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Abstract 
 
Calibration of heat flux meters is described in ISO 14934. One of the primary methods 
listed in Part 2 of this standard has been in use at SP since the early 1990’s. This report 
discusses how calibration results best are expressed and how calibration services should 
be formulated. In addition non-linearities and uncertainties of heat flux gauges are 
discussed together with the influence of convection on measurements. How heat flux 
meters are best used in different measurement situations is also discussed. 
 
The heat flux meters are approximately linear. Applying a linear regression line in cases 
where the heat flux meter does not have a fully linear sensitivity may induce extra errors 
to the total uncertainty of the calibration of that instrument. It is recommended that 
calibration laboratories should report the results as a best fit regression only when the 
sensitivity is linear in order to avoid confusion for the user. Otherwise the regression 
should be up to the user to perform depending on how the meter is to be used and on the 
accuracy demands for the usage. 
 
The possibility for simpler calibration procedures than those described in ISO 14934-2 
has been studied. The results show that a secondary calibration can be performed at fewer 
irradiance levels provided that the heat flux meter is proven to have a linear sensitivity. It 
has been confirmed by work done at SP and SINTEF NBL that mounting the heat flux 
meter in a specially designed water cooled holder reduces the measurement uncertainty 
due to convection by up to 10% of the incident heat radiation. 
 
The report discusses different means of minimising the convection in practical testing 
situations. 
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Sammanfattning 
 
Kalibrering av strålningsmätare beskrivs i ISO 14934. En av primärmetoderna som listas i 
del 2 av nämnd standard har använts vid SP sedan tidigt nittital. Denna rapport diskuterar 
hur kalibreringsresultaten uttrycks bäst och hur kalibreringstjänster ska utformas. Olinjä-
riteten och mätosäkerheten för strålningsmätare tillsammans med påverkan från konvek-
tion diskuteras också. Det diskuteras också hur strålningsmätare bör användas i olika mät-
situationer. 
 
Strålningsmätare är i stort sett linjära. Att proceduren att applicera en linjär regressions-
linje i de fall när strålningsmätaren inte har en fullt linjär känslighet kan förorsaka extra 
mätfel till den totala mätosäkerheten på en kalibrering av instrumentet. Det rekommen-
deras att kalibreringslaboratorier bör rapportera resultatet som en regressionslinje endast i 
de fall då känsligheten är linjär för att undvika att förvirra användaren. I annat fall bör det 
lämnas upp till användaren att utföra regressionen baserat på hur mätaren ska användas 
och vilka noggrannhetskrav som finns. 
 
Möjligheten för enklare kalibreringsprocedurer än de som beskrivs i ISO 14934-2 har 
studerats. Resultaten visar att sekundär kalibrering kan utföras vid färre strålningsnivåer 
under förutsättning att mätaren har visat sig ha en fullt linjär känslighet. Det har bekräf-
tats genom arbete som utförts vid SP och SINTEF NBL att om mätaren monteras i en 
specialdesignad vattenkyld hållare så reduceras mätosäkerheten som beror av konvektion 
med upp till 10% av den infallande strålningen. 
 
Rapporten diskuterar olika sätt att minimera konvektionen i praktiska provningssitua-
tioner. 
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Symbols 
 
The following symbols have been used in this report. They are listed in the order they 
appear in the text. The Chapter where it (first) appears is given within brackets. 
 
qtot total heat flux to the sensing surface [kW/m2] (1.2) 
Irad incident heat radiation [kW/m2] (1.2) 
ε emissivity of the sensing surface [-] (1.2) 
σ Stefan-Boltzmann constant [W/m2K4] (1.2) 
Ts  surface temperature of the sensing surface [K] (1.2) 
qcon  convective heat flux to the sensing surface [kW/m2] (1.2) 
Tw  water temperature [K] (1.2) 
Tf furnace temperature [K] (1.2) 
εf apparent emissivity of the furnace [-] (1.2) 
Δε error in assumed emissivity of the sensing surface [-] (1.2) 
Δqrad resultant error of the radiation absorbed by the sensing surface [kW/m2] (1.2) 
Xg  distance from top of the heat flux meter holder to the sensing surface of the heat 

flux meter [mm] (3.1.1) 
qrad heat radiation absorbed by the sensor [kW/m2] (5) 
qemi emitted heat radiation from the sensor [kW/m2] (5) 
ν  number of degrees of freedom [-] (7.1) 
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1 Introduction 
 
Measurements of heat flux are used in many standard fire test methods and in fire 
research experiments. Among the test standards employed in the new European testing 
and classification system for the CPD, Construction Product Directive, there is one 
method where the test specimen is exposed to a prescribed level of heat flux, i.e. the 
radiant panel test for floor coverings (EN ISO 9239-1 [1]). Any error in radiation level 
will be directly transmitted to the test results. The radiation level is also important in 
many other fire test methods.  
 
The instruments most frequently used for controlling the heat flux prior to testing are so 
called total heat flux meters. They consist of a cylindrical body which is water cooled and 
has a sensing surface in the centre of the flat top of the cylinder. Two types are generally 
used; the Schmidt-Boelter with a thermopile cooled at the inside and the edges, Figure 1, 
and the Gardon type with a constantan foil cooled only at the foil edges, Figure 2. Thus 
the total heat flux meters register heat transfer by radiation and convection to a surface 
surrounded by a cooled body. This report deals with how these meters shall be calibrated. 
The calibration methods discussed use two spherical black-body furnaces one at SP (see 
Chapter 3.1) and one at SINTEF NBL (see Chapter 3.2). 
 
 

 
 
 

Figure 1 Schematic cross-section drawing of a heat flux meter of the Schmidt-Boelter 
type (not to scale). 

 
 
 

 
 
 

Figure 2 Schematic cross-section drawing of a heat flux meter of the Gardon type (not to 
scale). 
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1.1 Calibration procedures 
 
Since many years SP performs calibrations according to the Nordtest method NT FIRE 
050 [2] using a spherical black-body furnace with the heat flux meter placed in the 
opening in the bottom of the furnace. The meter is installed in a cooled holder with 
flanges to minimise convection. SINTEF NBL also has a spherical black-body furnace 
where the meter is placed in the bottom, but without a cooled holder. In this case the 
meter is placed flush with the wall. The SP and SINTEF NBL methods are further 
described in Chapter 3. The other Nordic laboratories, DIFT and VTT, have not any 
black-body calibration facilities of their own. 
 
Calibration procedures are described in ISO 14934 Fire tests — Calibration and use of 
heat flux meters. The standard consists of four parts: 

• Part 1: General principles [3] 
• Part 2: Primary calibration methods [4] 
• Part 3: Secondary calibration methods [5] 
• Part 4: Guidance on the use of heat flux meters in fire tests [6] 

 
Part 1 contains general principles for calibration and use of heat flux meters. It describes 
the overall system of primary and secondary calibration methods. It also contains 
descriptions about how heat flux meters are used in the fire test methods developed by 
ISO/TC 92 Fire safety. 
 
Part 2 describes three primary methods for calibration of heat flux meters; a vacuum 
furnace at LNE (Laboratoire national de metrologie et d’essais), France, a graphite tube 
furnace at NIST (National Institute of Standards and Technology), USA and the spherical 
furnace at SP. The SP method is the same method as was described in NT FIRE 050 [2]. 
Primary calibrations shall always include at least ten levels of heat flux. 
 
Part 3 describes that secondary calibration can be performed as a comparison against a 
heat flux meter that has been calibrated in a primary method. There is also an option that 
the calibration can be conducted at fewer levels than ten in any of the primary furnaces. It 
is prescribed that the heat source must be electrically powered. 
 
Part 4 contains general information about how heat flux meters are constructed. The 
document gives advice about how to select a proper meter and how to use it. 
 
The investigations performed in this project aim at promoting the ISO 14934 series. The 
procedures on how to use the meters and interpret the outputs of them in a common and 
reproducible and consistent way are discussed. Possible simplifications in the calibration 
procedure are also investigated i.e. making a one point calibration assuming that the heat 
flux meter is linear. It is also studied whether the simpler method used at SINTEF NBL 
where the meter is placed flush with the furnace wall could be used. 
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1.2 Relationship between output voltage and heat 
flux in the calibration situation and at use 

 
The total received heat flux qtot for the heat flux meters is  
 

consradtot qTIq +−= 4εσ   Eq 1
 
where Irad is the (in the calibration configuration) well defined incident radiation, ε is the 
emissivity of the sensing surface, Ts is the surface temperature of the sensing surface, σ is 
the Stefan Boltzmann constant, and  qcon is the convection. The surface temperature is 
however not known but can in many cases be approximated as equal to the temperature of 
the cooling water Tw. The emissivity of the sensing surface is in the calibration situation 
assumed to be equal to 1. The incident radiation is in the methods discussed in this report 
obtained from a furnace designed to function as a blackbody emitter and the incident 
radiation is then given by 
 
 4

ffrad TI σε∝       
  
where Tf is the furnace temperature and εf is the apparent emissivity of the furnace. εf is in 
many cases close to 1. The calibration furnace at SP is designed to minimise the heat 
transfer by convection, qcon, so that it can be treated as a minor uncertainty [7]. Thus the 
total heat flux to the sensing surface, qtot, can be obtained for a number of calibration 
furnace temperature levels, Tf, and the corresponding output voltage of the meter can be 
recorded. Normally this relation is approximately linear which is shown in this report 
(Chapter 6).  
 
