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Abstract 

The Plate thermometer heat flux meter, PTHFM, measures the adiabatic surface temperature, 

AST or TAST, and this may be used to calculate an incident radiant heat flux. This makes 

affordable and reliable measurements possible in hot gases up to 850 °C or 90 kW/m2. In 

short, the PTHFM is a specific version of an insulated Plate thermometer, insPT, that is 

produced in such a way that it is supposed to work as good as a Heat flux meter, HFM, in 

room temperature. The PTHFM is similar to the standard Plate Thermometer, PT, developed 

by Wickström. It is manufactured by among others Pentronic AB. The HFM is a device 

developed to measure the incident radiant heat flux. It is relatively fragile, expensive and 

needs water cooling. It gives useful data when used in room temperature (gas temperature 

about 20 °C), but very unclear data when used in hot gases such as fumes from fires.  

In this thesis, the properties of the PTHFM have been analyzed by measurements and 

calculations. Thermal properties have been evaluated to clear up what assumptions and what 

calculations that are best fitted to match the incident radiation heat flux calculated from the 

PTHFM with the results from the HFM. The calculations and analyzes of the incident radiant 

heat flux measured by the PTHFM showed that the PTHFM can complement, or even replace, 

the water-cooled HFM in room temperature as was investigated in this work. 
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Nomenclature 

 

PT  Plate thermometer  

PTHFM  Plate thermometer heat flux meter  

HFM  Heat flux meter  

    

TAST  Adiabatic surface temperature (AST) [°C] or [K] 

Tair  Ambient air temperature [°C] 

Tg  Gas temperature [°C] 

Ts  Surface temperature [°C] 

TPT  Temperature of the Plate thermometer [°C] 

c  Heat capacity of the PT [
Ws

kg K
] 

ρ  Density [
kg

m3
] 

d  Thickness or distance [m] 

C  Correction factor for stored heat (= c* ρ*d) [
Ws

m2K
] 

q̇inc
′′   Incident radiation heat flux [

W

m2
] 

q̇emi
′′   Emitted heat flux [

W

m2
] 

q̇con
′′   Convective heat flux [

W

m2
] 

hPT or hc Convection heat transfer coefficient [
W

m2K
] 

hr  Radiation heat transfer coefficient [
W

m2K
] 

εPT  PT surface emissivity [-] 

dst  Thickness of the exposed PT plate [m] 

K  Conduction loss factor [
W

m2K
] 

  Stefan-Boltzmann constant (= 5.67 ∗ 10−8) [
W

m2K4
] 

H  Factor for considering wind [
W

m2K
] 
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R  Thermal resistance [
m2K

𝑊
] 
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1. Introduction 

1.1. Background 

The standardized (ISO 834 and EN 1363-1) plate thermometer PT was developed by 

Wickström about 30 years ago, to measure temperatures in fire resistance furnaces. This 

happened in conjunction with the harmonization of European standards for fire furnace 

testing. Later, in the last ten years, the term adiabatic surface temperature has been developed 

and about a dozen different types of ‘plate thermometers’ have been developed to measure 

AST in various applications (Wickström, Temperature calculation in fire safety engineering, 

2016). 

Most commonly in fire safety engineering Heat flux meters, HFM is used to measure the 

incident radiation heat flux. It measures heat flux by radiation and convection to a cooled 

sensor surface. When the surface is at or near the surrounding gas/air temperature, the 

convection can be neglected and the therefore only incident radiation is measured. The HFM 

is relatively fragile, expensive and needs water cooling. It gives useful data when in room 

temperature (gas temperature about 20 °C), but very unclear data when in hot gases (fumes 

from a fire). Although this is the case, the HFM is internationally used in all kinds of 

temperature environments. 

An alternative way is to measure incident radiation heat flux and adiabatic surface 

temperature, denoted TAST, with a plate thermometer heat flux meter PTHFM, developed by 

Wickström based on the original PT. This would increase the possibility of affordable 

educationally- and scientifically studies and the device is reliable in hot gases (up to 850 °C or 

90 kW/m2) (Wickström, 2016). In short is PTHFM a specific version of an insulated PT. 

PTHFM is produced in such a way that it is supposed to work as good as HFM for measuring 

incident radiant heat flux in room temperature.  HFMs respond very quickly to changes and 

yield output spikes that are generally not of interest in fire research, while PTHFMs have 

slower response times and yield more smooth data. The obvious benefits with the PTHFM are 

that it is more robust, easier to use and maybe first of all it doesn’t need any water cooling. 
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1.2. Purpose 

The purpose of this thesis is to measure, calculate and evaluate properties of the PTHFM such 

as the emissivity of the plate’s surface, , the convection heat transfer coefficient, h, and the 

insulation properties. Calculations will also be made both with and without the correction 

term for stored heat in the plate, C, to conclude the magnitude of the difference it will make. 

The results will be a part of an investigation that will compare the PTHFM with the water 

cooled HFM to determine under what conditions the PTHFM can replace or be an alternative 

to the traditional HFM.  

• The emissivity, , will be measured and its impact on the incident radiant heat flux 

measurements will be evaluated. 

• The convection heat transfer coefficient, hPT or hc, will be calculated and its impact on 

the incident radiant heat flux measurements will be evaluated. 

• The correction term coefficient, K, that is considering the heat lost by conduction 

through the insulation, will be evaluated. 

• The correction term for stored heat depending on the heat capacity, C, will be 

evaluated. 

1.3. Boundaries 

Measurements will be made with a PTHFM and with a HFM as a reference, but no other tests 

will be made on any other device. The main focus will be on the PTHFM, the HFM will only 

be used for comparison. The HFM measures by standard with an error on ±5 %. In this thesis, 

it will however be considered to deliver correct results when calibrating the PTHFM. The 

PTHFM will be compared relative to the HFM. 

Calibrations will be performed to conduct results for evaluating the conduction loss factor, K. 

