann constant [5.67×10-8 W/(m2K4)] 

Superscripts 

''  Per unit area  

 Per unit time  

Subscripts 

AST Adiabatic Surface Temperature  

con Convection  

g Gas  

f Fire  

inc Incident  
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ins Insulation  

k Conduction  

l Lower  

r Radiation  

s Surface  

st Steel  

tot Total  

u Upper  

w Water  

Abbreviations 

AST Adiabatic Surface Temperature  

EN European Standard  

FEM Finite Element Method  

GHP Guarded Hot Plate  

ISO International Organization of Standards  

LF Laser Flash  

TASEF Temperature Analysis of Structures Exposed to Fire  

TPS Transient Plane Source  
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1 INTRODUCTION 

In this chapter the background of the study is presented. Furthermore the aim and objective 

are explained and also the boundaries of the thesis. Lastly the research questions, which this 

work is based on is presented. 

1.1 Background 

In fire protection engineering an important field is how to reduce the effects of high 

temperatures. For this purpose different kinds of insulation systems can be used as fire 

protection. Insulation at high temperatures is often used to reduce the heat flux from a heat 

source to fulfil a specified criterion. In the building industry this criterion can be a time for 

which a structure does not collapse or for letting people evacuate. In industries where high 

temperature processes are running it can be that a certain temperature is not exceeded at all 

times. Depending on the criterion different insulations are more or less suited. Insufficient 

insulation can result in damaged constructions, vast energy losses and even human lives. Too 

much insulation can result in unnecessary expenses. Because of this it is necessary to know 

what kind of insulation and how much is needed. 

The most important parameter of insulation materials is their thermal conductivity. A low 

conductivity decreases the heat transfer in the material and by that also the temperature 

increase of the protected object. Since insulation is used in many crucial applications it is 

important to have knowledge about the conductivity. This is helpful when deciding which 

kind and how much of insulation should be used. 

The development of new types of insulations is continuously proceeding. Because of this it is 

important to know how to measure the material properties correctly. There are several 

existing methods, which measures the conductivity of a material. Some of the methods are 

described in standards used in different parts of the world. The existing methods are 

applicable for different materials, at different temperature spans and at different conditions. 

When comparing results of the conductivity for a certain material obtained by some of these 

methods, variations have been seen, especially as the temperature increases [1]. A major 

benefit for the development of insulations is international standards concerning the 

measurements of the conductivity of different materials. If the method to determine the 

conductivity is known and reliable more time can be spent on developing the material. 

However, if there are uncertainties in the determination method this firstly has to be evaluated 

to decide how well a material transfers heat. 

There are numerous types of insulation materials with different material properties. Boards 

made of calcium silicate are one type of insulation. Calcium silicate has a low conductivity at 

high temperatures and is isotropic, which makes it a useful insulation material [2]. The boards 

also have a relatively small percentage of water bound to them, making an analysis of the 

conductivity at increased temperatures easier than if the analysis would be affected by an 

augmented enthalpy due to larger amounts of bound water. The fact that boards made of 
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calcium silicate are both isotropic and have a low conductivity at high temperatures also 

makes them interesting as reference materials. If the conductivity of these boards can properly 

be decided, they could then be used as a reference when measuring the conductivity of other 

materials. For now, the international standard treating the measurement of the conductivity of 

calcium silicate based insulation refers to different methods, which can lead to disagreements 

in results. 

1.2 Aim 

The aim of this study is by means of new methods determine the conductivity of insulation 

boards made of calcium silicate. The method should be easy to use, inexpensive and give 

results that are satisfying in the area of fire protection engineering. If any method is 

successful, they could henceforth be tested for other materials as well. 

1.3 Objective 

The objective is to test samples of insulation boards made of calcium silicate in a laboratory. 

The tests will consist of cone calorimeter experiments. Two different kinds of set-ups will be 

evaluated. The results from the laboratory will then be used in different computer models to 

calculate the conductivities of the insulation boards. The computer models should resemble 

the heat transfer in the laboratory and will be made using Excel calculations and the Finite 

Element Method (FEM). 

1.4 Scope and limitations 

The insulation to be tested consists of boards made of calcium silicate. Insulation boards 

made of calcium silicate are isotropic and have a low amount of bound water to them 

compared to other insulation materials, e.g. gypsum boards. Water bound to the boards will 

react upon heating which can complicate the determination of the conductivity. A smaller 

amount of water will affect the thermal properties lesser at increased temperatures, which is 

why calcium silicate boards are chosen as test specimens in this study. 

Laboratory tests will be performed in a cone calorimeter. Due to this the samples of the 

insulation boards, which are to be tested will have an exposed area of 100 by 100 mm. The 

temperature span is limited by the incident heat flux generated by the cone calorimeter. The 

boards will be from the company Promat with the product name Promatect H. One thickness 

of the boards will be evaluated, which is 12 mm. 
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1.5 Research questions 

In this study three research questions are formulated and will be tried to be answered. The 

questions will help to fulfil the aim of the report. 

 Is it possible to determine the conductivity of insulation boards made of calcium 

silicate by the methods presented in this study? The methods of determination consist 

of computer models based on laboratory experiments where heat transfer is obtained 

by heating in a cone calorimeter. 

 What is the conductivity of the 12 mm thick Promatect H boards? 

 Is the result dependent on the laboratory set-ups? 
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2 Method 

This chapter addresses and motivates the progress of work done in this study. In general the 

study can be divided into four parts, illustrated in Figure 1. The first one consists of a 

literature review (marked gray in the figure). This was then adapted to computer models 

(orange) and laboratory set-ups (yellow). The results from the models were then analyzed, 

compared and suggestions for future studies were made (blue). 

 

Figure 1. Illustration of the work progress in general. 

2.1 Work progress 

The study was initiated with a literature review to fully understand the concept and theory 

about heat transfer. Information about insulation in general and how measurements 

concerning conductivity usually are done were also studied to help decide the research 

question of the thesis. Literature was collected from reports, books, studies and articles. 

The theory was then adapted to the different computer models and laboratory set-ups. The 

models had to be practically viable in a laboratory because tests were to be performed in a 

cone calorimeter. Results from the laboratory tests were used as input parameters in the 

computer models. The computer models consisted partly of Excel models. In these models 

equations were derived to calculate conductivity of the insulation boards. A computer 

program employing the FEM was also used to calculate the conductivity. Two different heat 
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transfer approaches were considered and tested in all computer models. This was done to 

reach a model as appropriate and easily workable as possible for the problem. 

The results from the computer models were analyzed and discussed. The methods  used in 

this thesis were also compared with existing methods commonly used to determine the 

conductivity. In the end of the work proposals to future work was suggested. This was done to 

highlight interesting research areas, which further can be studied to develop the work started 

in this thesis. 
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3 Theory 

This chapter addresses the different usage of insulation and some commonly known 

insulation materials. Some of the methods used today to evaluate the conductivity of 

insulations are presented. The equipment and computer software used in this study are 

explained and also the theoretical background of heat transfer and thermal conductivity. 

3.1 Thermal conductivity 

The heat transfer of porous solids (e.g. building materials) is a combination of conduction, 

convection and radiation. The temperature rise inside the material due to heat flow is a 

function of the thermal conductivity. Heat transfer simply by conduction can only occur in 

materials without pores. For porous materials the thermal conductivity, or just conductivity, is 

a fitting empirical factor to explain the heat transfer with the Fourier law. [3] 

Fourier’s law of heat conduction is written as 

 '' dT
q k

dx
    (1) 

which states that the heat flux is a function of the conductivity, k, and a thermal gradient. If 

the temperature (T) is in kelvin, the heat flux in watt per square meter, and the distance (x) in 

meters, then the conductivity is expressed in W/(m×K). 

As seen in equation (1) the conductivity is an important parameter in the behavior of heat 

transfer in a material. The importance of the conductivity makes it necessary to accurately 

determine it for heat transfer calculations. 

3.2 Insulation 

The use of insulation is very common and has a broad area of application. In the building 

industry a well-known usage of insulation is to protect the indoor environment from outside 

thermal effects. This is a most important application, which can save money, energy and 

reduce the environmental impact. Another use is in the construction industry where insulation 

can be used to protect structural members from high temperatures due to fire, the insulation is 

then called fire protection. Beams and columns are often protected by boards that shut out the 

fire. The fire protection reduces the thermal effects on the structure and this increases the 

resistance of it. Insulation is also used in other areas where the need of protection in high 

temperature processes are necessary, e.g. in nuclear power-, steel- and glass production. 

Furnaces, which are used in high temperature processes, can be insulated both to reduce 

energy losses and also to minimize the risks. Figure 2 illustrates examples of areas where 

insulation can be of use. 
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Figure 2. Examples: Insulation of an I-beam to the left and a high temperature furnace to the right. 

There are several different insulation materials available commercially, which are sold by 

different companies. Some of the more well-known materials are stone- and glass wool, 

which belongs in the group of mineral wools. These are often seen as large soft sections, 

which easily can be cut and placed as wanted. Insulation made as boards are also frequently 

used as thermal insulation. These often consist of gypsum, but boards containing mineral fiber 

and other materials are also available. Insulation boards are often used as insulation in wall 

constructions and as protection of beams and columns. 

Some of the insulation materials contain large parts of water. Gypsum boards for instance 

have around 21 % of water chemically bound to them, and also around 5 % free water 

absorbed [4]. This water will affect the thermal properties of the board, e.g. the specific heat, 

at increased temperatures because of the energy consumed by reactions of the water. Because 

of the effects due to the water it can be difficult to determine the conductivity of materials 

with a significant amount water bound to them at increased temperatures. 

Insulation boards made of calcium silicate are isotropic and have a low thermal conductivity 

at high temperatures [2]. Unlike gypsum boards they do not have a large amount of water 

bound to them, which makes their thermal properties more linear at increased temperatures 

and therefore easier to analyze. The water bound to the insulation boards is free water, which 

is absorbed. The boards are well-suited as insulation at high temperatures. Similar to other 

insulation materials, calcium silicate boards are made at several companies and sold 

commercially. 

3.2.1 Insulation as passive fire protection 

As previously mentioned insulation boards are often used as fire protection of structural 

members in the construction industry. This kind of protection is called passive fire protection, 

which means the structural members are protected by the thermal properties of the insulation. 

The passive fire protection does not change physical appearance during heating. The 

insulation boards can be used to protect different kinds of material, e.g. steel, wood and 

concrete. 
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There are several advantages in using fire protection, e.g. to increase the safety or to reduce 

expenses. With the use of insulation the resistance of the structure can be enhanced instead of 

increasing the resistance of the structural member itself. To achieve the same resistance 

without using insulation the structural member has to be stronger. This can be obtained by 

using more material or a material with higher quality. Both of these solutions will increase the 

expenses. If a larger member is used this will also complicate the managing of it and decrease 

the free space around it. 

3.3 Different methods to measure the conductivity of insulation 

There are several existing methods used today to evaluate the conductivity of insulation. 