It is however not possible to generally neglect the convection when the meter is used in 
practice. Thus the incident heat radiation can be calculated as 
 

4)(1
wcontotrad TqqI σε +−=   Eq 3

 
where qtot is obtained by the recording of the output voltage with the total heat flux meter. 
It should be noted that qcon in some cases may be in the order of 20-30% of qtot. In 
addition an error is introduced since the emissivity of the sensing surface is not equal to 1 
as assumed in the calibration procedure. The emissivity can usually be obtained from the 
producer of the paint and is in the order of 0.90-0.97. The error introduced, ΔIrad, can be 
expressed as 
 

conrad qI
ε
εΔ=Δ   Eq 4

 
Note that no error is introduced if the convection part can be neglected and generally that 
this error is smaller than the usually not known convective contribution.  
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2 Purpose of the project 
 
The items being addressed in this project are: 
- How shall the calibration results be expressed?  
- When is the linear dependence between incident flux and voltage sufficient? 
- How shall heat transfer by convection be treated in the calibration process as well 

as in the practical use? 
- Can the calibration process be facilitated with sufficient accuracy? 
- How will a modified calibration process influence current test standards and how 

shall that be considered? 
- How shall calibration services be formulated to readily be understood by the users? 
 
Based on the above points recommendations to the international calibration procedures 
are given so that calibrations can be done as simple and cheap as possible but still with a 
reasonable accuracy. 
 
Chapter 3 describes the SP and SINTEF NBL methods in more detail while Chapter 4 
reports on the heat flux meters used in the project and the calibrations performed. 
Estimation of convection is discussed in Chapter 5. The linearity of some heat flux meters 
is discussed in Chapter 6. Chapter 7 reports on the use of a simplified procedure. The 
results of the project together with the above listed items are discussed in Chapter 7 and 
Chapter 9 gives suggestions for future work. 
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3 Calibration methods at SP and SINTEF 
NBL 

 
Both SP Fire Technology and SINTEF NBL use similar furnaces for calibration of heat 
flux meters. The spherical furnace has one opening (also called sight tube) facing 
downwards. Thus the influence of convection is minimized. In both furnaces the heat flux 
meter "sees" nothing but the controlled environment of the furnace. Both furnace cavities 
have a large diameter compared to the opening. Thus they act as a nearly perfect black-
body emitter. 
 
There the similarities end. The mounting of the heat flux meter and the procedure of 
calibration differs between the two laboratories. Further, there is a difference in official 
status of the two methods. The SP method is the only method of the two which is 
described in the new international standard ISO 14934-2 [4] as one of three worldwide 
acknowledged primary methods for calibration of heat flux meters. 
 
 
3.1 The SP method as described in ISO 14934-2 
 
3.1.1 Principle 
 
SP uses since 2005 a Mikron M350 furnace for calibration of heat flux meters which 
replaces the furnace that has been used at SP since early 1990’s. The furnace, see Figure 
3, is designed to work in an identical way as the furnace described in NT FIRE 050 [2]. 
The furnace has a specially designed holder for the heat flux meter. The holder is water 
cooled to minimize any convection. The top opening of the holder forms an aperture, 
through which the furnace radiates to the heat flux meter. The aperture defines the view 
factor for the radiation from the furnace. The holder has a number of flanges which 
protect the heat flux meter from receiving radiation reflected from the cooled holder wall. 
The flanges also help to conserve the stratification of air, which further reduces the 
convective heat transfer to the heat flux meter sensing surface. 
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11  

 
Key 
1 Spherical cavity, ø300 mm, with  
 heater in ceramic casting 
2 Low density ceramic insulation 
3 Interior stainless steel housing 
4 Thermocouple attached to sphere  
 interior surface 
5 Hard ceramic insulator 
6 Water cooled sight tube1 
7 Heat flux meter 
8 Ceramic insulator stand-offs 
9 Removable, water cooled, heat flux 
 meter holder 
10 Interior support structure 
11 Bottom face plate 

Figure 3 Vertical cross-section of the SP furnace (figure from ISO 14934-2) 

                                                      
1 This part was earlier referred to as “fixed cooler” 
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The arrangement with the sight tube and the holder is designed for mounting the heat flux 
meter in two alternative positions, see Figure 4, i.e. a top position and a position 40 mm 
further down. When mounted at the top position the view angle of the meter is 88º and 
when mounted 40 mm further down the view angle is 44º. 
 
The mounting positions provide for two different ranges of radiation levels: 6-75 kW/m2 
and 2-25 kW/m2 respectively. This corresponds to a furnace temperature of 400-1000°C. 
The contribution from the convection to the total uncertainty is kept to a minimum even 
at the lower calibration levels as the furnace temperature never is below 400ºC.  
 
The sight tube and the heat flux meter holder are accurately manufactured to provide an 
exact input for calculation of the radiation level to the sensing surface. 
 

3

4

1

2

5

6 7

8

d1

X 1
X g

 

d1

1

2

3

X 1
X g

X 2

21
,7

18
,3

Heat flux meter in top position 
 
Key 
1 Restricting aperture 
2 Upper shielding flange and rest for heat flux 
meter holder 
3 Aperture disc 
4 Shielding flanges of heat flux meter holder 
5 Inner part of sight tube with water channels 
6 Heat flux meter holder with water channels 
7 Sensing surface 
8 Heat flux meter body (schematic) 
 
Aperture diameter d1 is (60.18 ± 0.01) mm 
X1 is (13.05 ± 0.03) mm  
Xg varies depending on the heat flux meter design 
Xg is normally around 17 mm 
 

Heat flux meter mounted 40 mm below top 
position 
 
Key 
1 Spacer ring2 with shielding flange 
2 Sensing surface 
3 Heat flux meter body (schematic) 
 
X2 is (40 ± 0.02) mm 
 

Figure 4 Cross-section of the inner part of the sight tube with a heat flux meter mounted 
in the holder (figure from ISO 14934-2) 

 
The furnace temperature is measured with thermocouple type S (Platinum-Platinum/ 
Rhodium) with protective alumina sheathing of high purity. The bare-wires of the 
thermocouple are welded together with a bead size of about 1.2 mm. The thermocouple is 
inserted it into welded tubing into the interior of the inner shell of the inconel sphere. The 
final calibration of the whole system is performed radiometrically by using a calibrated 
pyrometer with a calibration accuracy of ±1°C or better. 
                                                      
2 This part was earlier referred to as “fitting piece” 
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3.1.2 Heat flux meters suitable for calibration in the SP 
furnace 

 
Heat flux meters with a housing diameter of up to 50 mm and with the water supply 
piping routed parallel to the axis of the meter so as to keep the pipes within the housing 
diameter of 50 mm can be calibrated in the SP method. The design of the flanges in the 
removable holder restricts the diameter of the sensitive surface to be below 10 mm.  
 
 
3.1.3 The SP calibration procedure 
 
The heat flux meter to be calibrated is mounted in the holder by means of a fixture which 
is adapted to the design of the meter. The fixture assures that the meter is well aligned 
with the central axis of the holder and the sight tube. 
 
When the meter has been mounted in the holder the depth, Xg (see Figure 4), is measured. 
This value is then used for calculating the view factor of the incident heat radiation, Irad. 
Also the diameter of the sensing surface must be known. This can often be achieved from 
the producer of the heat flux meter. If not also this dimension must be measured. It should 
be noted that the black spot on the gauge is not equal to the sensing surface. Therefore it 
may be necessary to wipe the paint off to get an accurate measure, and then to repaint the 
sensing surface before the calibration is performed. 
 
The flow of cooling water to the holder and to the meter is adjusted to a value sufficient 
for keeping the heat flux meter body at almost the same temperature as the water. The 
holder with the meter is inserted into the sight tube and secured with a bayonet system 
and fastening screws. Normally the furnace has been preheated at this stage and has 
already reached a temperature close to what is needed for the first level of heat flux. The 
flow of cooling water to the sight tube has been set to a sufficient flow at the starting of 
the heating. 
 
The calibration is then started. According to the standard [4] calibrations are normally 
performed at ten heat flux levels for a primary calibration. The levels are chosen evenly 
distributed over the meters entire measuring range. The furnace temperature is controlled 
by a computer (the program is described in Appendix A) and a PID-controller. 120 
records at each radiation level of furnace temperature and water temperature readings 
together with the heat flux meter reading are logged by an IMP5000 logger and saved into 
a data file. 
 
When the calibration is completed the incident heat radiation, Irad, is calculated by means 
of an Excel macro. The calculation approximates the cooler as a cylinder and uses the 
net-radiation method described in Annex E of ISO 14934-2 [4].  
 
The calibration procedure yields a relation between the heat flux level and the output 
voltage. The uncertainty from the method and from the actual calibration is determined 
for each level of radiation as required in the standard. The uncertainty from the actual 
calibration includes the errors from the voltage measurement and from the regression 
model. 
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3.1.4 Uncertainties of the SP method 
 
According to ISO 14934-2 the expanded relative uncertainty of any primary method shall 
not exceed 3%. The temperature in the new Mikron M350 furnace was found to vary  
± 2.5°C as can be seen in Figure 5 compared to a temperature variation of ± 5.5°C in the 
old furnace [8]. The uncertainty in the new furnace is thus reduced to 1.5% at low heat 
flux levels (furnace temperature around 400ºC) as can be seen from the results in 
Appendix B. 
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Figure 5 Temperature distribution in Mikron M350 furnace measured with a movable 

thermocouple type S. 
 