The result will be evaluated with calculations depending on the thermal resistance of the 

backside of the PTHFM. The emissivity on the back plate is assumed to be equal to 0.4 during 

the evaluation because of its shiny surface. It will not be evaluated how exact that assumption 

is. 
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2. Theory 

2.1. Description of the PTHFM 

The standard (ISO 834) design of a Plate thermometer, PT, is a 0.7 mm thick nickel alloy 

sheet with a shielded thermocouple attached to the backside, in the center of the surface, for 

measuring the surface temperature of the plate, Ts. The sheet is folded around the large 

surface of a 100 by 100 by 10 mm insulation slab (RISE Research Institutes of Sweden, 

2017). The general look of an PT can be seen in Picture 1. 

 

Picture 1 The standard PT according to ISO 834 and EN-1363-1 (Wickström, Temperature calculation in fire safety 

engineering, 2016) 

The Plate thermometer heat flux meter, PTHFM, is a specific type of PT. Instead of a 0.7 mm 

thick nickel alloy sheet it consists of a 0.5 mm thick nickel alloy sheet for minimizing the 

impact from the stored heat in the metal sheet. It also consists of a 30 mm thick insulation slab 

instead of the 10 mm in the standard PT for minimizing the impact from heat loss via 

conduction. This whole device is surrounded by a stainless-steel coat on all sides but the front 

(Wickström, 2016). For future improvement, the metal sheet is intended to be 0.3 mm thick 

for added correctness in the measurements (because of previous mentioned reasons) 

(Wickström, 2016). 
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2.2. Adiabatic surface temperature 

The adiabatic surface temperature, TAST, is a mean value between the gas temperature and the 

radiation temperature. This is the temperature the surface of a thick body will get when 

reaching steady state under constant exposure conditions (Wickström, Temperature 

calculation in fire safety engineering, 2016). 

When the exposed plate of the PTHFM gets heated, the temperature will rise in the shielded 

thermocouple attached to the backside of the plate. The temperature of the thermocouple is 

considered to be the surface temperature, Ts, of the PTHFM. This would mean, if the PTHFM 

is perfectly insulated and the metal sheet is not storing any heat, that the temperature of the 

thermocouple would be equal to TAST. This is a simplification, as there is heat being stored in 

the plate when the temperature changes and some amount of energy will always get lost by 

conduction. 

The correction terms may be used when calculating TAST or when calculating the incident 

radiant heat flux to get correct results. In this thesis, the incident radiant heat flux will firstly 

be calculated by using TPT. TAST may therefore be calculated with the equation 

 

2.3. Incident heat flux 

2.3.1. PTHFM 

TPT is used to calculate the incident radiant heat flux [W/m2]. The equation for calculating the 

incident radiant heat flux is 

where the suffixes i, i-1 and i+1 on TPT and t in Equation (2) denotes the corresponding time 

step (Wickström, Temperature calculation in fire safety engineering, 2016). Because of the 

finite insulating capacity, the correction parameter K is used. If the PTHFM is assumed to be 

perfectly insulated this parameter is equal to zero. This is further explained under section 2.6. 

Conduction loss factor. 

 

𝑇𝐴𝑆𝑇
𝑖+1 = ([�̇�𝑖𝑛𝑐

′′ 𝑖 −
ℎ𝑃𝑇

𝑖

𝜀𝑃𝑇
𝑖

(𝑇𝑔 − 𝑇𝐴𝑆𝑇)] /𝜎)

1/4

− 273  Eq.1 

�̇�𝑖𝑛𝑐
′′ = 𝜎(𝑇𝑃𝑇 + 273)4 −

ℎ𝑃𝑇 + 𝐾

𝜀𝑃𝑇
∗ (𝑇𝑔 − 𝑇𝑃𝑇) +

𝐶(𝑇𝑃𝑇
𝑖+1 − 𝑇𝑃𝑇

𝑖−1)

𝜀𝑃𝑇
𝑖 (𝑡𝑖+1 − 𝑡𝑖−1)

  Eq. 2 
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Equation (2) is taking into account that the plate stores heat, why the correction term 

is used (Wickström, Temperature calculation in fire safety engineering, 2016). 

Often the impact from the small retardation due to the stored heat in the plate is assumed to be 

equal to zero because of the thin thickness of the plate and/or slow thermal environment 

changes. Therefore, when the simplification is used the temperature difference from one time 

step to another is assumed to be close to zero, which makes the equation for q̇inc
′′  to be 

where the correction term K may have a value depending on how effective the insulation slab 

is assumed to be (K = 0 if the insulating capability is assumed to be infinite). 

For added simplicity it can be assumed that the radiation has such major impact on the 

PTHFM that the impact from convection, conduction or stored heat can be assumed to be 

negligible. This is rarely the case, but it may display the difference the second terms make. 

Then the second term in Eq. 4 may be deleted and the equation for the incident radiant heat 

flux is only dependent on TPT. The equation with that kind of simplifications is 

2.3.2. HFM 

When the black circular surface of the HFM, see Picture 2, gets exposed to an incident heat 

flux it will render a voltage which is proportional to the incident heat flux (SP, 2012). The 

HFM must be water cooled to give valuable data. The temperature of the HFM must be close 

to the ambient temperature or slightly above, otherwise the convective heat transfer cannot be 

neglected and the results are not valuable. If the temperature stays somewhere between room 

temperature and 38°C HFM gives valuable data (Byström, 2016). 

�̇�𝑠𝑡𝑜𝑟
′′ =

𝐶(𝑇𝑃𝑇
𝑖+1 − 𝑇𝑃𝑇

𝑖−1)

𝜀𝑃𝑇
𝑖 (𝑡𝑖+1 − 𝑡𝑖−1)

  Eq. 3 

�̇�𝑖𝑛𝑐
′′ = 𝜎(𝑇𝑃𝑇 + 273)4 −

ℎ𝑃𝑇 + 𝐾

𝜀𝑃𝑇
∗ (𝑇𝑔 − 𝑇𝑃𝑇)  Eq. 4 

�̇�𝑖𝑛𝑐
′′ = 𝜎(𝑇𝑃𝑇 + 273)4  Eq. 5 
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Picture 2 A heat flux meter HFM 

The HFM used for this thesis has a relationship between the voltage and the incident heat flux 

 

where x is the voltage [V] and y is the heat flux [W/m2] to the HFM by radiation and 

convection. The relationship between the heat flux and the rendered voltage is linearly 

dependent from 0.6 kW/m2 to at least 50 kW/m2 (SP, 2012). 