These methods operate either in steady state or transient conditions. Depending on material, 

temperature span, costs etc. they are more of less suited for the analysis. Some of the methods 

will be explained briefly below. 

3.3.1 Guarded hot plate method 

The guarded hot plate (GHP) method is one of the most commonly used for determining the 

thermal conductivity of an insulation material [5]. It is documented in the international 

standard ISO 8302 [6].  

The GHP method is used under steady state one-dimensional conditions. There are different 

set-ups for the method, either one or two samples of the material is analyzed. For the single 

specimen apparatus the sample is placed between a heated plate and a cooled plate through 

which a known heat flux is applied. The heated plate consists of a central part and a 

surrounding guard plate with an air gap in between. This gap works as a thermal barrier while 

the guard plate reduces the radial heat flow by keeping a temperature similar to the central 

part. The cooled plate is maintained at a lower temperature than the heated plate. By 

measuring the temperature difference between the plates the conductivity of the sample is 

possible to calculate. [5] [7] 

Disadvantages of the GHP method are that it has long run times and large differences in 

temperature across the samples have been measured [8]. These differences can lead to 

inaccuracies when calculating the conductivity at a specified temperature. Comparative 

studies have been made of the GHP method with results showing large differences in the 

conductivity of a material. Tests made between 1995 and 2005 including nine participants 

showed differences up to 12 % at 500 °C for methods conforming to ISO 8302 when testing 

mineral fiber insulation [1]. 

3.3.2 Transient plane source method 

The transient plane source (TPS) method is documented in the international standard ISO 

22007-2:2015 [9]. It consists of a thin metallic double spiral, which is used as both a heat 

source and a resistance thermometer. The instrument is placed in close contact between two 

samples of the material that is analyzed. The spiral is then resistively heated. The temperature 
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increase of the material depends on how well the studied sample transports heat. The voltage 

is measured over time and is then used to calculate the conductivity of the material. [10] 

The instrument works fast under transient conditions and it is able to measure the 

conductivity of solids, liquids and materials in gas phase. There are however factors with the 

design, which influences the measurements of the TPS method. Both the heat capacity and the 

resistance change of the probe will affect the results. Studies have shown that if these are 

corrected the accuracy of the measurements can be improved by 2.0 %. [11] 

3.3.3 Laser flash method 

The laser flash (LF) method works in transient conditions. A small heated sample with a 

predetermined temperature is exposed by an energy pulse from a laser. The sample is heated 

by the energy and the temperature increase is measured as a function of time, which makes it 

possible to calculate the conductivity. [8] 

The LF method works in a comprehensive temperature range. A drawback is that the design 

of the apparatus is in a way that only small homogenous samples can be analyzed [12]. The 

determination of the conductivity using the LF method is documented in the international 

standard ISO 22007-4:2012 [13]. 

3.3.4 Hot-wire method 

There are three different experimental set-ups possible for the hot-wire method. These are the 

parallel-, cross-array- and the resistance thermometer technique. Similar to the TPS- and LF 

method these three set-ups analyzes the conductivity in non-steady-state conditions. The 

parallel technique is documented in the international standard ISO 8894-2:2007 [14], while 

the cross-array and resistance thermometer techniques are documented in ISO 8894-1:2010 

[15]. 

The test starts with two sample halves being heated to a specified temperature in a furnace up 

to 1250 °C and are maintained at that temperature. A thin electrical conductor (the hot-wire), 

which is placed between the halves, then heats the sample locally. The temperature rise is 

then measured as a function of time. Depending on the technique used the temperature is 

measured in different ways. The conductivity is then calculated using the power input of the 

conductor and the temperature increase. [15] 

The hot-wire method is a versatile technique and it is for instance possible to measure the 

conductivity of solids, liquids, gases in a wide temperature span [16]. 

3.3.5 Determining the performance of fire protection 

There are standards that specifically consider passive fire protection of structural members. 

The European standard EN 13381 [17] with its different parts treats among other the test 

methods for determining the contribution to the resistance of structural members made of 

wood, steel and concrete with applied fire protection. 
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The standard EN 13381-4 [17] deals with passive fire protection applied to steel members. 

According to the standard tests are to be performed in a furnace. Specimens of either steel- 

beams or columns are tested. The beams and columns can be loaded or unloaded. 

Thermocouples are attached to the steelwork, which measures the temperature of the 

specimen during the test. The performance of the fire protection is assessed depending on the 

criteria for acceptability, which is the time to reach a specified steel temperature. 

The method is similar for other materials, e.g. concrete and wood, as the one described for 

steel members. Unlike the methods described in chapters 3.3.1 - 3.3.4 the conductivity of the 

insulation is not analyzed but the contribution to the protection to the structural member. 

3.4 Measuring the conductivity of calcium silicate 

The different methods described in chapters 3.3.1 - 3.3.4 can all be used to measure the 

conductivity of insulation made of calcium silicate. 

There are studies that have been made on the conductivity of calcium silicate. Among other in 

one study where five participants compared results using the GHP method, which showed 

fairly good agreement, though results from two participants had to be rejected as outliers [18]. 

Due to this no certified values could be assigned to the material because of the lack of 

consistent results. In the same study eight participants measured the conductivity using the 

hot-wire method. The maximum standard deviation were measured at 900 °C and noted 12 

mW/(m×K). 

In another study insulation boards made of calcium silicate were evaluated to be used as 

reference material for measuring conductivities of materials at higher temperatures [19]. It 

was concluded that due to its material properties calcium silicate could be used as a reference 

material. In the study several participants were asked to measure the conductivity of the 

boards at increased temperatures. At higher temperatures the capability to measure the 

conductivity was reduced and the deviation increased. At these higher temperatures the hot-

wire method was the best technique to measure the conductivity. 

Several of the existing commercial equipment conforming to the different standards does not 

meet the demands of the measurement and the majority of the adequate apparatus are self-

made [8]. There are standards which specify different methods to use when deciding the 

conductivity of insulation made of calcium silicate. How the measurement of the declared 

conductivities of insulation boards made of calcium silicate shall be performed according to 

European- and international standards are explained below. 

3.4.1 European standard EN 

The European standard EN 14306:2009+A1:2013 [20] states the requirements of factory 

made calcium silicate products used for thermal insulation with a temperature span of 

approximately -170 °C to 1100 °C. The standard specifies that the thermal conductivity of flat 

specimens shall be measured in accordance with EN 12667 [21]. This is the European 
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standard for determining the thermal performance of building materials and products by 

means of the GHP method and the heat flow meter method. 

3.4.2 International standard ISO 

ISO 8143:2010 [22] is the international standard concerning insulation products made of 

calcium silicate for temperatures up to approximately 1100 °C. It refers to ISO 13787 [23], 

which treats the determination of declared conductivities. According to ISO 13787 the 

measurement of flat specimens shall be carried out in compliance with ISO 8301 (heat flow 

meter), ISO 8302 (GHP method) or EN 12667 (both of the previously methods mentioned). 

3.5 Cone calorimeter 

The cone calorimeter is an apparatus used in fire testing and research. Its primary use is to 

measure the heat release rate of products by the use of the oxygen consumption principle. 

This is documented in the international standard ISO 5660-1:2015 [24]. The heater element 

consists of a wire shaped into a cone (this is where its name comes from) with a shell on the 

outside to minimize radiation to the far side. The heating system is designed to produce an 

incident radiation ( ''q ) to the specimen up to 100 kW/m2. [25] 

A schematic drawing of the heating of the specimen is shown in Figure 3. 

 

Figure 3. Schematic drawing of the heating in a cone calorimeter using a horizontal specimen holder. 

The design of the cone calorimeter with its capabilities to produce a specific incident radiation 

makes it useful for experiments regarding heat transfer in materials. The cone calorimeter 

used in this study is shown in Figure 4. The cone is seen to the right in the picture. 
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Figure 4. Cone calorimeter. 

A horizontal or vertical specimen holder made of steel is generally used to hold the specimen 

in. The sample should have an area of 100 × 100 mm2. The sample is backed with a ceramic 

fiber blanket, which works as an insulator. Between the top of the sample and the bottom of 

the cone’s base there should be a space of 25 mm. [26] 

3.6 Promatect H 

Promat is an international company specialized in fire protection. They manufacture and 

deliver different kinds of insulation solutions. Promatect H is one of their products. It is an 

insulation board mainly comprising of calcium silicate. It has a density of 870 kg/m3 ± 15 %, 

depending on the moisture content, which is between 5 % – 10 % of its weight [27]. The 

boards are classified as non-combustible according to the European standard EN 13501-

1:2007+A1:2009 [28]. The substances of which the board is made of are shown in Table 1. 

Table 1. Concentration levels of the substances in Promatect H. [29] 

Substance Concentration [%] 

Calcium silicate 50 

Wollastonite 30 

Perlite 7 

Quartz < 10 

Cellulose < 4 

The Promatect H boards are well-suited for fire protection of steel- and concrete 

constructions. The boards can stand vibrations and some external impacts, which makes the 

insulations boards suitable for environments where mechanical effects can occur. [27] 

According to the 2013 declaration of performance, there is no performance declared for the 

thermal conductivity of Promatect H [30]. In a technical data sheet [31], dated January 2004, 
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the conductivity was presented up to 200 °C. The values from the data sheet are shown in 

Table 2. 

Table 2. Conductivity of Promatect H. 

Temperature [°C] Conductivity [W/(m×K)] 

20 0.17 

100 0.19 

200 0.21 

In the table it is seen that the conductivity of Promatect H increases at elevated temperatures. 

3.7 Heat of a body 

The heat of a body can be explained with 

    q c V T   (2) 

where ρ is the density, c is the specific heat capacity and V is the volume of the body. T is the 

temperature. [32] 

For a time interval the heat stored is proportional to the temperature rise of a body as 

 .
dT

q c V
dt

      (3) 

This can be expressed as heat flow per unit time for an exposed area, A, as 

 
 

 '' .
c V dT

q
A dt

  (4) 

If the body is a thin plate for which lumped heat can be assumed and heat is only exchanged 

at surface A, this may be written as 

    '' dT
q c d

dt
  (5) 

where d is the thickness of the plate. 

The heat capacity, C, describes how much heat is needed to change the temperature of a body 

with one degree. For one-dimensional problems this is expressed as 

    .C c d   (6) 

 Equation (5) can then be written as 
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  '' dT
q C

dt
   (7) 

For insulated steel plates the total heat capacity can be approximated as the heat capacity of 

the steel lumped together with a third of the heat capacity of the insulation [32] [33] [34], 

written as 

    
1

3
      

st ins
C c d c d .  (8) 

3.7.1 Lumped heat 

A useful approximation for heat transfer problems is assuming lumped heat. This is often 

used for steel plates because of the high conductivity of steel. In these cases the thermal 

gradients within the material is neglected and the temperature of the plate is assumed to be 

uniform [35]. This is often assumed when simple calculation models are applied to a problem. 

By assuming a uniform temperature in a body calculations can be drastically simplified. 