 
 
To verify that the calculation model gives the same result with respect to the incident heat 
radiation, Irad, when the calibration is conducted with the spacer ring as well as when the 
spacer ring is not used a comparison between the two mounting configurations has been 
done on data from the old furnace. A similar study will be conducted for the Mikron 
M350 furnace. Figure 6 shows that the method of using two positions of mounting gives 
good agreement between the two ranges of calibration. 
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Figure 6 Comparison of results from calibrations performed with and without the 

spacer ring. The heat flux meter was the Schmidt-Boelter gauge (700195) 
discussed in Figure 15. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



16 
 
 
 
 

3.2 The SINTEF NBL method 
 
3.2.1 Principle 
 
Heat flux meters are calibrated at SINTEF NBL using a MIKRON 300 spherical furnace 
(see Figure 7) with a small (ø 49 mm) opening at the bottom. Radiative heat flux levels 
can be varied from 0 kW/m2 to 200 kW/m2 by adjusting the temperature up to 1100°C. 
The furnace has a programmable temperature sequencer/controller and an IMP data 
logger with 16 bit auto ranging AD-converter. 
 
 

 

530 mm 

165 mm 

153 mm 

MIKRON M300    
SPHERICAL FURNACE 

49 mm 

200 mm 

Reference 
thermocouple 

Heat flux  meter  

 

Key 
1 Spherical cavity with heater in ceramic casting 
2 Low density insulation 
3 Exterior stainless steel, cylindrical housing 
4 Thermocouple near top of sphere interior  
 surface 
 
 
 
5 Hard ceramic insulator tubular  
  (ø49 mm internal) 
6 Water cooled wires protection tube 
7 Heat flux meter 
 
 
 
 
 
 
8 Steel stand-offs 
9 Bottom distance and fixing plate 
 

Figure 7 Vertical cross-section of the SINTEF NBL furnace. 
 
 
 
The radiative flux impinging on the sphere's inner opening is obtained from the interior 
furnace cavity temperature and the Stefan-Boltzman equation. The interior temperature of 
the furnace cavity is recorded using a calibrated, 3 mm inconel sheathed thermocouple of 
type K with an output traceable to ITS-90. 
 
3.2.2 Heat flux meters suitable for calibration at SINTEF 

NBL 
 
Heat flux meters with a housing diameter of up to 49 mm can in theory be calibrated in 
the SINTEF NBL method, but up till now the diameter has been restricted to 25 mm. 
Water supply piping must be routed parallel to the axis of the meter so as to keep the lines 
within the housing diameter of 49 mm or be cut to a length to fit into the housing. 
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3.2.3 Calibration procedures at SINTEF NBL 
 
The most used calibration procedure at SINTEF NBL is heating the furnace to 
appropriate temperature and inserting the water cooled (about 35°C) heat flux meters 
manually into the furnace, flush with the inside bottom surface. The gap between the heat 
flux meter body and the larger furnace opening is closed with mineral insulation in order 
to minimize heat loss from the furnace cavity. 
 
After the heat flux meter signal and furnace temperature has stabilized, both the furnace 
temperature, heat flux meter signal and water temperatures are measured. The heat flux 
meter is then withdrawn and measurement of another heat flux meter is possible. 
 
This procedure is repeated for each heat flux meter at each heat flux level wanted. Many 
heat flux meters may be calibrated in one day but the results takes longer to process. 
 
The furnace and heat flux meter temperatures and the response of the heat flux meter to 
be calibrated are measured (logged for a few minutes) at each heat flux level.  
 
Another, less used procedure starts with fixing one heat flux meter, flush with the furnace 
inside bottom surface and then start the water cooling. The furnace is then automatically 
run through a pre-programmed set of heat flux levels while the signals and temperatures 
are logged. This normally takes a whole day for each heat flux meter. This procedure is 
similar to the procedure used at SP. 
 
The SINTEF NBL furnace may also be used for detecting changes in the sensitivity of 
heat flux meters as the convective parameters is considered not to change from one 
calibration to another for a normally used heat flux meter. If no changes are detected the 
heat flux meter is verified to work correctly. If there are small changes in the sensitivity it 
may be adjusted accordingly.  
 
3.2.4 Reference level procedure 
 
SINTEF NBL has found it necessary to define all heat flux meter calibrations relative to 
heat flux meter body temperature. All measurements at SINTEF NBL both in this and 
previous projects so far has shown that when the heat flux meter is in thermal balance 
with its surroundings the output signal is zero i.e. 0.000 mV. This shows that all 
calibration should start with zero offset, because the zero point has very low uncertainty 
and is very easy to obtain. The simplest way to check this is just measure the signal from 
the heat flux meter leaving the usual red protective plastic cap in its protective position. 
The air and plastic temperature in front of the heat flux meter is then quickly the same as 
the heat flux meter body. Some insulation is also put around the assembly during this 
measurement. 
 
3.2.5 Uncertainties of the SINTEF NBL method 
 
Due to extraction of energy from the cavity bottom due to the opening or the inserted heat 
flux meter components, it is probable that there might be some temperature gradient with 
lower temperatures in the lower part of the furnace cavity than in the upper part. The 
gradient would probably depend on how much energy that is extracted especially the 
convective extraction. In a closed homogenous furnace it is expected that there should be 
no gradient. SINTEF NBL has not yet measured this gradient. The radiative flux is 
considered nearly uniform for the full 180° view available at the inside of the opening. 
The actual uniformity may be calculated when temperature homogeneity inside the 
furnace has been measured. 
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The interior temperature of the furnace is recorded using a calibrated, ø 3 mm, inconel 
sheathed thermocouple of type K with an output traceable to ITS-90 and with 8 years of 
historical data. Typical uncertainty of the thermocouple lies between 2 and 3 °C 
depending on time since last calibration and including thermocouple aging based on 
historical data (0.07°/month) and measurement uncertainties of the logging system (0.8°).  
 
A negative view effect on the thermocouple associated with loss of heat to the heat flux 
meter and the colder spherical cavity opening is minimized by placing the thermocouple 
as far away from the opening as possible, close to the furnace ceiling. The uncertainty in 
temperature measurement is estimated to result in an uncertainty of less than 1.7 % in the 
opening radiative heat flux over the range 50 kW/m2 to 100 kW/m2 (not including non 
radiative components, i.e. convection).  
 
Difference in temperature between the heated air inside the furnace and the much cooler 
heat flux meter (possibly also room-temperature air from outside) can lead to the 
formation of air currents inside the furnace. As a result of these air flows, there is the 
potential for significant amount of convective heat transfer to the gauge in addition to the 
radiation.  
 
Since Schmidt-Boelter and Gardon gauges are total heat flux meters, they respond to 
convective heat transfer at their measuring surfaces. Additional uncertainties in the 
calibration are therefore introduced due to convection. The convective contribution is 
dependent on the type of heat flux meter, furnace temperature, properties of the gas inside 
the furnace, furnace geometry and gravity.  
 
Because the radiative heat flux increases faster than convection with temperature, the 
relative convective contribution decreases at higher heat flux levels. This means that 
calibrations at high heat flux levels have less relative convective uncertainty than at low 
levels. 
 
The uncertainty of the convective contribution has to be quantified and added to the total 
uncertainty. Preliminary calculations show that this uncertainty varies depending on the 
method used to determine the convection. Therefore different methods have to confirm 
each other by converging into a similar function; once this function is determined then the 
uncertainties can be calculated. 
 
The European cooperative project on Improving Heat Fluxmeter Calibration for Fire 
Testing Laboratories (HFCAL) [9] advices the calibrator to use a reference meter 
calibrated in a non convection environment similar to the meter that should be calibrated 
to correctly calibrate a heat flux meter in a convective environment. Direct comparison of 
similar heat flux meters could eliminate the convective component as convection would 
be the same for both heat flux meters. Normally at SINTEF NBL, a sufficient similar 
reference heat flux meter with sufficient low uncertainty is not available for doing a direct 
comparison with the heat flux meter to be calibrated. Without a reference heat flux meter 
it is necessary to quantify the convective contribution during calibration. 
 
 
 



19 
 
 
 
 

4 Heat flux meters used in the performed 
calibrations 

 
A number of calibrations have been performed within the project both at SP and SINTEF 
NBL. Detailed results of the calibrations at SP including uncertainty analysis are given in 
Appendix B. The calibrations were all conducted in the spherical furnace of ISO 14934-2, 
see Chapter 3.1. The results of calibrations performed at SP within the project are also 
compared with results received 2002. The results of the SP calibrations have also been 
further elaborated to report on linearity on heat flux meters and possible simplification of 
the calibration procedure as described in Chapters 6 and 7. The results of the calibrations 
at SINTEF NBL are given in Appendix C. All the SINTEF NBL calibrations were 
performed in the furnace described in 3.2. 
 
For the calibrations conducted in the project mainly in-house heat flux meters were used, 
but also two meters from NIST were calibrated. The heat flux meters used in the project 
are listed in Table 1.  
 