2.3.3. Measuring gas temperature 

To measure the gas temperature, the impact by radiation on the thermocouple must be almost 

negligible. This is of course not possible. However, by minimizing the impact from radiation 

and optimizing the impact from the gas temperature as much as possible the thermocouple can 

be assumed to only measure nearly the gas temperature. To do this the size of the 

thermocouple must be very small. The small area maximizes the impact by convection, which 

makes it sensitive for the gas temperature changes (Wickström, Temperature calculation in 

fire safety engineering, 2016), and the small volume and mass make it able to change 

temperature rapidly. 

  

𝑦 = 6.356 ∙ 106𝑥 + 600.2  Eq. 6 
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2.4. Convection heat transfer coefficient 

As seen in Equation (2) and (4) a parameter hPT is needed to calculate the incident heat flux 

for the PTHFM. It denotes the convection heat transfer coefficient which decides how well 

heat is transferred between the surrounding gas and the surface. It varies depending on the 

surface temperature of the material, Ts, and the temperature of the surrounding gases, Tg. If 

there are any forced convection (i.e. wind) another parameter, H, increases the coefficient’s 

value. The equation for hPT is 

 

(Wickström, Temperature calculation in fire safety engineering, 2016). Since there is no wind 

to consider in any parts of this thesis the H value in Equation (7) will always be considered 

equal to zero. 

2.5. Emissivity of the PTHFM 

The emissivity of a surface is the materials effectiveness in emitting and absorbing heat by 

radiation. The emissivity spans from 0 to 1 and is a fraction of how effective the surface is 

emitting heat compared to a black body at the very same temperature. That is a black body 

has the emissivity equal to 1 (Temperature & Process Instruments Inc., 2017). 

2.5.1. Measuring in general 

As seen in Equation (2) and Equation (4) a parameter  is needed to calculate the incident heat 

flux for the PTHFM. That is the emissivity of the plate’s surface and it differs depending on 

the surface temperature of the plate. To measure the emissivity a pyrometer (infrared 

thermometer) can be used (Temperature & Process Instruments Inc., 2017). The temperature 

shown on the pyrometer can be matched with the temperature measured by the PTHFM by 

altering the pre-defined emissivity on the pyrometer. When the two monitored temperatures 

are the same, the emissivity that is currently chosen on the pyrometer is the emissivity of the 

PTHFM’s surface. This way the emissivity can be decided for different temperatures of the 

same surface. 

2.5.2. PROSCAN 530 

A PROSCAN 530 pyrometer was used. It can measure temperatures between - 35 °C and 900 

°C and has a range of error ± 0.75 °C or ± 0.75 %, whichever is the greater. For example, 

would this result in a margin of error about ± 2.25 °C when showing 300 °C. The response 

time is 150 ms (Pentronic AB, 2016). 

ℎ𝑃𝑇 = 76.0 ∗ (
𝑇𝑠 + 𝑇𝑎𝑖𝑟

2
+ 273)

−0.66

∗ |𝑇𝑠 − 𝑇𝑎𝑖𝑟|1/3 + 𝐻  Eq. 7 
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2.6. Conduction loss factor 

2.6.1. Calculation 

The conduction loss factor, K, is a coefficient on how much energy that gets lost per square 

meter, seconds and Kelvin through the PTHFM. The conduction loss factor can be seen in the 

second term on the right-hand side in Equation (2) and Equation (4). It may be calculated as 

Rk is the thermal resistance of the insulation, which is dependent on the insulations thickness, 

d, divided by its conductivity, kins. Rh is the surface heat transfer resistance. Rh is dependent 

on the convection- and radiation heat transfer coefficients of the surface, hc + hr, by the power 

of -1. hc is calculated with Equation (7) and hr is calculated with Equation (9). 

(Wickström, Temperature calculation in fire safety engineering, 2016). 

2.6.2. Calibration of the conduction loss factor 

In the equations for calculating the incident radiant heat flux all parameters but K are either 

measured or calculated. Since the properties of the insulation of the PTHFM are not known K 

cannot be calculated. This parameter can be calibrated by using the incident radiant heat flux 

results from the HFM comparing measurements. By changing the value of the conduction loss 

factor for the q̇inc
′′  calculations the PTHFM results can be matched with the HFM results. 

Thereby can the conduction loss factor be assumed to be equal to the value that gives the 

same q̇inc
′′  values as the HFM. To verify the precision of the calibration Equation (8) can be 

used by iterating kins until the calculated K value matches the calibrated K value. Then may 

the iterated kins value show how realistic the calibrated conduction loss factor is. The 

conductivity of the insulation slab is not known, but other mineral insulations has a 

conductivity about 0.04 W/(m*K) (Young, 1992).  

𝐾 =
1

𝑅𝑡𝑜𝑡
=

1

𝑅𝑘+𝑅ℎ
=

1

𝑑
𝑘𝑖𝑛𝑠

+
1

ℎ𝑐,𝑏𝑎𝑐𝑘 + ℎ𝑟,𝑏𝑎𝑐𝑘

 
 Eq. 8 

ℎ𝑟 = 𝜀 𝜎(𝑇𝑟
2 + 𝑇s

2) (𝑇r + 𝑇𝑠)  Eq. 9 



 

9 

 

3. Method 

3.1. Emissivity tests 

3.1.1. Materials used in the emissivity testings 

Instruments used during the tests were: 

• Electrical furnace 

• Three PTHFM:s 

• Pyrometer 

- PROSCAN 530 

3.1.2. The testing 

The PTHFM:s was mounted on a steel bar for the ability to vary the position of the PTHFM:s, 

see Picture 3 and coupled to an electronic box monitoring the plate’s (the thermocouple’s) 

temperature. The PTHFM:s was pointed towards an electric furnace that heated the them up 

till desired temperatures. 

When a certain temperature was reached, the pyrometer, see Picture 4 was pointed towards 

the surface of the PTHFM. The emissivity setting on the pyrometer was manually modified 

until the temperature monitored by the pyrometer matched the temperature monitored by 

electronic box, showing the real temperature of the PTHFM. 