3.8 Heat transfer – three kinds of boundary conditions 

In fire protection engineering different kinds of boundary conditions are applicable depending 

on the circumstances of the heat transfer to a body. There are three kinds of boundary 

conditions. The first kind is when the temperature of the surface is prescribed. The second is 

when the heat flux of the surface is prescribed, and lastly the third is when the heat flux 

depends on the surrounding temperature and the surface temperature. The third kind can also 

be divided into subgroups, depending on if the heat transfer coefficient can be assumed 

constant, if the gas- and radiation temperature are the same or if these parameters are 

different. [32] 

The three different boundary conditions of heat transfer to a body are illustrated in Figure 5. 

 

Figure 5. Boundary conditions of heat transfer to a body. 
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If it is possible to utilize the first kind of boundary condition in heat transfer calculations the 

process will be easier, especially if advanced methods (e.g. FEM-models) cannot be used. 

This is because less parameters will be used in the calculations, which can affect the results. 

In this study the first and the third boundary conditions will be utilized. These will be 

explained more thoroughly below. 

3.8.1 First kind of boundary condition 

Heat transfer to an insulated steel section when the surface temperature of the insulation is 

known (first kind of boundary condition), can be expressed as 

  '' 1
  

s st

k

q T T
R

  (9) 

where Ts is the surface temperature of the insulation, Tst is the steel temperature and Rk is the 

thermal heat transfer resistance. Rk can be expressed as the thickness, dins, of the insulation 

divided by its conductivity, kins. Equation (9) can then be expressed as 

  ''   ins
s st

ins

k
q T T

d
  (10) 

where kins and dins are the conductivity and thickness, respectively, of the insulation. This type 

of heat transfer is shown in Figure 6. 

 

Figure 6. The first kind of boundary condition. Heat transfer to an insulated steel section. 

By combining equation (7) and (10) it is possible to calculate the conductivity of the 

insulation 

     ins st
s st

ins

k dT
T T C

d dt
  (11) 
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which can be written as 

 
 


 



ins st
ins

s st

C d dT
k

dtT T
  (12) 

or at a certain temperature for the insulation as 

 
 

 1

( )

 
 



i i

st stins
ins ins i

s st

T TC d
k T

tT T
  (13) 

where Tins is the average temperature of the steel and insulation surface. The temperature of 

the steel is assumed to have the same temperature as the insulation on the boundary against 

the steel. 

3.8.2 Third kind of boundary condition 

The third kind of boundary condition is the most useful in fire protection engineering. At 

increased temperatures due to a fire the conditions are varying, which makes it difficult to 

assume a surface temperature or a specific heat flux. This also results in more advanced 

calculations when dealing with this boundary condition. 

Heat transfer to an insulated steel section in a simplified situation when assuming a single fire 

temperature can be described with 

  '' 1

1
  



f st

ins

tot ins

q T T
d

h k

  (14) 

where htot is the heat transfer coefficient and Tf is the fire temperature [32]. Figure 7 

illustrates the difference between a single temperature and a gas- and radiation temperature 

(Tg and Tr). The fire temperature is commonly used in fire protection engineering when 

flashover is assumed. 
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Figure 7. Heat transfer by the third kind of boundary condition. To the left: different temperatures. To the right: 

one temperature.  

If however the gas- and radiation temperature are different a method to more easily describe 

the heat transfer is by introducing the adiabatic surface temperature (AST). The AST is an 

artificial effective temperature, which can replace the gas- and radiation temperature [32]. 

This makes it possible to describe the heat transfer with only one temperature and a single 

heat transfer coefficient. This is shown in Figure 8. 

 

Figure 8. Heat transfer by the third kind boundary condition with only the AST. 

The heat transfer to an insulated body making use of the AST can be described as 

  '' 1
  

 AST st

k AST

q T T
R R

  (15) 

where TAST is the adiabatic surface temperature, Rk is the resistance of the insulation and RAST 

is the thermal resistance. 
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By combining equation (7) and (15) as 

  
1

1
 

   
 

i i
i st st

AST st

k AST

T T
T T C

R R t
  (16) 

it is possible to calculate the conductivity of the insulation. The resistance of the insulation 

becomes 

 
 
 

i

AST st

k ASTi 1 i

st st

T Tt
R R

C T T


  


  (17) 

and the conductivity at a certain temperature of the insulation 

 
 
 

ins
ins ins i

AST st

ASTi 1 i

st st

d
k (T )

T Tt
R

C T T




 


.  (18) 

As in equation (13) the temperature of the insulation is approximated as the average 

temperature of both boundaries of the insulation. 

If equation (19) is converging the AST can be calculated as 

  i 1 4 ic4
AST r g AST

h
T T T T

 

    


  (19) 

where hc is the convective heat transfer coefficient, ε is the emissivity and σ is the Stefan-

Boltzmann constant (σ = 5.67×10-8 W/(m2K4)). 

The radiation temperature can be calculated as 

 




''

inc4
r

q
T   (20) 

where ''

incq  is the incident radiation. 

The thermal resistance is expressed as 

 


AST AST AST

r c

1
R

h h
  (21) 

where the radiative heat transfer coefficient is 
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2

AST 2 i i

r AST s AST s
h T T T T 

 
      

 
  (22) 

and the convective heat transfer coefficient remains unchanged [32], as 

 AST

c c
h h   (23) 

The surface temperature can be calculated according to 

 i 1 AST st k AST
s

AST k

R T R T
T

R R


  



 . (24) 

The calculation of the surface temperature, Ts, in equation (24) is an iterative calculation 

where the surface temperature is known from a previous time step in equation (22). 

If the gas temperature is measured and by assuming the convective heat transfer coefficient, 

the conductivity of the insulation can be calculated using equation (18). 

3.9 TASEF 

When dealing with advanced calculations concerning heat transfer in bodies there are 

software programs, which can simplify the procedure. One of these is TASEF (Temperature 

Analysis of Structures Exposed to Fire), which is used in this study (version TASEFplus 

10.5). 

3.9.1  Finite Element Method 

TASEF calculates the temperature of structures exposed to heat. The calculations are made 

with the FEM. The method solves the transient two-dimensional heat transfer equation 

 
       

          
       

T T e
k k Q 0

x x y y t
  (25) 

where x and y are coordinates, T is the temperature, k is the conductivity, e is the specific 

volumetric enthalpy, t is the time and Q is the internally generated heat [36]. 

The body, which is to be studied, is divided into several elements. In the intersections of the 

elements there are nodes. The internal temperature is then calculated by averaging of the 

nodal temperatures. Figure 9 illustrates a body divided into several elements and 

corresponding nodes. 
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Figure 9. A body divided into several elements and nodes. 

In general the calculations are more accurate if the body is divided into several elements [36]. 

3.9.2 Input parameters of TASEF 

The model is built by defining input data, which represents the problem. The data that has to 

be defined by the user are explained below. 

 Material properties 

Several different materials can be specified in TASEF. The materials are assigned the material 

properties conductivity and specific volumetric enthalpy. The conductivity is assigned to each 

material in intervals between two temperatures. Up to ten different temperature points can be 

added with corresponding conductivities. In the same way the specific volumetric enthalpy is 

assigned to each material, more about this in chapter 3.10.1. The material properties are 

calculated by linear interpolation between the temperature points. 

 Fire curves 

It is possible for the user to define fire curves in TASEF. Several fire curves can be used 

simultaneously for each model. The defining of different fires is done by adding temperature-

time curves with up to 60 time points. Between the points the temperature is calculated by 

linear interpolation. Aside from adding self-defined fires there are some already defined 

temperature-time curves in TASEF, e.g. the ISO 834 fire and the parametric fire (defined in 

Eurocode 1991-1-2). 

 Geometry 

The geometry of the model is defined by assigning coordinates for the different materials. A 

maximum of eleven material regions can be added. There is also possible to add cut-outs, 

which are areas filled with air. As addressed before there are nodes at every intersection. 

Aside from this, grid lines can be added in the geometry. At every intersection of different 

grid lines as well as grid lines and material lines, there will be nodal points. Each node will be 

assigned a number. Figure 10 illustrates the geometry of a body in TASEF. 
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Figure 10. The geometry of a body in TASEF. 

In Figure 10 a body measuring 0.1 m in width and 0.06 m in height is seen. It consists of two 

different materials and has two cut-outs, which makes the upper material thinner in width. 

There are a total of 20 nodal points. 

Time control 

The total run time of the model has to be defined. In addition to this, specified time steps are 

defined for which temperature outputs are possible. In the time control menu it is possible to 

specify the time increment factor. The standard value of the factor is 0.01. Too long values 

can generate numerical instability of the model. Therefore the time increment factor has to be 

limited. For each time step a critical time is calculated which cannot be exceeded. The critical 

time is dependent on the smallest value of an element in the structure divided by its thermal 

diffusivity, where the thermal diffusivity is defined by k/(c×ρ) [36]. 

Boundary conditions 

The boundaries in TASEF are defined as either the first kind of boundary condition or the 

third kind. If the first kind of boundary condition is employed the desired boundary is 

assigned a defined temperature. The heat flux to the boundary when the third kind of 

boundary condition is used is defined as 

    '' 4 4

tot g s g s
q T T T T



          (26) 

where gT  is the absolute surrounding gas temperature, 
sT  is the absolute surface temperature, 

β is the convective heat transfer coefficient and γ is the convective heat transfer power [36]. 

The first term in equation (26) considers the radiative heat flux and the second term the 

convective heat flux. The convective heat flux is dependent on the temperature difference 

between the surface temperature and the surrounding gas temperature.  The power γ depends 
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on the conditions of the convective heat transfer. If the convection is forced the power γ will 

be one and if the convection is natural it will be greater than one [32]. The convective heat 

flux, 
''

conq , can be treated linearly instead by modifying 

  ''

con g s
q T T



     (27) 

to 

  ''

con c g s
q h T T     (28) 

where hc is the convective heat transfer coefficient [32]. This is used throughout this study. 

The boundary conditions are assigned to the nodes, which corresponds to the desired 

boundary. 

3.9.3 Accuracy of the model 

When evaluating heat transfer by means of a FEM-model it is necessary to verify the quality 

of the model. If there is uncertainty in the input parameters or in the program there will also 

be an uncertainty in the results. According to Wickström & Pålsson [37] there are at least 

three steps to be considered when verifying computer codes 

1) validity of calculation model: 

e.g. effects of water migration in materials has to be taken into account in the heat 

transfer model 

2) accuracy of material properties: 

if the material parameters are inaccurate this will lead to errors in the results. At higher 

temperatures it can be difficult to find values to apply to the model because of the 

problematics in measuring material properties at higher temperatures 

3) accuracy and reliability of computer code: 

the computer program must work in a way that the description of the model and the 

solution is accurately represented by the model implementation. 

Wickström & Pålsson [37] evaluated TASEF following a scheme including effects of latent 

heat, conductivity varying with temperature, heat transfer by radiation in voids, radiant heat 

transfer boundary conditions and combinations of materials, concrete, steel and mineral wool. 

These are all steps relevant for fire safety engineering. The authors suggests that similar 

procedures can be employed using other computer codes as well. 