 
 
Table 1 Heat flux meters used in the project 
Measurement 
type meter 

Range,  
kW/m2 

Outer diameter,  
mm 

Identification 
number 

Used at 

Gardon 100 25.4 NIST 123731 SP,  
SINTEF NBL 

Schmidt-Boelter 100 12.7 NIST 123732 SP,  
SINTEF NBL 

Schmidt-Boelter 50 25.4 701105 SP 
Schmidt-Boelter 20 25.4 7001951 SP 
Schmidt-Boelter 20 25.4 700263 SP 
Schmidt-Boelter 50 25.4 700385 SP 
Gardon 50 25.4 7002582 SP 
Gardon 100 25.4 NBL-1138 SINTEF NBL 
Radiometer 100 25.4 Medtherm 86603 SINTEF NBL 
Gardon 300 25.4 Thermogage 5822 SINTEF NBL 
1) Not calibrated within this project. Only used for study of extended range (Chapter 6) 
2) Not calibrated within this project. Only used for linearity study (Chapter 6) 
 
 
 
The two NIST gauges (123731 Gardon and 123732 Schmidt-Boelter) had earlier been 
used in a round robin within the FORUM for International Cooperation in Fire Research. 
The round robin was conducted in 2002 and the results have recently been published [10]. 
The SP results at that activity were on median why it was considered of high interest to 
repeat the calibrations again, using the same gauges. The NIST gauges were used also by 
SINTEF NBL in this project and in the FORUM round robin. 
 
One of the SP in-house gauges (700385, SB) had also been used in another round robin 
conducted within HFCAL [9]. 
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It should also be noted that for one of the NIST gauges (123732, SB) the activities during 
this project resulted in the decision to re-paint the gauge. It had been used at very high 
flux levels at SINTEF NBL and showed some minor discord on the sensing surface after 
returning to SP. The results of the calibration performed after the return also showed a 
difference of 1-2% compared to the results in the FORUM round robin and of the 
calibration done in May, see Appendix B. After the re-painting with spray paint from the 
producer of the gauge the results were back on the 2002-level. 
 
The heat flux meters used at SINTEF NBL were apart from the two NIST gages; NBL-
1138 Medtherm no.62303 which is a Gardon gauge, NBL-2663 Medtherm no.86603, 
which is an ellipsoidal radiometer and NBL-2611 Thermogage no.5822 which is a 
Gardon gage with a very small sensor diameter and with an amplifier. The meters are 
shown in Figure 8. 
 
 

 
Figure 8 Heat Flux meters used in the calibrations of October 2005 at SINTEF NBL. 

Named left to right; NBL-1138, NBL-radiometer, NBL-Thermogage, NIST-
123731G, NIST-123732 SB. 
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5 Estimation of convection 
 
The heat balance in a heat flux meter is defined in ISO 14934-2 [4]. The total heat flux to 
the sensor, qtot, is: 
 

conemiradtot qqqq +−=   Eq 6
 
where 

qtot is the total heat flux to the sensor 
qrad is the heat radiation absorbed by the sensor 
qemi is the emitted heat radiation from the sensor 
qcon is the convective heat transfer to the sensor 

 
The convective heat transfer, qcon, is specific for the calibration method and the meter. It 
depends on calibration configuration and on the temperature of the cooling water and the 
ambient air. It is not possible to remove the convection completely since the temperature 
difference between the heated sensing surface and the cooled heat flux meter body will 
induce a stream of air and thus convection. The airflow is irrespective of which 
orientation the meter has.  
 
The convection contribution was calculated using Computational Fluid Dynamics in a 
spherical furnace with a Gardon heat flux meter mounted horizontally, i.e. 90° different 
from the configuration used both at SP and SINTEF NBL, in the EU project HFCAL [9]. 
The convective heat flux was then found to be 30% for an incident radiation of 15 kW/m2 
and 8 % for an incident radiation of 90 kW/m2. Both SINTEF NBL and SP however 
mount the meter in the bottom in the furnace which reduces the convection considerably 
and in the SP furnace it is further reduced by the cooler. Unfortunately no calculation of 
these configurations was performed within HFCAL. In addition was no calculation on a 
SB meter performed.  
 
Persson and Wetterlund [11] estimated the convection in a configuration with the meter 
placed vertically underneath the conical heater of the cone calorimeter. This was done by 
comparing the reading of a SB meter with an ellipsoidal radiometer. That kind of 
instrument is sensitive only to radiation. They found that the convection gave a negative 
(cooling) contribution of 7% for a heat flux level of 10 kW/m2 and a positive (heating) 
contribution of 2% for a heat flux of 50 kW/m2. The convection in the cone calorimeter is 
most likely larger than the convection in the SP furnace due to the lower velocities in the 
furnace.  
 
Reix [12] tried to estimate the convectional part in the SP furnace. He used three different 
methods. First he set up a heat balance over the thermopile in a Schmidt-Boelter gauge. 
This exercise resulted in a very large convective contribution. The calculation was based 
on many assumptions regarding number of junctions in the thermopile, thickness of the 
thermopile, materials in the thermopile and their thermal properties. Due to the high 
uncertainty in the assumptions this calculation ought to be disregarded. 
 
Reix's second attempt involved a simulation of the entire heat flux meter and not just the 
thermopile using Comsol MultiphysicsTM. The results of this simulation proved however 
to be extremely sensitive to a small change in input parameters and it was therefore not 
possible to draw any conclusions from the simulation. 
 
The third alternative used by Reix was to calculate the convective heat transfer coefficient 
above the sensing area of the meter in the calibration situation. He then used the same 
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expression as Bryant et.al. [13] used when they estimated the convective contribution to 
the heat flux measurement at the floor in an ISO 9705 room fire test. Reix calculation 
gave a 2.6 % convective contribution for low radiation levels (i.e. 5 kW/m²). However, all 
the assumptions made by Reix overestimated the convection. 
 
Olsson [7] estimated the heat transfer coefficient from the expression developed for 
convective heat transfer for an internally cooled horizontal plate facing upwards reported 
by Holman [14]. He assumed that the temperature difference between the surface of the 
sensing area and the air would be a maximum of 30 K which resulted in a convective 
contribution of a maximum of 0.5%.  
 
In an earlier work Olsson [15] reports a more conservative value of 0.7% based on 
measurements where Schmidt-Boelter meters were assumed to be linear corrected for the 
copper-constantan temperature/voltage output and the deviation measured was assumed 
to be due to convection. In the same report measurements were made on the same meters 
mounted either flush with the wall in the bottom or with the cooler mounted in the 
horizontal position. Both these mountings deviated 10 % from the mounting in the bottom 
with the cooler.  
 
Olsson [15] also discusses the possibility of filling the furnace with another gas in order 
to decrease the convection. Olsson did a parametric study to investigate the possibility to 
use helium, carbon dioxide or argon instead of air but found that the ratio between 
conductivity and the viscosity to the power of 0.4 is fairly constant which results in a 
similar convection in all cases.   
 
The most promising way forward seems to be to determine the convection by some kind 
of computer simulation, either a CFD-simulation or another heat transfer simulation. This 
requires however detailed input on heat flux meter properties such as number of 
thermopile junctions and dimension of sensing area. This information has not yet been 
possible to achieve. 
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6 Linearity of heat flux meters 
 
The evaluation of the calibration results at SP comprises a linear and a parabolic 
regression. The evaluation procedure also involves studying the residuals to see if any 
trends are statistically proven. Residuals are the differences between the observed values 
and the corresponding values that are predicted by the model and thus they represent the 
variance that is not explained by the model. The better the fit of the model is, the smaller 
the values of the residuals are [16]. 
 
The graphs in Figure 9 to Figure 13 show examples of residuals from some calibrations. 
The calibrations were performed within this project and also at former occasions. In all 
cases shown in these figures the residuals are based on a linear regression since that 
makes it easier for the reader to get a good picture of the linearity. The graphs show two 
examples from calibrations of Gardon gauges and three from calibrations of Schmidt-
Boelter gauges. 
 
No systematic trend of Gardon gauges versus Schmidt-Boelter gauges was observed. 
Neither did the distribution of the residuals change very much from calibration event to 
calibration event for the gauges. Only one of the meters seems to become more linear 
over time as can be seen in Figure 13. Each of the gauges has its own typical shape of the 
residual distribution provided that it is not mistreated or damaged. Thus it can be assumed 
that the linearity of the gauge depends on the properties of the instrument itself. 
 
The residuals are in all examples rather small. It depends on the uncertainty one needs to 
meet if it is worth while the extra effort to make a parabolic regression or if one is 
satisfied with the linear regression even if the residuals are not randomly distributed.  
 
It should be noted that the vertical distribution of the points at each level of output signal 
is a measure of the standard error of that individual point. This distribution mainly 
depends on momentary changes in temperature of the cooling water during the period 
when the 120 records were taken. Normally the temperature does not vary more than 
±1ºC around the set point. The error contribution from this spread is included in the 
overall uncertainty for the actual calibration (see the examples in the tables of 
uncertainties in Appendix B). A good control of the water temperature reduces this error. 
 
It may also be noted that the number of levels in this study does not comply with the 
standardised number of levels. The ISO standard prescribes that the calibration should be 
done at ten heat flux levels. The calibrations, 2002 and earlier, were conducted before this 
text came into the ISO document. The comparison calibrations within this project were 
chosen to be done at the same levels for better comparability.  
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Figure 9 Residuals from calibration of a 

Gardon gauge (123731), range 
100 kW/m2. 1st calibration was 
conducted in 2002, the 
remaining within the project. 
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Figure 10 Residuals from calibration of a 

Gardon gauge (700258), range 
50 kW/m2. 1st calibration was 
conducted in 1998, 2nd in 2001, 
and 3rd in 2002, i.e. the gauge 
was not used in the project. 
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Figure 11  Residuals from calibration of a 

Schmidt-Boelter gauge 
(123732) , range 100 kW/m2. 
The 4th calibration was 
conducted after the sensing 
surface had been re-painted. 1st 
calibration was conducted in 
2002, the remaining within the 
project. 
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Figure 12 Residuals from calibration of a 

Schmidt-Boelter gauge 
(701105) , range 50 kW/m2. 1st 
calibration was conducted in 
2002, the remaining within the 
project. 
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Figure 13  Residuals from calibration of a 

Schmidt-Boelter gauge 
(700385) , range 50 kW/m2. 1st 
calibration was conducted in 
1997, 2nd in 2001, and 3rd 
within the project. 
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It is obvious that for some heat flux meters a linear model for the regression line is not 
very probable. Thus it is likely that a parabolic regression would be better for the NIST 
Gardon gauge shown in Figure 9. The residuals from parabolic and linear regressions are 
compared for two calibration events in Figure 14. The parabolic regression has a more 
random distribution of the residuals than the linear.  
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Figure 14 Comparison of residuals from parabolic and linear regression of the calibration 

of Gardon gauge (123731), range 100 kW/m2. The left graph shows results from 
calibration done in April 2005, right graph from July 2005. 