Picture 3 Two PTHFM:s mounted on a steel bar. 
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This was made on three different PTHFM:s at different temperatures spanning between 70 °C 

as coldest and 600 °C as hottest. The result from the emissivity-temperature tests were set up 

in tables and plotted in excel for all three PTHFM:s, see section 4.1. 

3.2. Comparison of incident radiation 

3.2.1. Materials used when measuring incident heat flux 

Materials used during the tests were: 

• Electric furnace 

• PTHFM 

• HFM 

• Tempered water bath 

• Multimeter 

• Metal-sheathed thermocouple (0.5 mm) 

3.2.2. Tests 

One PTHFM (PTHFM1) and the HFM was mounted next to each other on a steel bar so that 

they were in front of the center of the furnace opening, see Picture 5 The mounting was made 

so that the distance from the furnace would be as equal as possible. Between the PTHFM and 

the HFM a thermocouple (0.5 mm) was mounted to measure the gas temperature surrounding 

the devices. 

  

Picture 4 The pyrometer used for this thesis, a PROSCAN 530 
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Due to the need of water cooling, two water pipes were mounted to the HFM from a tempered 

water bath. The water was tempered at about room temperature (20 °C). During the first test, 

Test 1, the binder of the insulation combusted and affected the conductive heat transfer. 

Therefore, the incident radiant heat flux results from Test 1 was discarded. 

3.3. Evaluation of the conduction loss factor 

Firstly, the q̇inc
′′  results, from the comparison tests, calculated with Equation (2) was altered 

by changing the value on K until the plotted curve matched the plotted curve of the HFM 

results. This way the conduction loss factor was calibrated. Secondly, to estimate how 

realistic the calibrated conduction loss factor was Equation (8) was used. By iterating the 

value on the conductivity of the insulation, kins, the calculated K value may be matched with 

the calibrated one. The surface temperature of the back plate was assumed to 200 °C and the 

gas temperature was assumed to 20 °C when calculating the conduction- and radiation heat 

transfer coefficients with Equation (7) and Equation (9), respectively. The surface temperature 

was roughly assumed since the Conduction loss factor is not sensitive for the surface 

temperature of the backplate (an incorrect assumption on ±120 °C gives an error of 0.1 

W/(m2*K) on K). The insulation pad conductivity that made the calculated conduction loss 

factor result in the same value as the calibrated one was compared to the conductivity of other 

mineral wools, since the mineral wool used for this thesis was not known. The equations were 

put into Microsoft Excel, where the iteration process was performed. 

  

Picture 5 A PTHFM mounted next to an HFM with a 0.5 mm thermocouple in between 

them. 
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3.3.1. Calculations 

Calculations were made in excel with and without the correction parameter, C, to display the 

impact it does on the calculations and with and without the impact of the conduction loss 

factor, K. The heat flux calculations were also made with Equation (5). Calculations were 

made with different convection heat transfer coefficients and emissivities for the analysis. 

3.4. Method critique 

The methodology using an electrical furnace as the source of heat fits the purpose in the 

comparison tests, because changes of the incident radiant heat flux are desirable. The very 

same furnace was used when performing the emissivity tests, which is fine because it does not 

matter how the PTHFM gets heated when measuring the emissivity with a pyrometer. What 

could have been optimized when performing the emissivity tests, is that the surface 

temperature should have been kept steady and only increased/decreased by manually doing 

so. 

The binder of the insulation combusted during Test 1 and affected thereby the outcoming 

results. Thus, the incident radiant heat flux results from this test are not usable. Therefore, the 

incident radiant heat flux results from Test 1 will not be displayed or evaluated any further. 

Although, the measured surface temperatures will be used to evaluate the convection heat 

transfer coefficient and the emissivity of the surface.  
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4. Result 

4.1. Emissivity 

The results from the emissivity measurements on the three PTHFMs, PTHFM1, PTHFM2 and 

PTHFM3 are presented in Table 1. 

Table 1 Emissivities of the three PTHFM:s measured on different surface temperatures. The coloured results are interesting 

because they are showing different emissivities on the same surface temperature. This will be evaluated under the analysis. 

  

 

 

 

 

 

 

 

 

  

PTHFM1 PTHFM2 PTHFM3 

T [°C]  T [°C]  T [°C] 

70 0,99 100 0,99 100 0,95 

120 0,97 150 0,96 131 0,95 

155 0,89 160 0,95 144 0,94 

160 0,92 176 0,94 167 0,98 

160 0,95 185 0,94 167 0,95 

165 0,94 200 0,96 192 0,91 

195 0,93 230 0,90 225 0,88 

220 0,99 245 0,88 300 0,84 

255 0,85 245 0,93 332 0,86 

285 0,98 265 0,89 375 0,81 

295 0,97 280 0,92     

340 0,90 330 0,91     

490 0,87 380 0,89     

600 0,85 430 0,86     
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The emissivities and their corresponding temperatures in Table 1 are graphed in Diagram 1. 

 

 

4.2. Convection heat transfer coefficient 

The convection heat transfer coefficients were calculated with Equation (7) by using the 

measured surface temperatures and gas temperatures. The temperatures used to calculate the 

convection heat transfer coefficients are the same as the temperatures measured during the 

comparison tests. This way the heat transfers coefficients can be analyzed relative to their 

corresponding incident radiant heat fluxes and surface temperatures. The convection heat 

transfer coefficient results from Test 1 will be considered even though the binder in the 

insulation combusted. The combusted binder in the insulation affects the surface temperature 

but it does not affect the convective heat transfer relative to the surface temperature. Table 2 

shows the heat transfer coefficients for Test 1, Table 3 shows the coefficients for Test 2 and 

Table 4 shows the coefficients for Test 3.  
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Table 2 Convection heat transfer calculated by using the measured surface- and gas temperatures in the first comparison 

test. 

Test 1   
T(gas) 
[°C] 

T(PTHFM) 
[°C] h(PTHFM) [W/(m^2*K)] 

24 31 3.37 

50 300 8.52 

54 323 8.56 

60 311 8.40 

63 300 8.29 

60 290 8.28 

56 280 8.30 

53 270 8.29 

55 260 8.18 

57 250 8.07 

58 240 7.97 

45 230 8.16 

54 220 7.88 

52 210 7.83 

54 200 7.67 

52 190 7.60 

53 180 7.45 

 
Table 3 Convection heat transfer calculated by using the measured surface- and gas temperatures in the second comparison 

test. 