In a final draft to the technical steering committee review of SFPE (Society of Fire Protection 

Engineers) [38] the authors provides a standard of the requirements for calculation methods 

that provide time dependent temperature field information resulting from fire exposures 

required for engineering structural fire design. In the draft there are also 16 verification cases 

with precisely calculated reference temperatures. Except for one case which was solved 
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analytically they were all solved using TASEF and the commercially available FEM software 

Abaqus. The accuracy of the solutions obtained by TASEF and Abaqus was within one tenth 

of a degree Celsius. 

TASEF uses forward difference method in the time domain. This means that convergence of 

the results only occurs if the time increment, Δt, is less than a critical time value. The critical 

time is dependent on element size, boundary conditions and material properties. [37] 

As mentioned previously the solution of the model is generally more accurate when using 

smaller elements. Because of this both the time increment and the size of the elements should 

be reduced until convergence occurs to accept the TASEF calculations. 

3.10 Specific heat capacity 

The specific heat capacity or just specific heat, denoted c, is the amount of heat needed to 

raise the temperature of one mass unit of a substance or fluid by unit temperature [39]. If a 

substance contains water this will affect the specific heat due to the energy needed to raise the 

temperature of the water and also the energy needed for internal reactions, i.e. the evaporation 

of water. A completely dry insulation board can be assumed to have a specific heat, which 

increases linearly at elevated temperatures [32]. However, if the material is moist, the water 

will alter the specific heat at elevated temperatures. The SI unit of specific heat it J/(kg×K). 

3.10.1  TASEF and specific heat 

One of the input parameters in TASEF is the specific volumetric enthalpy, e, defined as 

    
T

i
i0

e(T) c dT l   (29) 

where ρ and c is the density and the specific heat of the substance, respectively, and T is the 

temperature. The specific volumetric enthalpy in SI units is J/m3. The first term is the sensible 

heat while the second term, l, is the latent heat. The sensible heat is the heat required to raise 

the temperature of the substance and the latent heat is the energy needed for chemical and 

physical changes of the substance, i.e. when the water evaporates. In total there will be three 

terms affecting the enthalpy of a moist substance. The latent heat needed to raise the 

temperature of the dry substance, the water and also the sensible heat needed to evaporate the 

water. [32] 

For a dry substance the enthalpy will be proportional to the temperature 

 
dry dry

e c T     (30) 

where cdry and ρdry is the specific heat and density for the dry substance, respectively. 

To define the enthalpy of a moist substance the enthalpy can be calculated at several 

temperature points according to Wickström [32], which will be explained below. The first 
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temperature point is at 0 °. Then at a temperature, called lower temperature, Tl, when the 

water starts to evaporate. At an upper temperature, Tu, when the evaporation stops, and lastly 

at the temperature, T, at some point after evaporation has occurred. 

At 0 °C the specific volumetric enthalpy can be defined as 

 e(0) 0  . (31) 

At a lower temperature 

 
l dry dry w l

u
e(T ) c c T

100


 
    

 
  (32) 

where cw is the specific heat of water (cw = 4.2 kJ/(kg×K) [40]) and u is the moisture content 

by weight of the substance, defined as 

 
ori dry

ori

u 100
 




    (33) 

where ρori is the original density of the moist material and ρdry is the density of the dry 

material. The enthalpy at the upper temperature when the evaporation stops is defined as 

      u l dry dry w u l w

u
e T e T c 0.5 c T T l

100


 
         

 
  (34) 

where lw is the latent heat of water defined as 

 
w ori w

u
l a

100
     (35) 

and aw is the heat of evaporation (aw = 2.26 MJ/kg [32]). The temperature points after 

evaporation has occurred are defined as 

      u u dry dry u
e T T e T c T T        (36) 

As mentioned TASEF can handle up to ten different temperature points with corresponding 

specific volumetric enthalpy. Figure 11 illustrates how TASEF can consider the difference in 

enthalpy between a dry substance and a moist substance. A significant increase in enthalpy 

can be seen at around 100 °C, which is when the water in the moist substance is evaporated. 

A total of four enthalpy points are defined in the example. 
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Figure 11. Example of the difference in enthalpy between a dry and a moist substance. 

Modeling the enthalpy this way makes it possible to consider a varying specific heat at 

elevated temperatures in TASEF. 

3.10.2  Excel calculations and specific heat 

For calculations not involving advanced FEM programs the specific heat can be considered 

differently. A simplified method of doing this is to first calculate the enthalpy according to 

equation (32) - (36) and then assume a linear increase in the specific volumetric enthalpy that 

crosses over the calculated value at an interesting temperature. The linear enthalpy line can 

then be used in simplified calculations. For instance if heat transfer calculations are performed 

and at 400 °C something interesting occurs within the material, e.g. phase changes, the 

specific heat can cross the calculated enthalpy at this temperature. This is illustrated in Figure 

12. 

 

Figure 12. Enthalpy of a moist substance. 
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It is of importance to decide an appropriate temperature of interest when applying this 

method. The temperature point should reflect what occurs within the material during heating. 

By adjusting the enthalpy as explained, the water content in the material can easily be 

considered in calculations not involving advanced computer programs. 
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4 Laboratory tests 

This chapter addresses how the theory was adapted in the laboratory tests. The two different 

laboratory set-ups are explained. 

4.1 Laboratory model 

Two different set-ups were tested in a cone calorimeter. The purpose of the laboratory tests 

was to achieve a one-dimensional heat transfer in the boards. The results from the tests were 

then used in calculations to decide the conductivity of the insulation. A total of six tests were 

performed, numbered 1 – 6. Test 5 and 6 were performed with the first set-up, and test 1 – 4 

with the second set-up. The numbering of the tests and set-ups are consistent throughout the 

report and are also used to recognize the different FEM- and Excel models. 

The specimen holders that generally are used in cone calorimeter tests are made of steel. 

Since heat conducts heat well it can be difficult to achieve a one-dimensional heat transfer in 

the samples. In this project an alternative specimen holder was made instead, with the purpose 

to not conduct any heat to the far side. It consists of a bottom plate made of steel with an area 

of 160 × 160 mm2 and a thickness of 2.5 mm. A clasp is welded to the bottom, which makes it 

easy to attach to the cone calorimeter. On top of the steel plate insulation made of mineral 

wool and ceramic fiber wool is placed with a thickness of 30 mm and 25 mm, respectively. A 

frame consisting of ceramic fiber with a width of 30 mm and a thickness of 40 mm is then 

placed on the top. Figure 13 shows an illustration of the constituent parts of the specimen 

holder. 

 

Figure 13. Constituent parts of the specimen holder. 
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In the first set-up the temperature on both sides of the insulation board samples were 

measured, which then could be used in further calculations to evaluate the conductivity. In the 

second set-up the temperature was only measured on the backside of the board, instead 

calculations involving the third kind of boundary condition were used to determine the 

conductivity. The samples had an area of 100 × 100 mm2 and a thickness of 12 mm. A total of 

six tests were performed with the two different set-ups. Before the tests the samples were 

weighed for determining of their densities, which then were used in the calculation models. 

Figure 14 shows a picture of a sample. 

 

Figure 14. Sample (100 mm by 100 mm) of a Promatect H board. 

The cone calorimeter is designed to produce a specified incident heat flux at the exposed area. 

In all of the tests in this study the incident heat flux was 51 kW/m2. To ensure a correct 

incident heat flux in the cone calorimeter the AST and gas temperature was measured with a 

plate thermometer and thermocouple, respectively. The incident heat flux could then be 

calculated according to [32] 

  '' 4 c
inc AST AST g

h
q T T T


      . (37) 

The total time of each test was approximately 90 minutes. This was mostly due to practical 

reasons concerning scheduled time at the laboratory. The temperature also began to slowly 

stabilize at this time. 

4.1.1 First set-up (first kind of boundary condition) 

The first set-up in the cone calorimeter was designed in a way that calculations employing the 

first kind of boundary condition were possible. This meant that the surface temperature of the 

insulation board had to be known. To be able to measure the surface temperature as accurately 

as possible a steel plate was placed on top of the board. The steel plate had an identical area as 

the insulation board and a thickness of 0.5 mm. The temperature of the plate was assumed to 

have the same temperature as the surface of the board. The upper side of the steel plate was 

sprayed with heat-resistant black color. This was made to increase the emissivity of the 

surface. To reduce the risks of the plate being transformed at increased temperatures the steel 

plate was screwed to the insulation board. Four screws were attached at each corner of the 

sample. 
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On the backside of the board another steel plate was placed, also with the same area as the 

insulation. The steel plate had a thickness of 10 mm. Thermocouples were placed on both the 

upper and lower steel plates for measuring the steel temperatures. One of the thermocouples 

was welded to the top of the upper steel plate at its center. Another thermocouple was welded 

to the backside of the lower steel plate at its center. Both steel plates were carefully set tight 

to the insulation board, not to create any air between them. Figure 15 illustrates how the 

samples were placed in the specimen holder. 

 

Figure 15. First set-up, employing the first kind of boundary condition. 

Two tests were performed using this set-up, numbered 5 and 6. 

4.1.2 Second set-up (third kind of boundary condition) 

The second set-up was similar to the first one. The difference was that there was no steel plate 

placed on top of the insulation board, which ruled out measuring the surface temperature with 

a thermocouple. The temperature on the backside of the board was measured in the same way 

as in the other set-up. In Figure 16 a sample of the insulation board is seen placed in the 

specimen holder during the laboratory. 

 

Figure 16. Sample placed in specimen holder in the second set-up. 

A total of four tests were performed with this set-up, numbered 1 – 4.  
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5 Calculation models 

This chapter explains how the theory was adapted in different computer models to calculate 

the conductivity of insulation boards made of calcium silicate. 

5.1 Excel models 

Two different Excel models were created for calculating the conductivity of the insulation 

boards at a varying temperature. The models consisted of spreadsheet documents where input 

from the laboratories easily could be inserted. Depending on the boundary condition different 

input parameters were needed. The material parameters used in both spreadsheet models are 

presented in Table 3. 

Table 3. List of parameters used in the Excel models. 

Parameter Material 

Steel Insulation 

Thickness [mm] 10 12 

Specific heat [J/(kg×K)] 530 [34] 920 [41] 

Density [kg/m3] 7850 [34] see Table 7 

To consider a varying specific heat with at increased temperatures the method described in 

chapter 3.10.2 was adapted. The dotted blue line in Figure 17 represents the enthalpy of an 

insulation board. The water evaporates between 100 °C – 120 °C. The maximum enthalpy of 

550 °C was chosen because the mean temperature of the insulation board reached just below 

that temperature. 

 

Figure 17. Specific volumetric enthalpy of an insulation boards. 
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The gradient of the line, m, is the specific heat multiplied with the density, defined as 

 
ins ins

m c    (38) 

which was inserted in equation (8). By doing this the water bound to the boards was 

considered in the heat transfer calculations. The m values of the insulation boards are 

presented in Table 4. 

Table 4. m values of the insulation boards. 