 
 
To further illustrate how the linearity may influence the results when the two types of 
regression are used the values of the terms in the regression equations for the NIST 
gauges (Schmidt-Boelter gauge 123732 and Gardon gauge 123731) have been compared. 
Since these gauges represent two types of linearities an influence on the values in the 
regression equations should be detectable. As can be seen in Figure 11 the residual plot 
for the Schmidt-Boelter gauge is fully linear while the residual plot for the Gardon gauge 
given in Figure 9 show that this gauge is rather non-linear. The calibration results used 
are from the 4th calibration event in both cases. 
 
The comparison of the regression terms is presented in Table 2. As can be seen the R2 
values are equal to unity for the fully linear SB gauge, while they are slightly below unity 
for the non-linear Gardon gauge. Also there is a slight difference in the R2 value between 
the linear and parabolic regressions for the Gardon gauge. However, what is more 
obvious is that there is a detectable difference between the x terms and the constants for 
the two regressions for that gauge. 
 
Table 2 Comparison of the x and x2 terms and the R2 value from the linear and 

parabolic regressions of the calibration results of the NIST gauges 
Schmidt-Boelter gauge 123732 Gardon gauge 123731 

Type Const x term x2 term R2 value Type Const x term x2 term R2 value 
L -0.018 12.53 - 1.00 L 0.65 11.75 - 0.99988 
P -0.029 12.54 -0.0016 1.00 P 0.22 12.12 -0.0575 0.99993 

L linear regression 
P parabolic regression 
 
Also the uncertainties from the two types of regressions were compared. As can be seen 
in Table 3 the total uncertainty for the linear SB gauge is identical for the linear and the 
parabolic regression, while the total uncertainty for the non-linear Gardon gauge slightly 
increased when the regression was done linearly. More obvious is that the total 
uncertainty is much higher at low flux levels for the non-linear Gardon gauge than for the 
fully linear SB gauge. It should be noted that the uncertainty emanating from the 
difference between the terms in the regression equations discussed in Table 2 are not 
included in the uncertainty comparison. 
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Table 3 Comparison of the total uncertainty from the calibration of the NIST gauges 
using linear and parabolic regressions 

Schmidt-Boelter gauge 123732 Gardon gauge 123731 
Reference 
value for 
uncertainty, 
kW/m² 

Total 
uncertainty, 
linear 
regression, % 

Total 
uncertainty, 
parabolic 
regression, % 

Reference 
value for 
uncertainty, 
kW/m² 

Total 
uncertainty, 
linear 
regression, % 

Total 
uncertainty, 
parabolic 
regression, % 

7 1.58 1.58 7 7.77 6.59 
15 1.37 1.37 15 3.97 3.42 
23 1.28 1.28 23 2.77 2.43 
31 1.23 1.23 31 2.22 1.98 
38 1.19 1.19 38 1.89 1.71 
46 1.16 1.16 46 1.69 1.55 
53 1.14 1.14 53 1.54 1.43 
61 1.12 1.12 61 1.44 1.35 
68 1.10 1.10 68 1.37 1.29 

 
More details about the equations and the uncertainties achieved, using linear or parabolic 
regression, are reported in Appendix B for the calibrations conducted at SP. 
 
 
Residuals are also valuable if you want to judge if a gauge can be used above its nominal 
range. The examples shown in Figure 15 illustrate that the linearity may change if the 
meter is calibrated above its nominal range. When the meter is calibrated up to its 
nominal range the residual distribution is almost linear, while there is a clear curvature 
when it is calibrated above the nominal range. 
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Figure 15  Residuals from calibration of a Schmidt-Boelter heat flux meter (700195) with 

the range of 20 kW/m2 where the calibration was conducted at an extended 
range up to 50 kW/m2. Residuals for a regression line for the nominal range are 
also given. 
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7 Simplified calibration procedure at SP 
 
Two ways of simplifying the standard procedure of the SP method have been studied. 
One of the options was to use the standard procedure with the restricted view angle that is 
received when the holder described in Figure 4 is used but to perform the calibration at 
very few levels instead of up to ten levels as is prescribed for a primary calibration. The 
other option was to investigate the possibilities to use a similar procedure as the one used 
at SINTEF NBL, i.e. flush with the furnace wall. 
 
7.1 Fewer heat flux levels, standard procedure 
 
To evaluate how the result and the uncertainty of a calibration is influenced if the 
calibration would be done at fewer points again the results from the several-point 
calibrations performed on the NIST gauges (Schmidt-Boelter gauge 123732 and Gardon 
gauge 123731) in November 2005 were used as examples. As will be seen the non-
linearity of the Gardon gauge has an influence also on the uncertainty of a calibration 
performed at fewer points. 
 
Reix [12] studied what the regression curve would be if the calibration hade been 
performed at only one level. Thus he did regressions using one calibration point and 
assuming that the regression curve goes through the point of origin (0,0). He did this for 
each of the points from the full several-point calibration. Then he compared the heat flux 
at an output signal of 5 mV using each of the regression lines he had received in his 
single-level study.  
 
Reix found that for the non-linear Gardon gauge 123731 the difference in the heat flux 
value at the 5 mV output signal was 3.5% higher heat flux if only the first point was used 
for the regression and 0.4% lower if the ninth point instead was used. For the linear 
Schmidt-Boelter gauge 123732 it did not matter what point that was used for the 
regression. All points gave less than 0.2% difference in the heat flux value at the 5 mV 
output signal when the one-point regression lines were compared with the full several-
point regression line. 
 
A further study has been done using two and three points respectively for making the 
regression curve. The regression line was forced through point of origin ( Uaq ⋅= ). 
Thus the slope represents the average of the sensitivity determined at each level of 
calibration. The heat flux at 5 mV output signal using the regression curves based on two 
or three points was then compared with the initially measured heat flux at that signal. 
 
The difference in heat flux at about 5 mV output signal (60.8 kW/m2) compared to the 
measured heat flux was again very low for the linear Schmidt-Boelter gauge 123732. It 
was less than or equal to 0.1% of the measured result at that point no matter what levels 
that had been used for the regression. In fact a higher deviation was received only for the 
lowest level of calibration (0.6 mV, 7.5 kW/m2). The results of the study for this gauge 
are given in Table 4 and Table 5. The discussed values are given as bold text in the tables. 
 
For the non-linear Gardon gauge 123731 the difference at about 5 mV (60.9 kW/m2) 
varied between 0.4% to 4.1% depending on which levels that were used for the 
regression, see Table 6 and Table 7. This confirms that if a heat flux meter which is non-
linear is to be calibrated at only two or three levels it is important to conduct the 
calibration at levels near the level where it is going to be used. The discussed values are 
given as bold text in the tables. 
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Table 4 Comparison between heat fluxes using regression lines based on full several-
level calibration and on two-point calibration for Schmidt-Boelter gauge 
123732. Results from the calibration performed 2005-11-28 were used. Bold 
results are discussed in the text. 

Calculated heat flux and deviation from measured heat flux 
Upper value is heat flux in kW/m2, lower value is deviation in % 

Measured 
heat flux, 
kW/m2 Full 9-point 

calibration 
2 points,  
(7.5 and  
15.2 kW/m2) 

2 points,  
(23.0 and  
30.5 kW/m2) 

2 points,  
(38.1 and  
45.7 kW/m2) 

2 points,  
(53.3 and  
60.8 kW/m2) 

7.5 7.5 
— 

7.5 
0.1% 

7.5 
0.2% 

7.5 
0.2% 

7.5 
0.2% 

15.2 15.2 
— 

15.2 
— 

15.2 
0.1% 

15.2 
0.1% 

15.2 
0.1% 

23.0 23.0 
— 

23.0 
-0.1% 

23.0 
— 

23.0 
0.1% 

23.0 
0.1% 

30.5 30.5 
— 

30.5 
-0.1% 

30.5 
— 

30.5 
— 

30.5 
— 

38.1 38.1 
— 

38.1 
-0.1% 

38.1 
— 

38.1 
— 

38.1 
— 

45.7 45.7 
— 

45.7 
-0.1% 

45.7 
— 

45.7 
— 

45.7 
— 

53.3 53.3 
— 

53.2 
-0.1% 

53.3 
-0.1% 

53.3 
— 

53.3 
— 

60.8 60.8 
— 

60.7 
-0.1% 

60.8 
-0.1% 

60.8 
— 

60.8 
— 

68.2 68.2 
— 

68.1 
-0.1% 

68.2 
— 

68.2 
— 

68.2 
— 

— Deviation was less than ±0.1% 
 
Table 5 Comparison between heat fluxes using regression lines based on full several-

level calibration and on three-point calibration for Schmidt-Boelter gauge 
123732. Results from the calibration performed 2005-11-28 were used. Bold 
results are discussed in the text. 