Test 2   
T(gas) 
[°C] 

T(PTHFM) 
[°C] h(PTHFM) [W/(m^2*K)] 

80 570 8.81 

82 584 8.80 

81 586 8.82 

73 586 8.90 

66 570 8.96 

63 560 8.99 

73 540 8.85 

65 520 8.92 

67 500 8.86 

81 480 8.66 

68 460 8.78 

79 440 8.59 

52 420 8.91 

57 400 8.78 

68 380 8.56 
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Table 4 Convection heat transfer calculated by using the measured surface- and gas temperatures in the third comparison 

test. 

Test 3   
T(gas) 
[°C] 

T(PTHFM) 
[°C] h(PTHFM) [W/(m^2*K)] 

81 575 8.80 

84 570 8.77 

76 550 8.83 

74 530 8.83 

76 510 8.77 

77 500 8.74 

65 480 8.86 

72 460 8.73 

62 440 8.81 

58 420 8.82 

58 400 8.77 

56 380 8.74 

57 360 8.66 

52 340 8.66 

51 320 8.60 

41 300 8.68 

46 280 8.48 

43 262 8.43 
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4.3. Conduction loss factor 

The calibration of the conduction loss factor resulted in K = 1.0 W/(m2*K) by altering the 

value of K in Eq. 2. The accuracy of the PTHFM results compared to the HFM results after 

the conduction loss factor calibration can be seen in Diagram 3 and Diagram 4, see section 

4.4.4. The surface temperature of the back, the gas temperature and the emissivity of the back 

was assumed values. hc was calculated with Equation (7), hr was calculated with Equation (9) 

and K was calculated with Equation (8). All data used for the verification calculation is shown 

in Table 5, the conductivity is marked with red and the conduction loss factor is marked with 

green. 

The calculations were performed numerically as seen below: 

Equation (7) gives 

ℎ𝑐 = 76.0 ∗ (
200 + 20

2
+ 273)

−0.66

∗ |200 − 20|
1
3 = 8.5 

𝑊

𝑚2 ∗ 𝐾
 

Equation (9) gives 

ℎ𝑟 = 0.4 ∗ 5.67 ∗ 10−8[(293)2 + (473)2] ∗ [(473) + (293)] = 5.4 
𝑊

𝑚2 ∗ 𝐾
 

The surface’ thermal resistance was calculated by setting the convection- and radiation heat 

transfer coefficients to the power of -1. 

𝑅ℎ =
1

8.5 + 5.4
= 0.07 

𝑚2 ∗ 𝐾

𝑊
 

The insulation’s thermal resistance was calculated by dividing the thickness of the insulation 

slab with the conductivity. 

𝑅𝑘 =
0.03

𝑘
 
𝑚2 ∗ 𝐾

𝑊
 

The conduction loss factor was calculated by setting the total thermal resistance to the 

reciprocal of the sum of the resistances. 

𝐾 =
1

(
0.03

𝑘
+ 0.07)

𝑊

𝑚2 ∗ 𝐾
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The data in Table 5 shows the assumed surface temperature, the assumed gas temperature and 

the assumed emissivity of the back plate. hc shown in Table 5 is the calculated convection heat 

transfer coefficient, hr is the calculated radiation heat transfer coefficient, d is the thickness of 

the insulation pad, Rk is the calculated conductive thermal resistance of the insulation pad, Rh 

is the calculated convective thermal resistance of the surface of the back plate. k is the 

assumed conductivity that is altered during the iteration and K is the Conduction loss factor 

that is supposed to be equal to 1.0 W/(m2K), as in the earlier performed calibration, after the 

iteration of the conductivity. 

Table 5 Showing all the data assumed and calculated when verifying how realistic the calibrated conduction loss factor, K, 

was. 

Ts, back  
[°C] 

Tg 
[°C] 

back 
[-] 

hc 
[W/(m^2*K)] 

hr 
[W/(m^2*K)] 

200 20 0.4 8.5 5.4 

d 
[m] 

 Rk 

[(m^2*K)/W] 
Rh 

[(m^2*K)/W] 
k 

[W/(m*K)] 
K 

[W/(m*K)] 

0.03 0.89 0.072 0.035 1.0 

 

4.4. Comparison on incident heat flux between HFM & PTHFM 

Results from the PTHFM will be presented in different ways depending on how q̇inc
′′  was 

calculated. HFM will be assumed to give correct results and will not be changed. It was 

calibrated 2012-02-07 by SP (SP, 2012), marked with blue in Table 6 and 7, see section 4.4.4. 

The results from Test 1 will not be displayed because the binder of the insulated combusted 

and therefore affected the results. 

4.4.1. Emissivity settings 

For the test results in section 4.4.4 the emissivity was set by using a linear trend line from the 

emissivity tests made on the same PTHFM, PTHFM1, see section 4.1. The emissivity was set 

in accordance with its corresponding surface temperature. The linear trend line is shown in 

Diagram 2. 
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Diagram 2  Showing the linear trend line used to set the emissivity for the qinc tests 

4.4.2. Conduction loss factor setting 

The conduction loss factor K was set to 1.0 W/(m2*K), from Table 5 in section 4.3. 

4.4.3. C setting 

The correction term for the stored heat was calculated by multiplying the known thickness of 

the plate, 0.005 m, with the density and the specific heat capacity of steel. The density was set 

to 7850 kg/m3 and the specific heat capacity was set to 450*10-3 kJ/(kg*K) (Åstedt, 2009). 

4.4.4. Test results using different �̇�𝐢𝐧𝐜
′′  calculations 

Results for the different incident radiant heat fluxes will be presented in Table 6 for Test 2 

and Table 7 for Test 3. The calculation results on the PTHFM measurements will have 

different suffixes depending on which type of calculation that was used to get q̇inc
′′ . Suffix -PT 

denotes that Equation (5) using only the first term of the qinc equation was used to show the 

impact from the emissivity and the convection heat transfer coefficient, see section 2.3.1. 