Insulation board m [kJ/m3K] 

1 1321 

2 1493 

3 1482 

4 1299 

5 1462 

6 1522 

When performing the presented calculations in Excel it is not possible to divide the geometry 

into several elements. Therefore the temperature of both the insulation board the steel plates 

are assumed to be uniform. 

5.1.1 First set-up (first kind of boundary condition) 

In this model the temperatures measured in the first laboratory set-up were used as input. The 

calculation process in chapter 3.8.1 was applied to decide the conductivity of the boards. The 

value of the surface temperature (the upper steel plate) is denoted Ts, and the temperature of 

the lower steel plate is denoted Tst. The temperature of the board of which the conductivity 

was calculated is defined as the average temperature measured by the two steel plates. The 

temperature-time curves involved in the calculations can be seen in Figure 24. 

5.1.2 Second set-up (third kind of boundary condition) 

The measurements from the laboratory utilizing in the second set-up were used as input in the 

calculation process explained in chapter 3.8.2. The temperature of the board of which the 

conductivity was calculated is the average value of the steel temperature, Tst, and the 

calculated surface temperature, Ts. In Table 5 the parameters involved in the calculations are 

presented. 
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Table 5. Parameters used in Excel when employing the third kind of boundary condition. 

Parameter Value 

Incident heat flux 51 kW/m2 

Convective heat transfer coefficient 13.5 W/(m2K) [42] 

The Stefan-Boltzmann constant 5.67×10-8 W/(m2K4) 

Emissivity (insulation board) 0.9 [43] 

Gas temperature 130 °C 

Steel temperature See Figure 25 

The gas temperature presented above was measured during the calibration of the cone 

calorimeter. It was assumed to be similar in the tests. 

5.2 FEM-model 

Several models with two different boundary conditions were made in TASEF, one for each 

set-up in the laboratory. The different models were made, partly to calculate the conductivity 

of the insulation board and also to calculate the temperature of the lower steel plate with 

calculated conductivities from the Excel models. In TASEF the conductivity of the boards 

was calculated using back calculation. This means the conductivity was altered in TASEF 

until the temperature results corresponded to the temperatures measured in the laboratory. 

The enthalpies of the insulation boards when using back calculation in TASEF were 

calculated according to equation (31) - (36) to take the moisture content into account, and are 

shown in Table 6. The enthalpies are presented in Wh/m3, which is consistent to the units 

used in TASEF. The water bound to the boards was assumed to evaporate between 100 °C – 

120 °C. 

Table 6. Specific volumetric enthalpy of the insulation boards from Promat. 

Temperature [°C] Specific volumetric enthalpy [(kWh)/m3] 

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 

0 0 0 0 0 0 0 

100 33 37 36 33 36 37 

120 120 128 128 100 125 131 

1000 289 312 309 286 306 317 

In the FEM-models created to calculate the temperature of the lower steel plate the calculated 

conductivities in Excel were adapted. In these models also the enthalpy values from Excel 

were adapted, without the increase in enthalpy between 100 °C – 120 °C. 

The insulation boards in all TASEF models were modeled with a specific heat of 920 

J/(kg×K). The densities of the insulation boards are shown in Table 7. The original and dry 

density of the insulation boards are from weighing them before and after the tests. The weight 

loss was assumed to be moisture.  
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Table 7. Densities and moisture contents of the insulation boards. 

Test Density (original) [kg/m3] Density (dry) [kg/m3] Moisture content [%] 

1 929 826 11 

2 954 818 14 

3 942 806 14 

4 925 826 11 

5 940 808 14 

6 966 826 14 

The majority of the tests were modeled in TASEF without the specimen holder. This is 

because one-dimensional heat transfer was assumed without any heat losses to the far side. 

This means the sides of the specimen were assumed to be adiabatic in the FEM-models. 

5.2.1 First set-up (first kind of boundary condition) 

In this model the temperature of the upper steel plate measured in the laboratory was used as 

input in TASEF. The temperature-time curves can be seen in Figure 24. The steel plate itself 

was not modeled but the surface of the insulation board was assumed to follow the same 

temperature curve measured in the laboratory tests. The geometry and boundary condition of 

the model is shown in Figure 18. 

 

Figure 18. Geometry in TASEF, first kind of boundary condition. The turquoise part is the steel and the blue 

part is the steel. The axes are in mm. 

The run time of the models were set to 90 minutes. 
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5.2.2 Second set-up (third kind of boundary condition) 

In this model the AST measured in the laboratory was utilized. The temperate was constant at 

all times. The boundary was defined as the third kind with the parameters presented in Table 

8. 

Table 8. Parameters at the boundary. 

AST [°C] Convective heat transfer 

coefficient [W/(m2K)] 

Surface emissivity [-] 

660 13.5 [42] 0.9 [43] 

The geometry of the model was identical as the model in chapter 5.2.1. The geometry and 

boundary condition is shown in Figure 19. 

 

Figure 19. Geometry in TASEF, third kind of boundary condition. 

The run time was set to 90 minutes. 

5.2.3 Sensitivity analyses 

Three different sensitivity analyses were done in TASEF, described below. 

Mesh analysis 

A sensitivity analysis of the mesh was done in TASEF. The model for test 3 was analyzed. 

The sizes of the mesh elements in the model were reduced until convergence of the results 

occurred. 

Laboratory set-up analysis 

In the previously explained FEM-models the heat transfer is assumed to be one-dimensional 

with adiabatic sides. This is however not the condition in the laboratory tests. To examine 

eventual effects due to heat transfer to the sides a model was created in TASEF with the 

specimen holder included. In Figure 20 an illustration of the geometry from TASEF is shown. 

The model is axisymmetric, which means the object have a cylindrical symmetric geometry 
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with the y-axis in the center. At the sides that are not directly exposed to the heat from the 

cone calorimeter an ambient temperature of 20 °C was assumed. 

 

Figure 20. Illustration of the geometry, image from TASEF. 

The material properties of the steel and calcium silicate are the same as in test 3. The top 

boundary condition is the same as in chapter 5.2.2. Material properties of mineral- and 

ceramic fiber wool are presented in Table 9. 

Table 9. Material properties of mineral- and ceramic fiber wool. 

Parameter Mineral wool Ceramic fiber wool 

Specific heat [J/(kg×K)] 860 [44] 1089 [45] 

Density [kg/m3] 90 [46] 100 [47] 

Conductivity at 0 °C [W/(m×K)] 0.037 [46] 0.06 [47] 

Conductivity at 260 °C [W/(m×K)]  0.075 [47] 

Conductivity at 538 °C [W/(m×K)]  0.135 [47] 

Conductivity at 816 °C [W/(m×K)]  0.23 [47] 

Conductivity at 982 °C [W/(m×K)] 0.037 [47] 0.26 [47] 

As mentioned, the values at the interval between the specified temperatures are calculated by 

linear interpolation. The conductivity values of the mineral wool were not specified at any 

temperature. The conductivity was therefore assumed to be the same at all temperatures. 

Time increment 

To ensure a sufficiently low time increment factor was used in TASEF a sensitivity analysis 

was made concerning this. Three different values were analyzed and the results were 

compared. This was done to see if and when convergence of the results occurred. The values 

of the time increment factors analyzed were 0.01, 0.005 and 0.001. 
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5.2.4 Insulated steel section 

Since calcium silicate boards can be used as insulation in constructions, two FEM-models 

were made to simulate the heating of an insulated steel member. The member consisted of an 

I-beam of type IPE240. In one of the models the heating of an I-beam with one layer of 

insulation board was analyzed. In the other model two layers of insulation were analyzed. The 

material properties determined in the previous FEM-models were used as input. The ISO 834 

[48] temperature-time curve was used as boundary condition at the exposed sides. Figure 21 

illustrates the geometries and boundary conditions of the models. Symmetry is used at the x- 

and y-axis. Due to this only the top right corner of the insulated I-beam is visible. 

 

Figure 21. Illustration of two insulated steel members, images from TASEF (12 mm and 24 mm insulation, 

respectively). 

The temperature increase in the steel was calculated with an exposure by the ISO 834 

temperature-time curve for 90 minutes. 
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6 RESULTS AND ANALYSIS 

This chapter addresses the results of the study. Firstly the data collected in the laboratory is 

presented and thereafter the results from the computer models. 

6.1 Laboratory 

The observations and temperatures measured in the laboratory experiments are presented 

below. 

6.1.1 Specimen 

The effects on a specimen in the first set-up after exposure is presented in Figure 22. The left 

picture shows the sample before the test and the picture to the right after the test. 

  

Figure 22. Sample in the first set-up before and after the laboratory test. 

It is seen in the figure above that the black paint has started to peel of the steel plate after 

exposure. The paint has also started to lose its black color and shows areas of white and grey. 

It is seen that the steel plate has buckled and an air gap is visible between the plate and the 

specimen. From the side the specimen still is white and looks intact. 

A before and after picture of a specimen tested in the second set-up is shown in Figure 23. 

  

Figure 23. Specimen in second set-up before and after laboratory test. 
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The specimens tested in the second set-up were directly exposed to heating in the cone 

calorimeter. As seen in the figure the specimen has been slightly discolored after the test. The 

surface is darker and speckled. No cracks is seen and the geometry of the specimen is intact 

after the test. 

6.1.2 Adiabatic surface temperature 

The AST was measured with a plate thermometer before all the tests to ensure a proper 

incident heat flux to the specimen. The AST was also used in the calculation models. The 

measured AST was 660 °C which corresponds to an incident heat flux of 51 kW/m2 according 

to equation (37). 

6.1.3 First set-up temperatures (first kind of boundary condition) 

The measured surface- and steel temperatures in test 5 and 6 are presented in Figure 24. The 

steel temperature is the temperature of the lower steel plate with a thickness of 10 mm. The 

surface temperature is the temperature of the thinner, 0.5 mm thick, steel plate which was 

placed on top of the insulation board. 

 

Figure 24. Measured temperatures in test 5 and 6. 

As seen in the figure the surface temperature quickly starts to rise after the test has begun. The 

surface temperature starts to stabilize at the end of the tests. At this time the temperature is 

around 660 °C which is same as the AST measured before the tests. The surface temperature 

in test 6 increases slightly slower than in test 5. 

The steel temperatures increases similar in test 5 and 6. The temperature development in the 

steel is clearly slower than the surface temperature. At 100 °C the temperature shortly 

stagnates before it starts to increase again. After 80 minutes an indication of stagnation is seen 

in both tests. At this time the temperature difference between the surface temperature and the 

steel temperature is roughly 200 °C. 
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6.1.4 Second set-up temperatures (third kind of boundary condition) 

In Figure 25 the temperatures measured in test 1 – 4 are shown. In this set-up only the 

temperature of the lower steel plate was measured. 

 

Figure 25. Measured temperatures in test 1 – 4. 

The figure shows that the steel temperatures in all the tests increase similarly. As in the first 

set-up the temperatures stagnates at 100 °C before they start to rise again. At 80 minutes the 

temperature curves shows an indication to level out. At this time the temperature is around 

440 °C. 

6.2 Excel 

The conductivities calculated in Excel are presented below. 