Calculated heat flux and deviation from measured heat flux 
Upper value is heat flux in kW/m2, lower value is deviation in % 

Measured 
heat flux, 
kW/m2 

Full 9-point 
calibration 

3 points,  
(7.5 to  
23.0 kW/m2) 

3 points,  
(30.5 to 
45.7 kW/m2) 

3 points,  
(53.3 to 
68.2 kW/m2) 

7.5 7.5 
— 

7.5 
0.1% 

7.5 
0.2% 

7.5 
0.2% 

15.2 15.2 
— 

15.2 
— 

15.2 
0.1% 

15.2 
0.1% 

23.0 23.0 
— 

23.0 
— 

23.0 
0.1% 

23.0 
0.1% 

30.5 30.5 
— 

30.5 
-0.1% 

30.5 
— 

30.5 
— 

38.1 38.1 
— 

38.1 
-0.1% 

38.1 
— 

38.1 
— 

45.7 45.7 
— 

45.7 
-0.1% 

45.7 
— 

45.7 
— 

53.3 53.3 
— 

53.3 
-0.1% 

53.3 
— 

53.3 
— 

60.8 60.8 
— 

60.8 
-0.1% 

60.8 
— 

60.8 
— 

68.2 68.2 
— 

68.2 
-0.1% 

68.2 
— 

68.2 
— 

— Deviation was less than ±0.1% 
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Table 6 Comparison between heat fluxes using regression lines based on full several-
level calibration and on two-point calibration for Gardon gauge 123731. 
Results from the calibration performed 2005-11-09 were used. Bold results are 
discussed in the text. 

Calculated heat flux and deviation from measured heat flux 
Upper value is heat flux in kW/m2, lower value is deviation in % 

Measured 
heat flux, 
kW/m2 Full 9-point 

calibration 
2 points,  
(7.5 and  
15.2 kW/m2) 

2 points,  
(23.0 and  
30.5 kW/m2) 

2 points,  
(38.1 and  
45.7 kW/m2) 

2 points,  
(53.3 and  
60.8 kW/m2) 

7.5 7.8 
4.9% 

7.5 
0.7% 

7.4 
-0.7% 

7.3 
-1.9% 

7.2 
-2.9% 

15.2 15.2 
-0.2% 

15.2 
-0.2% 

15.0 
-1.5% 

14.8 
-2.7% 

14.6 
-3.7% 

23.0 22.9 
-0.7% 

23.2 
0.9% 

22.9 
-0.4% 

22.7 
-1.6% 

22.4 
-2.7% 

30.6 30.4 
-0.7% 

31.1 
1.6% 

30.7 
0.2% 

30.3 
-1.0% 

30.0 
-2.1% 

38.2 38.0 
-0.4% 

39.1 
2.4% 

38.6 
1.0% 

38.1 
-0.2% 

37.7 
-1.3% 

45.7 45.6 
-0.3% 

47.0 
2.8% 

46.4 
1.4% 

45.8 
0.2% 

45.3 
-0.9% 

53.4 53.4 
— 

55.1 
3.2% 

54.4 
1.9% 

53.7 
0.6% 

53.1 
-0.5% 

60.9 61.3 
0.6% 

63.4 
4.1% 

62.6 
2.7% 

61.8 
1.5% 

61.2 
0.4% 

68.4 68.3 
-0.1% 

70.7 
3.5% 

69.8 
2.1% 

68.9 
0.9% 

68.2 
-0.2% 

— Deviation was less than ±0.1% 
 
Table 7 Comparison between heat fluxes using regression lines based on full several-

level calibration and on three-point calibration for Gardon gauge 123731. 
Results from the calibration performed 2005-11-09 were used. Bold results are 
discussed in the text. 

Calculated heat flux and deviation from measured heat flux 
Upper value is heat flux in kW/m2, lower value is deviation in % 

Measured 
heat flux, 
kW/m2 Full 9-point 

calibration 
3 points,  
(7.5 to  
23.0 kW/m2) 

3 points,  
(30.5 to 
45.7 kW/m2) 

3 points,  
(53.3 to 
68.2 kW/m2) 

7.5 7.8 
4.9% 

7.5 
0.1% 

7.3 
-1.7% 

7.3 
-2.9% 

15.2 15.2 
-0.2% 

15.1 
-0.7% 

14.8 
-2.5% 

14.7 
-3.6% 

23.0 22.9 
-0.7% 

23.1 
0.3% 

22.7 
-1.4% 

22.4 
-2.6% 

30.6 30.4 
-0.7% 

30.9 
1.0% 

30.3 
-0.8% 

30.0 
-2.0% 

38.2 38.0 
-0.4% 

38.9 
1.8% 

38.2 
-0.03% 

37.7 
-1.2% 

45.7 45.6 
-0.3% 

46.7 
2.2% 

45.9 
0.4% 

45.4 
-0.8% 

53.4 53.4 
— 

54.8 
2.6% 

53.8 
0.8% 

53.2 
-0.4% 

60.9 61.3 
0.6% 

63.1 
3.5% 

61.9 
1.7% 

61.2 
0.5% 

68.4 68.3 
-0.1% 

70.3 
2.9% 

69.1 
1.1% 

68.3 
-0.1% 

— Deviation was less than ±0.1% 
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The uncertainties for the reduced number of calibration levels were also calculated. It 
should be noted that the coverage factor for multiplying the standard deviation of the 
slope of the regression line then is a value higher than 2. This is due to that the coverage 
factor must be taken from the Student's t-distribution when the number of degrees of 
freedom, ν, is less than 10 (clause 10 of ISO 14934-2 [4]). Thus ν is 2 for the 3-point 
regression line (only one parameter is set in the regression) which gives a coverage factor 
of 4.3. For the 2-point regression line ν is 1 and the coverage factor is then 12.7. 
 
In Table 8 and Table 9 the uncertainties from the 9-point, 2-point and 3-point regressions 
are compared. The uncertainty values that belong to the 2-point and 3-point regressions 
respectively are marked off with bold lines. 
 
Again the linear Schmidt-Boelter gauge 123732 showed approximately the same 
uncertainties no matter how many points that were used for the regression. The non-linear 
Gardon gauge 123731 in most cases showed higher uncertainty contribution from the 
calibration when the reduced number of points were used for the regression. In one case 
though, the 3-point regression through zero gave lower uncertainty than the full 9-point 
regression; the three lowest levels of heat flux fitted better to the straight line through 
zero than the non-linear population of points from all nine levels did. These values are 
given as bold text in Table 9. 
 
Table 8 Comparison of uncertainties for the levels of calibration of Schmidt-Boelter 

gauge 123732. Regression is based on 9-points, 2-points and 3-points of 
calibration. Bold lines mark off the points used. The calibration was performed 
2005-11-28. 

Uncertainty from 
calibration, kW/m2 

Total uncertainty,  
kW/m2 

Total uncertainty,  
% of heat flux 

Heat 
flux, 
kW/m2 9-p 2-p 3-p 9-p 2-p 3-p 9-p 2-p 3-p 

7.5 0.03 0.11 0.05 0.12 0.16 0.16 1.58% 2.17% 1.64% 
15.2 0.03 0.11 0.05 0.21 0.24 0.24 1.37% 1.55% 1.39% 
23.0 0.03 0.09 0.05 0.29 0.31 0.30 1.28% 1.34% 1.29% 
30.5 0.03 0.09 0.03 0.37 0.39 0.37 1.23% 1.26% 1.23% 
38.1 0.03 0.03 0.03 0.45 0.45 0.45 1.19% 1.19% 1.19% 
45.7 0.03 0.03 0.03 0.53 0.53 0.53 1.16% 1.16% 1.16% 
53.3 0.03 0.03 0.06 0.61 0.61 0.61 1.14% 1.14% 1.14% 
60.8 0.03 0.03 0.06 0.68 0.68 0.68 1.12% 1.12% 1.12% 
68.2 0.03 - 0.06 0.75 - 0.76 1.10% - 1.11% 

 
Table 9 Comparison of uncertainties for the levels of calibration of Gardon gauge 

123731. Regression is based on 9-points, 2-points and 3-points of calibration. 
The calibration was performed 2005-11-09. Bold results are discussed in the 
text. 

Uncertainty from 
calibration, kW/m2 

Total uncertainty,  
kW/m2 

Total uncertainty,  
% of heat flux 

Heat 
flux, 
kW/m2 9-p 2-p 3-p 9-p 2-p 3-p 9-p 2-p 3-p 

7.5 0.57 0.70 0.41 0.58 0.71 0.42 7.77% 9.48% 5.69% 
15.2 0.57 0.70 0.41 0.60 0.73 0.46 3.97% 4.78% 3.01% 
23.0 0.57 1.59 0.41 0.64 1.61 0.50 2.77% 7.00% 2.18% 
30.6 0.57 1.59 0.89 0.68 1.63 0.96 2.22% 5.32% 3.14% 
38.2 0.57 1.46 0.89 0.72 1.53 0.99 1.89% 4.00% 2.60% 
45.7 0.57 1.46 0.89 0.77 1.55 1.03 1.69% 3.39% 2.25% 
53.4 0.57 4.32 1.11 0.82 4.36 1.26 1.54% 8.17% 2.35% 
60.9 0.57 4.32 1.11 0.88 4.37 1.29 1.44% 7.18% 2.12% 
68.4 0.57 - 1.11 0.93 - 1.33 1.37% - 1.95% 
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7.2 Mounting flush with wall 
 
Reix performed some calibrations where the heat flux meter was mounted flush with the 
inner wall of the furnace cavity [12]. Figure 16 shows a schematic cross-section of how 
the meters were mounted in relation to the cavity wall. Two types of holders were used 
for mounting the meter as shown in the figure; one was water cooled and the other was 
not. It was also investigated if a layer of insulation around the upper part of the gauge 
would influence the results. The photos in Figure 17 show the four mounting 
configurations. 