Suffix -0 denotes that Equation (4) was used, not considering the heat stored in the plate and 

K was set equal to zero. -C denotes that Equation (2) was used considering the heat stored in 

the plate, but K was equal to zero. -K denotes that Equation (4) was used, not considering the 

heat stored in the plate, thus using K but not C. -CK denotes that Equation (2) was used, 

considering all parameters, thus using both K and C. 
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Table 6 Results from Test 2 in the incident heat flux calculations and measurements, HFM results are marked with blue. 

Test 2        

Time TPT qinc PTHFM-PT qinc PTHFM-0 qinc PTHFM-K qinc PTHFM-C qinc PTHFM-CK qinc HFM 

[s] [°C] [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 570 28635 33654 34224 33654 34224 43300 

22 584 30585 35784 36374 37188 37779 41300 

27 586 30871 36109 36703 36447 37041 39300 

36 586 30871 36243 36847 35826 36430 36600 

118 570 28635 33887 34473 33370 33956 34600 

154 560 27300 32493 33070 31876 32454 32600 

232 540 24771 29522 30059 28996 29532 30000 

330 520 22422 27085 27608 26634 27157 26600 

437 500 20244 24606 25098 24182 24674 24000 

546 480 18229 22154 22607 21774 22227 22000 

678 460 16368 20279 20724 19925 20371 19300 

805 440 14653 18177 18587 17856 18266 18000 

963 420 13077 16760 17173 16460 16873 16000 

1107 400 11632 15017 15403 14718 15104 14600 

1266 380 10309 13278 13624 14087 14433 13300 
 

Table 7 Results from Test 3 in the incident heat flux calculations and measurements, HFM results are marked with blue. 

Test 3        

Time TPT qinc PTHFM-PT qinc PTHFM-0 qinc PTHFM-K qinc PTHFM-C qinc PTHFM-CK qinc HFM 

[s] [°C] [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 575 29320 34377 34952 34377 34952 38000 

18 570 28635 33588 34153 32945 33510 34600 

91 550 26013 30879 31430 30254 30805 30000 

168 530 23575 28201 28725 27643 28167 27300 

257 510 21312 25688 26187 25178 25676 24600 

304 500 20244 24495 24982 24029 24515 23300 

406 480 18229 22405 22877 21971 22443 21300 

515 460 16368 20216 20657 19827 20268 19300 

641 440 14653 18397 18822 18072 18496 18000 

793 420 13077 16666 17073 16375 16781 16000 

952 400 11632 15002 15386 14742 15126 14600 

1141 380 10309 13456 13816 13240 13600 13300 

1366 360 9103 12018 12355 11824 12160 11900 

1601 340 8006 10748 11064 10575 10892 10600 

1880 320 7011 9552 9848 9399 9695 9300 

2180 300 6112 8581 8866 8453 8738 8600 

2569 280 5303 7460 7714 7350 7605 7900 

2939 262 4645 6661 6901 6901 7140 6600 
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The results from Table 6 will be presented as plotted curves. The incident heat flux is on the 

y-axis and time on the x-axis in Diagram 3. 

 

Diagram 3 Results from Table 6 plotted in this diagram show how the different incident heat flux calculations stands against 

the corresponding qinc measured by the HFM. 
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The results from Table 7 will be presented as plotted curves. The incident heat flux is on the 

y-axis and time on the x-axis in Diagram 4.  

 

Diagram 4 Results from Table 7 plotted in this diagram shows how the different incident heat flux calculations stands against 

the corresponding qinc measured by the HFM.  
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5. Analysis 

5.1. Emissivity 

It is hard to tell which type of function that would best describe the emissivity curve, due to 

the relatively big spread on such few points in Diagram 1. Firstly, every curve from the tests 

have a relatively wide spread each. Secondly, the curves differ too much to tell which kind of 

function that would best describe it in general. The curves for 1 and 2 has about the same 

general slope, see Diagram 5, but 1 has relatively a much larger spread than 2. The curve for 

3 on the other hand has a steeper slope than the two other curves, but it did not get measured 

on as high temperatures as PTHFM1 and PTHFM2. The trend is at least, as already known, 

that the emissivity gets lower on a higher temperature no matter which plot taken into count. 

Both PTHFM1 and PTHFM2 was measured to have different emissivities on the same 

temperature, marked with orange in Table 1. This indicates that something was affecting the 

measurements, making them vary. One possible explanation is that the changing temperature 

of the PTHFMs was too fast compared to the delay from the stored heat in the plate. This may 

have made the thermocouple to respond incorrectly. 

The three plots have different characteristics which makes it hard to determine a general 

function of the temperature dependent emissivity. 
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5.1.1. Sensitivity analysis of the emissivity’s impact on incident heat flux 

Different values on the emissivity may be used when calculating the incident radiation heat 

flux to analyze the impact the emissivity does. The incident radiation heat flux calculated 

using Equation (2) or Equation (4) may differ depending on the assumed emissivity of the 

plate’s surface. As seen in Diagram 5 the emissivity could differ from 1 down to almost 0.8. 

By changing the emissivity in Equation (2) the variation of incident heat fluxes becomes as 

shown in Diagram 6, Diagram 7 and Diagram 8. By changing the emissivity in Equation (4) 

the variation of incident heat fluxes become as shown in Diagram 9, Diagram 10 and Diagram 

11. 

5.1.1.1. Using Equation (2) 

 

Diagram 6 Showing the sensitivity of changing the emissivity when calculating the incident heat flux in Test 1. 
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Diagram 7 Showing the sensitivity of changing the emissivity when calculating the incident heat flux in Test 2. 

 

Diagram 8 Showing the sensitivity of changing the emissivity when calculating the incident heat flux in Test 3. 
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The impact from using different emissivities in Equation (2) is shown in Diagram 6, Diagram 

7 and Diagram 8. The impact from the emissivity cannot be neglected, but may not be too big 

either. The value on the emissivity may not change the general look of the curves, but only 

how large the incident radiation heat fluxes get. 

5.1.1.2. Using Equation (4) 

 

Diagram 9 Showing the sensitivity of changing the emissivity when calculating the incident heat flux in Test 1. 