6.2.1 First set-up (first kind of boundary condition) 

In Figure 26 the calculated conductivities using equation (13) of the insulation boards 

analyzed in test 5 and 6 are presented. The temperature span starts at 300 °C due to the lack of 

acceptable data before. 
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Figure 26. With Excel calculated conductivities with input from test 5 and 6. 

The calculated conductivities in test 5 and 6 both fluctuates similarly. In general the 

conductivities decreases between 350 °C and 550 °C. At around 350 °C a dip in conductivity 

is seen in both tests. The conductivity decreases from around 0.18 W/(m×K)  to 0.07 

W/(m×K). 

To more easily present a comparison between the calculated conductivities the results are 

presented in Figure 27 as polynomial trend-lines. The trend-lines starts at a temperature above 

350 °C. This is to not let the dip in conductivity at 350 °C affect the lines. 

 

Figure 27. Conductivities calculated in Excel from test 5 and 6 as polynomial trend-lines. 

It is visible in the figure that the calculated conductivities in test 5 and 6 are much alike. Both 

graphs peak to decrease at around 420 °C and there is no sign of stagnation at 550 °C. 
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6.2.2 Second set-up (third kind of boundary condition) 

The conductivities calculated using equation (18) with input from the second set-up are 

presented in Figure 28. 

  

  

Figure 28. With Excel calculated conductivities with input from test 1 – 4. 

It is shown that in all the tests the conductivity fluctuates while it slowly decreases. A similar 

dip as in the first set-up is seen at around 350 °C. Similar to test 5 and 6 the value of the 

conductivity decreases by almost three quarters between 350 °C and 550 °C. For some 

temperatures there are several conductivities shown, which is because the measured surface 

temperature fluctuated considerably at the start of the tests, both increasing and decreasing. 

Likewise as in the first set-up the conductivities are presented in Figure 29 as polynomial 

trend-lines. 
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Figure 29. Conductivities calculated in Excel from test 1 – 4 as polynomial trend-lines. 

The conductivities are around 0.19 W/(m×K) at 400 °C. After that the conductivities of all the 

insulation boards decreases equally to around 0.07 W/(m×K) at 550 °C. The conductivities are 

similar in all tests with only slightly different values. 

6.3 TASEF 

The results calculated in TASEF are presented below. 

6.3.1 Sensitivity analyses 

Three different sensitivity analyses were made in TASEF. The temperature development of 

the steel plate in one of the tests was analyzed with different input in TASEF. This was done 

to ensure a proper FEM-model. 

Mesh analysis 

Four different models with varying amount of mesh cells were analyzed. The insulation board 

was divided into one, three, six and twelve elements. The result is shown in Figure 30. 
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Figure 30. Sensitivity analysis of the mesh in TASEF. 

It can be seen in the figure that the temperature development when using three, six and twelve 

elements are much alike. When using one element the temperature increases more rapidly 

than the other models until around 300 °C. At this temperature the increase starts to level out 

and at 80 minutes the temperatures are the same in all the tests. 

Laboratory set-up analysis 

A sensitivity analysis regarding the assumption of adiabatic sides in the FEM-model was 

performed. The result is shown in Figure 31. The curve named Lab is the temperature 

measured in the laboratory. The curve named Adiabatic (k 3) is the temperature-time curve 

calculated when using conductivity values obtained from the Excel analysis in the TASEF 

model. In this model the sides were assumed to be adiabatic. The line named Spec. H. is the 

calculated temperature when modeling the specimen with the holder included is TASEF. 
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Figure 31. Sensitivity analysis made in TASEF of the laboratory set-up. 

The measured temperatures from the laboratory test shows the highest values, while the FEM-

model with adiabatic sides shows the lowest. The model with the specimen holder shows 

similar temperatures to the laboratory at first, and slightly lower at 25 minutes and forth. At 

80 minutes both FEM-models shows the same temperature. The temperature difference at 80 

minutes between the measured temperature and the calculated temperatures is around 25 °C. 

Time increment analysis 

Three models with different time increment factors were analyzed in TASEF. The results 

from the models are shown in Figure 32. 

 

Figure 32. Sensitivity analysis of the time increment in TASEF. 

The calculated values in the models with different time increment factors show no difference 

in results. 
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6.3.2 Temperature development - first set-up (first kind of boundary condition) 

In Figure 33 the temperature development of the lower steel plate using the first set-up is 

presented. The temperatures measured in the laboratory are presented alongside with the 

temperatures calculated in TASEF with conductivities from Excel. Since the conductivities 

calculated in Excel only resulted in satisfying values between 375 °C – 550 °C, the 

conductivities at lower and higher temperatures were assumed to be linear and equal to the 

closest calculated value.  

The temperature is calculated in TASEF with the insulation board divided into both one and 

six elements. The temperature development when using one element in TASEF is presented 

here because when calculating the conductivities in Excel the insulation is assumed to consist 

of one element. 

  

Figure 33. Temperature development of the lower steel plate in test 5 and 6. 

The results from test 5 and 6 are much alike. The temperatures measured in the laboratory 

tests shows the highest values after 80 minutes. The TASEF model with one element has the 

highest increase in temperature at first, up to around 300 °C, after this time the laboratory 

tests shows higher temperatures. At 80 minutes the FEM-models shows almost the same 

temperatures, around 430 °C. In both tests the FEM-model with one element seems to 

represent the measured temperature development in the steel most accurately. 
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6.3.3 Temperature development - second set-up (third kind of boundary condition) 

The temperature development in the lower steel plate employing the second set-up is 

presented in Figure 34. 

  

  

Figure 34. Temperature development of the lower steel plate in test 1 – 4. 

All the four tests show similar results. It can be seen that the laboratory results shows the 

highest temperatures from around 30 minutes and forward. At 80 minutes the FEM-models 

show no difference in temperatures independent of the amount of elements. The models show 

a temperature slightly lower than the temperature measured in the laboratory. The FEM-

models with one element seems to conform best to the temperature development measured in 

the laboratory tests. 

6.3.4 Conductivities calculated in TASEF 

The conductivity of the insulation board in test 1 was calculated in TASEF using back 

calculation, as explained in chapter 5.2. The temperature obtained with this method is 

presented in Figure 35 alongside with the measured temperature in the laboratory.  



47 

 

 

Figure 35. Temperature development in test 1 from the laboratory and when using back calculation. 

It can be seen in the figure that the temperature-time curves almost look identical. The 

calculated temperature is slightly lower at around 40 minutes and it also does not show a 

stagnation in temperature at 100 °C as the measured temperature. 

The calculated conductivity of the insulation board in test 1 using back calculation in TASEF 

is presented in Table 10. 

Table 10. Conductivity of the insulation board in test 1 using back calculation in TASEF. 

Temperature [°C] Conductivity [W/(m×K)] 

20 0.29 

100 0.29 

200 0.26 

300 0.23 

500 0.13 

650 0.11 

In the table above it can be seen that the conductivity is reduced at increased temperatures. At 

650 °C the conductivity is about one-third of the start value. The maximum surface 

temperature of the insulation was around 650 °C in the FEM-calculations, which is why the 

conductivity is not presented at higher temperatures.  

The conductivity calculated above in test 1 was used as input to calculate the temperature 

development in test 2 – 5 using TASEF. The results are presented in Figure 36. 
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Figure 36. Temperature development of the steel plate in test 2 – 5 using the conductivity calculated in TASEF. 

It can be seen that the calculated temperatures in test 2 – 5 shows good matching in results 

with the measured temperatures. In test 5 where another set-up was employed the match is 

almost identical. The stagnation in temperature at 100 °C is however not shown in the TASEF 

results. 

The conductivity of the insulation board in test 3 was also calculated in TASEF using back 

calculation. In this model the specimen holder was included in the model in the same way as 

explained in the sensitivity analysis, chapter 5.2.3. 

 

Figure 37. Temperature development in test 3 from the laboratory and when using back calculation. 



49 

 

The results indicate good agreement in temperatures. Except for the stagnation in temperature 

at 100 °C which can be seen in the laboratory result the temperatures are very similar. The 

calculated conductivity using TASEF with the specimen holder included in the model is 

presented in Table 11. 

Table 11. Conductivity of the insulation board in test 3 using back calculation in TASEF (specimen holder 

included). 

Temperature [°C] Conductivity [W/(m×K)] 

20 0.21 

100 0.20 

200 0.19 

300 0.18 

500 0.15 

650 0.13 

The conductivity, as seen in the table above, is reduced at increased temperatures. At 650 °C 

the conductivity has dropped almost two fifths from the initial value at 20 °C. 

A comparison of conductivities using TASEF and Excel are presented in Figure 38. The curve 

named TASEF S.H. is with the specimen holder included in the model. 

 

Figure 38. Comparison of conductivities using TASEF and Excel. 

In the figure above some similarities in results can be seen. All the conductivities decrease at 

higher temperatures. Between around 375 °C – 500 °C the conductivities using Excel and 

TASEF without the specimen holder are roughly the same. At 500 °C the conductivity 

calculated in Excel still decreases while the conductivity curves from TASEF seems to be 

rather plane. The conductivity calculated in TASEF with the specimen holder included shows 

the least difference in conductivity between 300 °C – 550 °C compared to the other two. 
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6.3.5 Insulated steel section 

Two models of the temperature development in a steel member were made to illustrate how 

the increase in temperature can develop in a construction. The result is illustrated in Figure 

39. 

 

Figure 39. Temperature development in a steel section using two different thicknesses of insulation. 

After 90 minutes the steel has a temperature of around 420 °C or 620 °C depending on how 

many layers of insulation are used. When using two layers it is clearly seen that the 

temperature is lower at all times and the temperature increase is slower until 35 minutes. After 

35 minutes the increase in temperature is rather similar for the two models. At 90 minutes a 

difference in around 200 °C is seen comparing the two models. 
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7 DISCUSSION 

A discussion concerning the models and calculations is presented in this chapter. With the 

underlying theory the results have also been further studied and are addressed below. 

7.1 Laboratory  

The work done in the laboratory was critical for the results of the study. The theory was 

adapted into laboratory tests which were supposed to reflect the heat transfer explained in the 

theory chapter. Since no similar tests have been performed it was very important to design 

proper test models. 

7.1.1 Set-ups 

An important part of the laboratory was to establish satisfactory test conditions. One intention 

was to obtain a heat transfer as similar to one-dimensional as possible. The standard specimen 

holder used in cone calorimeter tests consists of metal. The metal would conduct heat from 

the sample and transfer it to the sides. To obtain one-dimensional conditions an alternative 

specimen holder was built. This was done by building a holder with a low amount of metal 

and by insulating the sides and the bottom of it, to minimize the heat transfer past the sample. 

The sides were insulated with ceramic fiber wool and the bottom with both ceramic fiber 

wool and mineral wool. The hole which the sample was inserted into was slightly smaller 

than the sample itself. This was done to not create any air gaps which could impair the 

insulation. It was noticed that after the tests the specimen holder could be managed without 

any protection, which means the sample was well insulated. 