 
Figure 16 Schematic cross-section of the inner part of the sight tube with a heat flux 

meter mounted 'flush with wall'. The holder for the heat flux meter was either 
cooled or non-cooled. 

 

 
With cooled holder but without insulation. 
(The fixture for the holder is not included 
in this photo.) 
 

 
With cooled holder and with insulation 

 
With non-cooled holder but without 
insulation 
 

 
With non-cooled holder and with insulation 

Figure 17 The four mounting configurations used for mounting 'flush with wall'. 
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When the heat flux meter is mounted flush with the wall, the radiation received by the 
sensor is 
 

4
frad TI σ=   Eq 7

 
 
Reix compared the results of the four mounting configurations and found that the 
difference in calibration result was less than 1% while the difference between mounting 
'flush with wall' and mounting according to the standard procedure (with restricted view 
angle) was 5-7%. He also compared the results for the NIST gauges from mounting 'flush 
with wall' with the results that SINTEF NBL had received when they calibrated these 
gauges during the FORUM round robin. He reported a difference between the SP 
mounting 'flush with wall' and the SINTEF NBL results (same way of mounting) of 0.1% 
for the Gardon gauge 123731 and 2% for the Schmidt-Boelter gauge 123732.  
 
An extended comparison using SINTEF NBL data from 2005 has also been done here. In 
the extended comparison the results are evaluated in three ways:  
 

• SP mounting 'flush with wall' compared against the standard procedure at SP. 
All mounting configurations were used for the Gardon gauge 123731 while only 
non-cooled holder could be used for the Schmidt-Boelter gauge 123732 due to 
its smaller diameter. 

• SINTEF NBL results compared against the standard procedure at SP. SINTEF 
NBL results include data corrected for the convective contribution. Comparison 
done for both gauges. 

• SINTEF NBL results compared against SP mounting 'flush with wall'. SP 
results include only the non-cooled holder. Comparison done for both gauges. 

 
The results of the comparisons are given in Table 10 to Table 15, the three first tables 
giving results for the Gardon gauge 123731 and the remaining for the Schmidt-Boelter 
gauge 123732. Heat flux values for an output signal of 0.1, 0.5, 1, 5, and 10 mV were 
calculated using the linear regression result of each of the SP calibrations. The SINTEF 
NBL values were determined by interpolating between measured results. 
 
In Table 11 and Table 14 the SINTEF NBL results are compared with the SP standard 
procedure results. There is a difference of about 10% between the SINTEF NBL 'flush 
with wall' mounting and the SP standard procedure. For very low radiation levels the 
difference is even higher for the Gardon meter. 
 
Table 12 and Table 15 shows that the calibration results when SP runs the calibration 
with the meter mounted flush with the wall are very similar to the SINTEF NBL results at 
least for the Gardon gauge while the Schmidt-Boelter results differ more.  
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Table 10 - Table 12: Comparisons of calibrations of NIST Gardon gauge 123731. The SP 
results were recorded in April - July 2005 and the SINTEF NBL in October 2005. 
 
Table 10 Comparison of mounting 'flush with wall' against standard procedure in the SP 

furnace. Difference in kW/m2 and in % compared to standard procedure is 
given within brackets and square brackets respectively. 

Standard 
procedure 

No insulation, 
cooler 

No insulation, 
no cooler 

Insulation, 
cooler 

Insulation,  
no cooler Output 

signal, 
mV 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

0.1 1.8 0.8 (-1.0)  
[-56.6%] 

0.5 (-1.3)  
[-73.4%] 

0.6 (-1.2)  
[-67.5%] 

0.6 (-1.2)  
[-68.6%] 

0.5 6.5 5.3 (-1.2)  
[-17.8%] 

5.0 (-1.5)  
[-22.7%] 

5.1 (-1.3)  
[-20.8%] 

5.1 (-1.4)  
[-21.3%] 

1 12.3 11.0 (-1.3)  
[-10.8%] 

10.7 (-1.7)  
[-13.5%] 

10.8 (-1.5)  
[-12.3%] 

10.8 (-1.6)  
[-12.8%] 

5 59.3 56.5 (-2.8)  
[-4.7%] 

56.0 (-3.3)  
[-5.6%] 

56.3 (-3.0)  
[-5.0%] 

56.1 (-3.2)  
[-5.4%] 

10 118.0 113.3 (-4.6)  
[-3.9%] 

112.6 (-5.3)  
[-4.5%] 

113.2 (-4.8)  
[-4.0%] 

112.7 (-5.2)  
[-4.4%] 

 
 
 
Table 11 Comparison of SINTEF NBL results against SP standard procedure. Difference 

in kW/m2 and in % compared to standard procedure is given within brackets 
and square brackets respectively. 

SINTEF NBL SP 
standard procedure Corrected for water temperature,  

not corrected for convective contribution 
Output 
signal, 
mV Heat flux, kW/m2 Heat flux, kW/m2 
0.1 1.8 1.1 (-0.7) [-38.0%] 
0.5 6.5 5.6 (-0.9) [-13.4%] 
1 12.3 11.3 (-1.0) [-8.4%] 
5 59.3 56.0 (-3.3) [-5.5%] 
10 118.0 115.4 (-2.6) [-2.2%] 
 
 
 
Table 12 Comparison of SINTEF NBL results against SP 'flush with wall' 

SP 'flush with wall' SINTEF NBL 
No insulation, 
no cooler 

Insulation,  
no cooler 

Corrected for water temperature,  
not corrected for convective contribution Output 

signal, 
mV 

Heat flux, 
kW/m2 

Heat flux,  
kW/m2 

Heat flux,  
kW/m2 

0.1 0.5 0.6  1.1 
0.5 5.0 5.1  5.6 
1 10.7 10.8  11.3 
5 56.0 56.1  56.0 
10 112.6 112.7  115.4 
 



34 
 
 
 
 

Table 13 - Table 15: Comparisons of calibrations of NIST Schmidt-Boelter gauge 123732. 
The SP results were recorded in June and July 2005 and the SINTEF NBL in October 2005. 
 
Table 13 Comparison of mounting 'flush with wall' against standard procedure in the SP 

furnace. Difference in kW/m2 and in % compared to standard procedure is 
given within brackets and square brackets respectively. 

Standard 
procedure 

No insulation, 
cooler 

No insulation, 
no cooler 

Insulation, 
cooler 

Insulation,  
no cooler Output 

signal, 
mV 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

Heat flux, 
kW/m2 

0.1 1.2 Not done -0.3 (-1.5)  
[-125.7%] 

Not done -0.6 (-1.8)  
[-148.2%] 

0.5 6.2 Not done 4.5 (-1.7)  
[-27.7%] 

Not done 4.2 (-1.9)  
[-31.4%] 

1 12.4 Not done 10.4 (-2.0)  
[-15.9%] 

Not done 10.2 (-2.1)  
[-17.3%] 

5 62.2 Not done 58.1 (-4.0)  
[-6.5%] 

Not done 58.4 (-3.8)  
[-6.1%] 

10 124.4 Not done 117.7 (-6.6)  
[-5.3%] 

Not done 118.5 (-5.9)  
[-4.7%] 

 
 
 
Table 14 Comparison of SINTEF NBL results against SP standard procedure. Difference 

in kW/m2 and in % compared to standard procedure is given within brackets 
and square brackets respectively. 

SINTEF NBL SP 
standard procedure Corrected for water temperature,  

not corrected for convective contribution 
Output 
signal, 
mV Heat flux, kW/m2 Heat flux, kW/m2 
0.1 1.2 1.1 (-0.1) [-7.9%] 
0.5 6.2 5.5 (-0.7) [-10.9%] 
1 12.4 11.0 (-1.4) [-11.2%] 
5 62.2 61.5 (-0.7) [-1.1%] 
10 124.4 128.7 (4.3) [3.5%] 
 
 
 
Table 15 Comparison of SINTEF NBL results against SP 'flush with wall'.  

SP 'flush with wall' SINTEF NBL 
No insulation, 
no cooler 

Insulation,  
no cooler 

Corrected for water temperature,  
not corrected for convective contribution Output 

signal, 
mV 

Heat flux, 
kW/m2 

Heat flux,  
kW/m2 

Heat flux,  
kW/m2 

0.1 -0.3 -0.6  1.1 
0.5 4.5 4.2  5.5 
1 10.4 10.2  11.0 
5 58.1 58.4  61.5 
10 117.7 118.5  128.7 
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A comparison of the residuals of the linear regression lines from the calibrations 
performed flush with wall and performed according to the standard procedure in the SP 
furnace is given in Figure 18 and Figure 19. The mounting flush with wall seems to give 
a different curvature of the residuals compared to the standard procedure. 
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Figure 18 Comparison of residuals from standard procedure calibration and flush with 
wall calibration done with Gardon gauge 123731. 
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Figure 19 Comparison of residuals from standard procedure calibration and flush with 
wall calibration done with Schmidt-Boelter gauge 123732. 
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8 Discussion 
 
A number of questions to be answered were listed in the introduction: 
 
- How shall the calibration results be expressed? When is a linear dependence between 
incident flux and voltage sufficient? 
 