 

Diagram 10 Showing the sensitivity of changing the emissivity when calculating the incident heat flux in Test 2. 
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Diagram 11 Showing the sensitivity of changing the emissivity when calculating the incident heat flux in Test 3. 

The impact from using different emissivities in Equation (4) is clearly shown in Diagram 9, 

Diagram 10 and Diagram 11. The impact from the emissivity cannot be neglected, but may 

not be too big either. In other words, the pattern is similar to the pattern when using Equation 

(2), see section 5.1.1.1.. 

5.2. Convection heat transfer coefficient 

The calculated convection heat transfer coefficients span between 7.45 W/(m2K) and 8.95 

W/(m2K) on surface temperatures from 180 °C to 585 °C, see Table 2, Table 3 and Table 4 (Ts 

= 31 °C is not used since that low temperatures are not of interest. It is visible in Diagram 12 

only to show how it can differ from low to high temperatures.), which is realistic surface 

temperatures during a fire. The mean value was 8.08 W/(m2K) on Test 1, 8.80 W/(m2K) on 

Test 2 and 8.72 W/(m2K) on Test 3. The tests were spanning over different temperatures. The 

total mean value of the three tests is 8.53 W/(m2K). 

When the gas temperature is kept steady and the PTHFM is not affected by any flames the 

convection heat transfer coefficient is dependent on the surface temperature. As seen in 

Diagram 12 the convection heat transfer coefficient constantly lies between 8 and 9 

W/(m2*K) when the surface temperature is hotter than 230 °C. This despite the surrounding 

gas temperature is spanning from 24 to 84 °C, a 60 °C temperature difference.  
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Diagram 12 Convection heat transfer coefficients dependent on surface temperature plotted from the data in Table 2, Table 3 

and Table 4. 

5.2.1. Sensitivity analysis on the convection heat transfer coefficient’s impact on the 

incident heat flux 

Since the convection heat transfer coefficient differs, as seen in Diagram 12, the reasonable 

values to try out lies between 7 and 9. The incident heat flux calculations will be made with 

both Equation (2), using the correction term for stored heat, and Equation (4), that is not using 

the correction term for stored heat. The results will be presented in Diagram 13, Diagram 14 

and Diagram 15 for Equation (2) and Diagram 16, Diagram 17 and Diagram 18 for Equation 

(4). 
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5.2.1.1. Using Equation (2) that is considering the stored heat in the plate 

In the following analyzes of the convection heat transfer coefficient the emissivity and the 

conduction loss factor will be kept constant on 0.9 and 1.0 respectively. 

 

Diagram 13 Showing the sensitivity of changing the convection heat transfer coefficient when calculating the incident heat 

flux in Test 1 and compared with the q inc measurements from the HFM in Test 1. 

 

Diagram 14 Showing the sensitivity of changing the convection heat transfer coefficient when calculating the incident heat 

flux in Test 2 and compared with the q inc measurements from the HFM in Test 2. 
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Diagram 15 Showing the sensitivity of changing the convection heat transfer coefficient when calculating the incident heat 

flux in Test 3 and compared with the q inc measurements from the HFM in Test 3. 

The impact from using different convection heat transfer coefficients in Equation (2) is shown 

in Diagram 10, Diagram 11 and Diagram 12. The impact from hPT cannot be neglected, but is 

not of great value if it is set to be somewhere between 7 and 9. The value on the convection 

heat transfer coefficient may not change the general look of the curves, but only how large the 

incident heat fluxes get. 

5.2.1.2. Using Equation (4) that is not considering the stored heat in the plate 

In the following analyzes of the convection heat transfer coefficient the emissivity and the 

conduction loss factor will be kept constant on 0.9 and 1.0 respectively. 
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Diagram 16 Showing the sensitivity of changing the convection heat transfer coefficient when calculating the incident heat 

flux in Test 1 and compared with the q inc measurements from the HFM in Test 1. 

 

Diagram 17 Showing the sensitivity of changing the convection heat transfer coefficient when calculating the incident heat 

flux in Test 2 and compared with the q inc measurements from the HFM in Test 2. 

0

2000

4000

6000

8000

10000

12000

700 900 1100 1300 1500 1700 1900 2100 2300 2500

q
in

c
[W

/m
2
]

Time [s]

Using different convection heat transfer coefficients for 
incident heat flux calculations, Test 1

h = 7 h = 8 h = 9

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

0 200 400 600 800 1000 1200

q
in

c
[W

/m
2 ]

Time [s]

Using different convection heat transfer coefficients 
for incident heat flux calculations, Test 2

h = 7 h = 8 h = 9



 

32 

 

 

Diagram 18 Showing the sensitivity of changing the convection heat transfer coefficient when calculating the incident heat 

flux in Test 3 and compared with the q inc measurements from the HFM in Test 3. 

The impact from using different convection heat transfer coefficients in Equation (4) is shown 

in Diagram 16, Diagram 17 and Diagram 18. The impact from an inaccurate set hPT is small to 

negligible if it is set to be somewhere between 7 and 9. The values and the looks of the plots 

are similar to the plots when using Equation (2). 
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5.3. Conduction loss factor 

In Test 1, the binder of the insulation combusted and affected therefore the heat transfer via 

conduction, why this test is not analyzed. In Test 2 and 3 the incident radiant heat fluxes 

measured with the PTHFM are consistent with the HFM values when using K = 1.0 

W/(m2*K). 

The K could have been directly calculated by using Equation (8) if the conductivity was 

known. Because the conductivity was not known, the K value had to be decided in an 

alternative way. All the parameters affecting the incident radiant heat flux calculations but K 

was either measured or calculated. The K value could therefore be calibrated until the incident 

radiant heat flux measured by the PTHFM matched the results from the HFM. Although, 

Equation (8) was be used to iterate what conductivity that results in the calibrated K = 1.0. 

The corresponding insulation pad conductivity that will give K = 1.0 is k = 0.035 W/(m*K). 

Comparing to other mineral wools, that has a conductivity about 0.04 W/(m*K) (Young, 

1992), it can be confirmed that K = 1.0 is a reasonable value laying close to other mineral 

wools. 