Some improvements of the specimen holder could be made to increase the potential of a one-

dimensional heat flow. Among other the outside of the specimen holder could be covered in 

metal foil. This would further increase the insulation capabilities of the holder. Also, to ensure 

a proper heat transfer between the lower metal plate and the sample these should be set tightly 

together. In the tests in this study they were put together by their own weight. An 

enhancement of this could be a rack to press them more closely to each other. 

Another important part in the laboratory set-up was when mounting the specimen holder in 

the cone calorimeter. It was important to achieve a proper distance and position from the 

cone. If one of the parameters were incorrect the heat flux to the sample could be other than 

the assumed. The position straight under the cone was easily set by welding a clasp in the 

center of the holder which kept it in the middle under the cone. It was experienced in the 

laboratory that when mounting the specimen in the cone calorimeter it was difficult to mount 

it at exactly the same distance from the cone. This was because the soft insulation in the 

bottom of the specimen holder worked as a cushion and was compressed differently. This 

however only made the distance vary with a couple of millimeters and should not affect the 

heat flux significantly. 
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The first set-up where a steel plate was fastened on top of the sample should be further 

analyzed. In this study the plate started to buckle and an air gap appeared between the sample 

and the plate, as seen in Figure 22. This made the assumption of equal temperature of the 

metal plate and the surface of the sample invalid. Other methods to fasten the plate to the 

sample should be tested, e.g. more screws holding the plate down or a thicker plate, which 

would not buckle as easily. Another approach could be to model the air gap in TASEF. It is 

then important to know the parameters to obtain a correct heat transfer between the materials. 

This would however make the first kind of boundary condition assumption irrelevant. 

The upper steel plate in the first set-up was, as mentioned, fastened with four screws. The 

screws were made of metal and were placed in the corners of the sample. Since metal 

conducts heat well this could affect the heat transfer in the insulation. The screws in this study 

were selected because of their thin diameter. They were also cut shorter. This was done to 

keep the amount of metal down and reduce the conduction by the screws. To evaluate the 

influence by the screws these could be modeled in TASEF. An improvement of this type of 

fastening could be a version without any metal or by using a material which does not conduct 

heat as well as steel. 

In test 1 – 6 the same heat transfer coefficient as in the measurement of the AST was 

assumed. This coefficient depends on the boundary. The area of the plate thermometer is 100 

× 100 mm2 while the area of the specimen holder is 160 × 160 mm2. The air flow is thus 

different and this could affect the heat transfer coefficient and therefore alter the heat flux to 

the specimen. To ensure that the heat flux used in the computer models is the same as in the 

laboratory this should be further researched. One way of doing this is to attach more material 

to the plate thermometer making the area similar as in tests 1 – 6. 

7.1.2 Temperatures 

The cone calorimeter was adjusted to produce an incident heat flux of approximately 50 

kW/m2. To ensure a proper heat flux the AST and the gas temperature were measured with a 

plate thermometer and a thermocouple, respectively. The measured AST was 660 °C, which 

corresponds to a heat flux of 51 kW/m2 with the assumed emissivity, convective heat transfer 

coefficient and the measured gas temperature. The measurement of the gas temperature was 

relatively uncertain. This is because the thermocouple (although small), which was used to 

measure the gas temperature, could be affected by radiation from the cone and also the plate 

thermometer. To minimize the uncertainty the thermocouple was placed in a manner that the 

radiation was reduced. If the gas temperature was incorrectly measured this would affect the 

calculated heat flux. 

As seen in Figure 24 the steel temperatures measured in test 5 and 6 are almost identical. The 

surface temperatures increase quickly at first. One reason for the quick rise in temperature is 

because of the layer of black paint, which increases the emissivity of the surface. The other 

reason is that the steel plate at the surface is thin (0.5 mm). The surface temperature in test 6 

does not rise as fast as in test 5. This might be because the paint started to peel off after the 

first test. The surface temperatures reaches around 660 °C, where it starts to level out. This 



53 

 

temperature is similar to the AST measured with the plate thermometer. This means the steel 

is very well insulated and the surface almost reaches its maximum temperature. Because of 

the surface being painted in black the surface should be able to reach a higher temperature 

than measured by the plate thermometer, if completely insulated. The steel temperatures 

(lower steel plate) in the same tests have a more prolonged temperature rise because of the 

insulation. At around 10 minutes and 100 °C a stagnation in temperature is seen. This might 

be because of water emigration in the insulation board. When the surface is heated the water 

in the board is pressed to the colder side. The water then cools the steel. Energy is needed for 

the water to evaporate, energy which in turn cannot heat the steel. This also leads to a 

stagnation in steel temperature. The phenomenon of water migration was directly visible 

when one of the tests had to be aborted. This occurred in a rather early stage of the test. The 

specimen was removed from the holder, at this point moisture was seen on the lower steel 

plate. This moisture had probably migrated to the steel plate because of the heating of the 

surface. 

Figure 25, which illustrates the temperatures of the steel plate in test 1 – 4 shows, as in test 1 

and 2, very similar temperatures. The same stagnation in temperature at 100 °C is also seen in 

these tests. Comparing the steel temperatures in test 5 and 6 with test 1 – 4 a small difference 

in temperature is seen. The steel temperatures in the first set-up (test 5 and 6) are slightly 

higher than in test 1 – 4. This might be because the upper steel plate and the screws in the first 

set-up helps to transport heat through the sample. 

7.2 Excel calculations 

The spreadsheet document worked well concerning direct calculations when inserting the 

temperatures from the laboratory experiments. The calculated conductivities with the first set-

up are seen in Figure 26. The figure presents only results from temperatures of 300 °C and 

above due to improper input data. The reason of this is because at the start of the tests the 

surface temperature increased quickly while the temperature of the lower steel plate slowly 

increased, sometimes fluctuating up and down. This resulted in negative conductivities 

sometimes at lower temperatures. First when the insulation board had an average temperature 

of 300 °C the temperature of the steel started to increase more consistently. Even though the 

conductivity is fluctuating it is clearly seen that the value decreases rather smooth between 

350 °C and 550 °C. The dip in conductivity around 350 °C is when the temperature of the 

lower steel plate stagnates at 100 °C, as previously described. While the steel temperature 

levels out the surface temperature increases slowly. This causes the conductivity to rapidly 

drop while the temperature of the insulation board increases. 

The trend-lines presented in Figure 27 shows a useful overview of the calculated 

conductivities in the first-set up. In the figure a clearly decreasing conductivity is seen in both 

test results. The conductivity in test 6 shows slightly lower values. This is because the lower 

steel plate showed marginally lower temperatures in test 6, meaning more heat was conducted 

to the plate in test 5. Also, in test 5 the upper steel plate had not started to buckle as much as 

in test 6. More buckling leads to a bigger air gap between the insulation and the steel, with the 
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air working as an insulator. This in turn can cause the lower steel plate to have a prolonged 

temperature rise. 

The calculated conductivities in test 1 – 4, seen in Figure 28, are very similar to test 5 and 6. 

The temperature span starts at around 350 °C. The reason for this is partly as explained above 

concerning test 5 and 6. Also, the temperature of the insulation is calculated as an average 

temperature of the lower steel plate and the surface temperature. The surface temperature in 

turn is dependent of the incident heat flux. Because of the heat flux is constant and directly 

very high the temperature of the surface will also be high. This will lead to a high temperature 

of the insulation within a short period of time. 

If comparing the trend-lines of the conductivities from the first set-up with the second set-up 

no significant differences are seen. The conductivities in test 2 and 3 are a bit higher than in 

test 1 and 4, which might depend on different densities of the boards. As seen in Table 8 the 

m-values of board 2 and 3 are higher than board 1 and 4, meaning their densities are higher. A 

higher m-value means the boards conducts heat better, which leads to a higher conductivity. 

The assumption that the temperature of the insulation board is the average temperature of the 

top and bottom surface is a rough estimation, especially at the beginning of the tests when the 

surface temperature is much higher than the bottom. This is however a necessary assumption 

with this kind of set-up, because the temperature within the material cannot be measured. It 

would also not be possible with the Excel calculation process in this study to calculate the 

temperature at a certain point. Also, it could be a sufficient assumption for the conductivity 

values to be applicable in fire protection calculations. In such calculations it is not important 

to know the exact conductivity of a part of the insulation, but rather the whole insulation, and 

the heat transfer through it. However, in FEM-calculations it can be of importance to more 

accurately know the conductivity because the insulation will most likely be divided into a 

mesh with several elements and the temperature will be calculated for each element. 
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7.3 TASEF calculations 

When modeling in TASEF it was important to verify the quality of the model. The sensitivity 

analyses are important for enhancing the quality. As seen in Figure 30, which illustrates the 

mesh analysis, convergence between the results starts to occur in the models with three 

elements and more. When using six and twelve elements the temperature-time curves are in 

principle identical. Because of this it was concluded that a model where the insulation board 

was divided into six elements was satisfying, and therefore applied in the future models. The 

time increment-analysis showed no difference in temperatures. It was therefore assumed that 

a time factor of 0.01 was sufficient, and used in the rest of the FEM-models. 

The analysis named Laboratory set-up analysis was performed to evaluate the effect of the 

specimen holder. A model was therefore made is TASEF with the specimen holder included. 

In this model it was possible for heat to be transferred to the far side and through the 

specimen holder. The analysis was done to see if the assumption of adiabatic sides was 

suitable. The result is illustrated in Figure 31. As seen in the figure the temperature measured 

in the laboratory is the highest. Comparing the two TASEF calculations a difference in 

temperature is shown. The temperature when using the same material properties but including 

the specimen holder in the model is higher than when assuming adiabatic sides. This indicates 

that the assumption of adiabatic sides could be invalid and that the heat transfer at the sides 

has to be considered. At 80 minutes both calculated temperatures are the same. The reason for 

the higher measured temperature might depend on heat being conducted via the ceramic fiber 

wool to the lower steel plate. This might also be the reason why the model with the specimen 

holder indicates higher temperatures than the model with adiabatic sides. In the model, 

illustrated in Figure 19, the top side is modeled with the same boundary condition along the 

whole surface. This is not the case in the laboratory. The cone in the cone calorimeter is 

directed to produce a heat flux to an exposed area of 100 × 100 mm2. The area outside of this 

is probably exposed to a lower heat flux. Because of the heat flux being modeled with a 

higher heat flux this could be the reason the temperature of the steel is higher than when 

modeling with adiabatic sides. 

The calculated conductivities in Excel were used as input in TASEF. The temperatures of the 

lower steel plate were then calculated, this is presented in Figure 33 and Figure 34. Similar 

results are seen for all tests. In all the tests it can be seen that the calculated temperatures 

when modeling the insulation with one element increases more than when modeling with six 

elements. This is because the temperature of the insulation will be more uniform when 

modeling with one element, resulting in higher temperatures at the boundary between the 

lower steel plate and the insulation. At 80 minutes the calculated temperatures are equal in all 

tests, independent of the number of elements. The calculations with one element are most 

alike to the temperatures measured in the laboratory tests. This is because when calculating 

the conductivities in Excel the insulation consists of one element. One reason why they are 

not identical is probably due to the fact that an assumption of conductivity had to be made 

outside the temperature span of 375 °C – 550 °C. 
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The conductivity of the insulation board in test 1 was calculated in TASEF by back 

calculation. The temperature in the steel when using this method is presented in Figure 35 

alongside the temperature measured in the laboratory. The temperatures are very much alike, 

aside from the stagnation in temperature in the laboratory test. At around 70 minutes it seems 

like the curves depart from each other, which can mean they do not correlate at higher 

temperatures. To analyze this further tests should be made in the cone calorimeter with 

extended test times. The calculated conductivity starts at 0.29 W/(m×K) at 20 °C and then 

decreases to 0.11 W/(m×K) at 650 °C. The reduction in conductivity resembles the results 

from the calculations using Excel. The temperature span using TASEF, is however more 

broad. For test 3 the conductivity was calculated with the specimen holder included in the 

TASEF model. In the results, in Figure 37, very similar temperatures are shown. Calculating 

this way shows a smaller difference in conductivity at higher temperatures than when 

calculating with the assumption of adiabatic sides. The reason might be because heat is 

transferred via the specimen holder to the lower steel plate, which contributes to a higher 

temperature. 

Figure 38 illustrates the calculated conductivities using the two models in TASEF and in 

Excel. The results from Excel and when assuming adiabatic sides are rather similar between 

375 °C to 500 °C. All results indicate a decreasing conductivity at higher temperatures. 

The conductivity calculated in TASEF in test 1 was then used as input in the models 

concerning test 2 – 5 to see if the result also was applicable in other tests. As seen in Figure 

36 the temperatures show good agreements, especially in test 4 and 5 where the temperatures 

are almost identical. As in previous results the stagnation in temperature is not shown in 

TASEF. This is most likely because TASEF cannot handle the water migration, which 

probably is the reason for this occurrence. 

To demonstrate the usage of insulation in a practical case, two models were made in TASEF 

showing the temperature development in a structural member. The structural member, an I-

beam of type IPE240, is heated to high temperatures during a time span of 90 minutes. At 

these high temperatures the effects on the beam are great and it is crucial to know the 

temperature development. If the material parameters of the insulation are not known or 

uncertain it is impossible to calculate what temperature the structural member will be affected 

by. Figure 39 also illustrates the differences in temperature when using one and two layers of 

insulation. At around 35 minutes and afterwards the temperature difference in the steel is 200 

°C, which is a great difference when it comes to steel structures. Structural members of steel 

are often insulation to withstand a certain period of time before a collapse occurs. This period 

of time can be a requirement for the fire safety of a building. If the calculations are incorrect 

due to uncertainties in the material properties vast damages on both material and lives are 

possible. 
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7.4 Conductivity 

Two different computer models have been used to calculate the conductivity of the insulation 

boards. The expectations from both methods were to see results showing an increasing 

conductivity at elevated temperature. This is because it is what most published data indicates 

at. However, recent published conductivity values for the Promatect H boards have not been 

found (most likely because the conductivity has not been determined), which could imply a 

decreasing conductivity might be correct. Since all calculation models in this study shows 

decreasing values at higher temperatures this strengthens the theory. Nevertheless, the 

methods presented have not been tested before and errors in the laboratory set-ups could have 

occurred. Assumptions concerning the material might also be wrong. 

Improvement of the specimen holder have been discussed. The reason for a decreasing 

conductivity might be because of heat leakage from the sample. This could explain why the 

temperature of the lower steel plate starts to level out at higher temperatures, resulting in a 

lower conductivity. The set-up analysis showed no indications of leakage. On the contrary, 

when modeling with the specimen holder the results showed higher temperatures in the steel. 

This could be further analyzed by evaluating different boundary conditions of the top of the 

specimen holder in TASEF. Further insulation of the specimen holder could also be tried, e.g. 

metal foil on the outside of the holder. 

Another possible source of error of the decreasing conductivity could be because of phase 

changes occurring in the material at increased temperatures, e.g. water dehydration. This type 

of change would affect the latent heat, likewise as when the free water vaporizes at the 

temperature span 100 °C – 120 °C, and could therefore decrease the temperature rise. 

7.5 Test method 

The aim of the method presented in this study was among other that it should be easy to use 

and inexpensive. To invest in a new instrument for conductivity calculations is often a big 

expense. Several of the existing instruments costs greatly, some of which presented in this 

study. The cone calorimeter is however a well-known instrument often used in heat 

calculations. The idea is to be able to use already existing cone calorimeters for conductivity 

calculations. This could mean less expenses than investing in new instruments. Another 

disadvantage of the existing methods is that they are dependent of instruments only applicable 

for measurements concerning material properties. By using an already existing instrument 

however, in this case the cone calorimeter, the need of new instruments is needless. It also 

makes the cone calorimeter more versatile. The laboratory tests in the cone calorimeter were 

experienced as simple and did not need much preparation, which is positive for the method. 

The aim of this method was also that it should produce satisfying results in the fire protection 

engineering area. For such applications it is often sufficient to know the conductivity as a 

function of the average temperature of the insulation. Therefore the methods presented in this 

report are clearly relevant within fire protection engineering. If the method is suitable for a 

certain type of insulation with a specified thickness it might also work for insulation made of 



58 

 

another material and with varying thicknesses. Small samples can easily be cut from 

insulation boards and analyzed with the method. Existing tests are for determining the 

conductivity at a certain temperature, which can be redundantly in the area of fire protection 

engineering. 

Determination of the performance of passive fire protection according to European standards 

includes tests where insulation is tested together with the construction. If however all 

necessary data are known the performance can be calculated without any tests. This could 

save both expenses and time. For this to be applicable the material properties of the insulation 

board have to be well known. This is also a reason of the importance of this study. If the 

material properties can be properly calculated the need for extensive tests with both structural 

members and protection could be made unnecessary in many cases. 

Several of the existing methods for determining the conductivity shows disadvantages. 

Because of this it is important to explore new methods. The method presented in this study is 

still in an early stage and should be further researched. Many of the existing methods also 

show results which are not reliable at higher temperatures. This method has at the moment not 

been evaluated at temperatures higher than 650 °C because of the limitations of the heat flux 

in the cone calorimeter. The same set-ups could however be evaluated in cone calorimeters 

that can produce a higher heat flux, and therefore be tested at higher temperatures. The main 

advantage of this method is in the area of fire protection engineering. If the results are 

satisfying the method can be both inexpensive, easy to use and relatively fast. Also, if the 

method is further developed and validated it could be used as a standard in fire protection. 
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8 CONCLUSIONS 

The research question will be answered in this chapter and also conclusions reached in the 

study. Finally, proposals to further research will be presented. 

8.1 General 

The calculation models used in this study with input from the cone calorimeter tests all 

indicates that the conductivity of calcium silicate insulation boards is decreasing with 

temperature at elevated temperatures. At the temperature of approximately 440 °C the 

calculated values in all the models indicates a conductivity of around 0.16 W/(m×K). The 

conductivity calculated in TASEF when assuming adiabatic sides started at 0.29 W/(m×K) at 

20 °C and then decreased to 0.11 W/(m×K) at 650 °C. When modeling with the specimen 

holder the conductivity started at 0.21 W/(m×K) and then decreased to 0.13 W/(m×K) at the 

same temperature span. 

The first set-up did not work as intended. The upper steel plate buckled when exposed to heat 

and the black painted peeled off. Because of the buckling the assumption of heat transfer by 

the first kind of boundary condition has to be questioned. 

The second set-up when employing the third kind of boundary condition worked as expected. 

The insulation board did not show much external affects, which could have changed the heat 

flux to the specimen. The controlled form of heating in the cone calorimeter also makes it 

suitable for these kinds of tests. By calibrating the cone calorimeter the heat flux to the 

specimen can easily be calculated. If the conditions in the laboratory are well-known the 

quality of the computer models will be higher.  

The specimen holder is considered to have functioned as anticipated. The sides and bottom 

were well insulated and only the top of the sample was exposed to heating from the cone. 

There are however areas of the specimen holder which could be further developed, to increase 

its function. 

8.2 Answer to the research question 

 Is it possible to determine the conductivity of insulation boards made of calcium 

silicate by the methods presented in this study? The methods of determination consist 

of computer models based on laboratory experiments where heat transfer is obtained 

by heating in a cone calorimeter. 

All the results in this study indicate similar conductivities at certain temperatures. The 

experimental set-ups have however room for improvements, which should be analyzed. If the 

methods presented in this study are further tested and improved it is most likely possible to 

determine the conductivity of insulation boards made of calcium silicate. 

 What is the conductivity of the 12 mm thick Promatect H boards? 
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The conductivity of the boards are around 0.16 W/(m×K) at 440 °C. The conductivities of the 

insulation boards are decreasing with increased temperature. 

 Is the result dependent on the laboratory set-ups? 

The results shows no indication of dependence of the boundary condition. Heat transfer by the 

first and the third kind were evaluated in this study. The values from the models based on 

either boundary condition showed no significant difference in results. Thus should both 

laboratory set-ups be appropriate for calculating the conductivity of the insulation boards. 

8.3 Future work 

The design of the specimen holder could be further tested. For instance the insulation could 

be strengthened by adding a layer of metal foil on the outside, to reduce heat losses. The 

effect of the thickness of insulation on the sides could also be further researched. Removing 

insulation could make the convective heat transfer coefficient more similar to the 

measurements of the AST with a plate thermometer. A similar coefficient would increase the 

credibility of the assumptions of a certain heat flux to the sample. However, removing 

insulation could also lead to more heat losses to the far side. 

In the first set-up the upper steel plate was fastened with screws to the insulation. The 

influence of the screws could be researched by modeling them in TASEF. Another solution 

for fastening the plate should also be tested. This should preferably be a solution that does not 

contain any material which conducts heat well through or away from the sample. 

In the laboratory tests the temperature of the lower steel plate started to level out long before 

reaching the surface temperature, seen in figure 24, which could relate to a decreasing 

conductivity. The reason could also be because of heat losses, as mentioned. Another could be 

because of phase changes occurring in the material at higher temperatures. More studies 

should therefore be made on calcium silicate and the chemical changes occurring within the 

material at elevated temperatures. Another possibility why the temperatures levels out could 

be because the contact between the lower steel plate and the insulation is inadequate. In the 

tests performed the insulation came in contact with the steel by its own weight. If they instead 

were fastened to each other the conduction might be improved leading to higher temperatures 

in the steel. However, at higher temperatures heat transfer by radiation is great which means 

the air gap has to be significant to affect the heat transfer between the materials. 

The incident heat flux of the cone calorimeter was 51 kW/m2. The methods should be 

evaluated at higher temperatures. The same tests could be done in a cone calorimeter with a 

higher heat flux. Tests could also be performed in furnaces to obtain higher temperatures. 

In this study only insulation boards made of calcium silicate were evaluated. To make the 

methods more versatile tests should be made with other materials as well. Also, similar 

insulation boards with other thicknesses could be analyzed. 
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