5.4. Comparison between different calculations on incident radiation heat flux 

The diagrams in section 5.1.1. and section 5.2.1., together with the diagrams in section 4.4.4., 

show that no parameters can be neglected due to their impact on the incident radiation heat 

flux. Although, if the parameters are correctly assumed, measured and calculated the PTHFM 

can render valuable data that lies within the margin of error of the HFM, see Diagram 3 and 

Diagram 4.  
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6. Discussion 

Difficulties measuring the emissivity 

Since the furnace door would make the furnace to shut off when open, the temperature would 

constantly change. This made it hard to set the emissivity on the pyrometer before the 

temperature had dropped. The heat from the furnace made it difficult to point the pyrometer 

towards the PTHFM:s which forced the PTHFM:s to be placed angled on the outside of the 

furnace. As a try to test an alternative way to heat the steel a welding flame was used. To be 

sure the flame itself wouldn’t affect the measurements it had to be removed or turned off 

before setting the emissivity on the pyrometer. This made the temperature to drop fast which 

made it hard to set the emissivity before the temperature had dropped too much. In similar 

measurements of the emissivity it is recommended to heat the plates in an alternative way. It 

was discussed to use electricity to heat the plates up and to be able to keep the temperature 

constant. This was never implemented due to the lack of experience and knowledge, i.e. how 

the temperature spread would be. If this could be implemented the measurements would have 

been easier to perform because there would be very small or negligible temperature 

differences over time and there would be no heat to inflict with the pyrometer or the person 

pointing it. 

The difficulties presented above made the measurements to not be as many as wanted. This in 

combination with the relatively wide spread on the results made it hard to see a clear pattern 

of the emissivity change. The emissivity would need more measurements since the spread 

may be caused of the changing temperature and different response times of the pyrometer and 

the PTHFM. 

The PTHFMs and the HFM were moved between the tests 

Since the devices were moved back and forth between the tests it could also mean that the 

view factors changed, which would have caused the difference between the PTHFM- and 

HFM results. For example, the PTHFM and the HFM could have been unequally in front of 

the furnace during the tests. When rolling them back and forth between the tests the PTHFM 

could have been more or less centered in front of the furnace. This would have caused the 

PTHFM to get affected to display higher or lower results than the HFM because of the 

unequal heat flux from the furnace. This is not an error source of magnitude, because it would 

only cause a wrong calibrated K. This is of course something that must be investigated in 

additional tests and cannot be concluded in this thesis. 
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Error sources when iterating the conductivity of the insulation slab 

Since the conduction loss factor was calibrated against the results from the HFM there can be 

errors caused by the assumption that the PTHFM results should be equal to the HFM results. 

The HFM has a margin of error of ± 5% which itself could have caused some uncertainty of 

the calibrations precision. There are also uncertainties in the iteration of the conductivity 

because the surface temperature of the back plate is assumed and the calculations on the 

surface’ thermal resistance may not be fully accurate. However, this error is relatively small 

in comparison to the impact from the assumed insulation conductivity. The surface’ thermal 

resistance was about 8% of the insulations thermal resistance and did only cause the 

conduction loss factor to be 0.1 W/(m2*K) smaller. This would have caused a negligibly small 

difference on the incident radiant heat flux calculations. 

6.1. Conclusions 

The PTHFM can be a complement, or even a replacement, to the HFM particularly if the 

properties of the PTHFM can be accurately specified. Depending on how accurate the results 

must be the parameters can be set in different ways; assumed, calculated or measured. 

6.1.1. Emissivity 

As seen in the sensitivity analysis of the emissivity may be makes a difference, but a step 0.1 

away from the real emissivity makes the incident radiant heat flux to get an error about 0.5-1 

kW/m2 which causes an error of only about 3-6 %. This can be compared to the HFM that 

measures with an accuracy on ± 5 %. In other words, the incident radiant heat flux 

calculations are not that sensitive for emissivity changes if the assumption is reasonable 

correct. If emissivity measurements or calculations are not possible to perform a 

recommended emissivity to assume when using a PTHFM is 0.9. 

6.1.2. Convection heat transfer coefficient 

The impact from the convection heat transfer coefficient is similar in size to the impact from 

the emissivity if the assumption is somewhere between 7 and 9 [W/(m2*K)]. The incident 

radiant heat flux calculations are not very sensitive to changes of this parameter; see the 

sensitivity analysis in section 5.2.1.1.. Therefore, an assumption between said values is 

enough if it is not of interest to know a very exact value on the heat flux. To get more precise 

values Equation (7) may be used, as in this thesis. 
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6.1.3. Conduction loss factor 

The comparison between the different equations for calculating q̇inc
′′  showed that the 

conduction loss factor makes the foremost difference for the incident radiant heat flux results. 

K may be assumed with care about 1.0 W/(m2*K), but should be evaluated further in 

additional tests to determine how accurate that value is. What can be concluded is that K does 

not have a great impact on the general looks of the plotted curves. However, it does highly 

affect how big the values on the incident radiant heat flux gets, determining the height of the 

plotted curves. 

6.1.4. Correction term for stored heat 

When looking at the results under section 4.4.4. test results from using different q̇inc
′′  

calculations show that the correction term for stored heat makes a slight difference. When put 

into the context that tens of kW were measured and the C-value made a difference about 1-3 

kW/m2 it may be clear that it does make a difference that should be considered. Although, if 

the goal is to see the general changes of the incident radiant heat flux and not the exact 

numbers, and an electric box coded to calculate the incident radiant heat flux is not accessible, 

it may be neglected to ease the calculations. 

6.2. Further work 

• To verify the emissivity of the PTHFM more measurements should be made with 

more precision. This should also be made with another methodology than the one used 

for this thesis since it is almost crucial to get a well-defined temperature on the plate 

when measuring the temperature with a pyrometer. 

• If the nickel alloy plate of the PTHFM gets even thinner (0.3 mm) new evaluations of 

the correction term for stored heat may be performed. In this way, the value of the 

error it could give can be concluded. 

• The conduction loss factor could be evaluated further. This could be done by 

accurately determine the conductivity and there through calculate the Conduction loss 

factor. 
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