Calibration results are best reported as incident radiation (and in cases where convection 
can not be neglected in the calibration method then the convection should also be 
reported), voltage output, water temperature, and uncertainty of method. It is then up to 
the user of the heat flux meter to determine if a regression should be performed and how 
this regression then should be done. Reporting a best fit regression according to ISO 
14934-2 [4] is not according to normal practice among calibration laboratories. In 
addition reporting a linear regression causes confusion since people tend to interpret the 
offset as an output signal that the heat flux meter gives when no radiation is applied. If a 
linear dependence is sufficient depends on the characteristic of the meter and what 
uncertainties that can be accepted. Uncertainties for the SP method can be calculated as 
reported by Andersson and Wetterlund [8]. 
 
- How shall errors due to convection be treated in the calibration process as well as in 
the practical use? 
 
The errors due to convection in the SP method are very small at least for Schmidt-Boelter 
meters. The error is included in the uncertainty reported. There is therefore no need for 
extra precautions in the calibrations situation with this method.  
 
If the meter is mounted in another position during calibration then it is a completely 
different story and the convection contributes up to 10 %. Possible ways to reduce the 
uncertainty when calibrations are performed in this way is to use a reference meter that is 
calibrated in a primary method. The reference meter should be of the same type and range 
as the meter that is calibrated and the linearity of both meters should be known.  
 
The convection when the meter is used depends on the test set-up and can be substantial. 
Calculations and measurement of convective contribution in two different test methods 
were made in the HFCAL project [9]. Calculations and measurement showed a 
convective contribution in the IMO Res.A.653 (Spread of Flame) method of almost 15%. 
The convective contribution in the ISO 9239-1 (Radiant Flooring Panel) method was 
between 10 and 20%. No further search for other similar calculations has been made 
within this project. As long as all testing laboratories have the same convective 
contribution in their apparatuses used for testing ignition and flame spread on materials 
then there is little problem with that the convection is unknown provided that all 
laboratories uses the same type of meter. Then the test results are the same regardless of 
laboratory. One might however suspect that this is not the case. The convection will in 
many cases depend on the draught around the test apparatus.  
 
There are basically two different situations when heat flux meters are used in any test; 
1. One would like to know how much something radiates thermally e.g. the radiation 
through a window in a fire resistance test. 
2. One uses the heat flux meter to adjust the incident heat flux on the material to be tested 
like in the IMO A.653 and ISO 9239-1 methods or the cone calorimeter. 
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In case of a fire resistance test of a window one is really only interested in the thermal 
radiation and do not want to include convection. The best solution would be to have a 
radiometer which is sensitive only to radiation. But no such meter exists yet that performs 
well [9]. Therefore it is important to decrease the convection as much as possible in the 
test situation. This can be accomplished by reducing the airflow around the meter as 
much as possible by placing the meter with the sensing area in horizontal position and 
putting a cylinder with black inner walls to get rid of reflections around the meter do 
protect it from air flows. Mounting the sensing area in a horizontal position is usually not 
possible; therefore one needs to mount it vertically. If the airflow around the meter is 
removed then it would be possible to calculate the convection of the meter as a function 
of incident radiation provided that properties such as number of thermocouple junctions 
and dimensions of the sensing area are known. In addition it is better to use a Schmidt-
Boelter meter since the convection is lower with this meter than with the Gardon meter. 
Placing the meter in a cylinder will reduce the view angel but this is rarely a problem 
since the items that one is interested in usually do not cover the entire 180°. 
 
In the case of setting up the test apparatus one is interested in the total incident heat flux 
to the material that should be tested. This means that you would like to know the 
convective contribution induced by the apparatus together with the incident radiation if it 
is not possible to construct a testing apparatus with negligible convection. This means 
that the measurement should take place in the same position as the material is mounted. 
This is usually accomplished by mounting the meter in a dummy before the test and the 
dummy is then replaced by the material tested when the test is running. The problem with 
using heat flux meters such as Schmidt-Boelter and Gardon meters are that they induce a 
convective flow themselves. It is therefore important to minimise the convection induced 
by the meter itself. In addition the dummy induces convection when it is heated, this 
convection differs from the convection induced by the material during test since the 
convection is directly proportional to the surface temperature. It is therefore wise to have 
a dummy that increase as little as possible in temperature during the setting of the heat 
flux and of course the dummy should be in thermal balance with the surroundings before 
start. The convection induced by the meter is minimised by having a meter with a water 
cooled area as small as possible around the sensing surface and making the sensing 
surface area small in order to disturb the air flow pattern as little as possible. The water 
temperature should be chosen above the dew point but close to the initial temperature of 
the dummy which normally is ambient temperature. In the cone calorimeter and smoke 
box the meter is not placed in a dummy but just placed openly underneath the radiating 
cone. In these cases the meter is placed with the sensing surface horizontally and thus the 
convection induced by the meter is reduced. It would however be interesting to see some 
calculation on how the airflow pattern changes when the sample holder is mounted as 
opposed to when it is not. 
 
- Can the calibration process be facilitated without loosing too much accuracy? 
 
If the meter is linear then the prospect of a good accuracy using a linear approximation 
from a single point calibration is good. It is however not possible to foretell if a meter is 
linear or not without making a full calibration of the meter the first time. Once a full 
calibration is done the meter can be calibrated using a reduced number of calibration 
points until it is repainted or subject to other maintenance or one suspects some damage 
on the meter. It is however wise to pick a calibration level in the vicinity of the main 
range of interest for the meter, i.e. if the meter is used to determine a prescribed applied 
thermal radiation then the meter should be calibrated at this level. 
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- How will a modified calibration process influence current test standards and how shall 
that be considered? 
 
When the ISO 14934 series of standards has been published all fire test standards must 
refer to these documents. Part 3 of ISO 14934 which is about secondary calibration of 
heat flux meters already includes the possibility for performing the calibration in a 
spherical furnace. The findings regarding linearity should, however, be included in future 
revisions of the standards. The demand that the results should be reported as a best fit 
regression should be deleted. This regression must be up to the user to perform. 
 
- How shall calibration services be formulated to readily be understood by the users? 
 
If the linearity of a heat flux meter is un-known the first calibration should always be 
done at ten levels of radiation evenly distributed over the entire measuring range of the 
meter so that its linearity can be determined.  
 
Heat flux meters used as reference meters must be calibrated according to any of the 
primary methods listed in ISO 14934-2 [4].  
 
Secondary calibration can be done either by comparison against a reference gauge or at 
fewer levels than ten in a primary method. The comparison alternative presumes that the 
reference gauge is of the same type and range as the meter to be calibrated so that both 
gauges react in the same way to convective heat transfer. The fewer-level alternative 
presumes that the linearity of the meter is known so that the levels for the calibration can 
be chosen accordingly. 
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9 Conclusions 
 
A number of calibrations have been performed within this project on different meters. 
Most of the meters were found to be fairly linear when calibrated in the SP spherical 
furnace where the convection is minimised. Some of them were however less linear and 
this is a characteristic that the meter seem to maintain over its lifetime. All meters tested 
by SP obtained linearity within about 5%. It should be noted that the linearity during use 
or when calibrated in an environment the convection is not minimised may be very 
different. 
 
The project shows that the meter maintains its calibration characteristics to a large degree 
over time as long as the meter is not damaged or heavily used. If the sensing area seems 
to be grey, shiny or somehow damaged it is advised to repaint it. A full calibration must 
then be performed and then the meter is again ready to be used just as before. 
 
Comparisons between calibrations performed in the old and new furnace at SP show a 
good agreement between the calibration results in the two furnaces. The uncertainty using 
the new SP furnace is much lower than previously reported.  
 
When conducting a calibration for a customer the calibrating laboratory should not report 
the results as a best fit regression. The regression should be up to the user to perform. 
This is according to normal practice among calibration laboratories. In addition the 
reporting method for the regression as described in ISO 14934-2 is confusing for many 
users. Thus it is necessary to omit this demand from the newly approved standard ISO 
14934-2 [4]. 
 
The results show that it is prudent to always perform a full calibration of a heat flux meter 
first in order to investigate its non-linearities. If the meter proves to be linear then it is 
possible to perform simpler calibration using only a few points. If the meter is non-linear 
and one chooses to perform a calibration with fewer points, then it is very important to 
perform the calibration at a level in the vicinity of the level where it is intended to be 
used. 
 
The uncertainty in the calibration when conducting calibration with fewer points depends 
on the linearity of the meter. For the two heat flux meters that were borrowed from NIST 
for use in this project, one linear and one non-linear, the uncertainties achieved where  
1-2% for the linear gauge while values up to 10% were seen for the non-linear gauge. 
 
Mounting the meter flush with the wall is only acceptable if uncertainties up to 10% are 
accepted due to the convection error introduced with this type of mounting. Possible ways 
to reduce the uncertainty when calibrations are performed in this way is to use a reference 
meter that is calibrated in a primary method. The reference meter should be of the same 
type as the meter that is calibrated and both meters linearity should be known. Mounting 
flush with the wall should be considered as a secondary calibration method similar to the 
cone calorimeter. 
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Appendix A Software used at SP for the 
calibration 
 
The calibration process is controlled by a computer program. The program written in 
LabVIEW communicates with the PID-controller of the furnace and contains features for 
choosing the levels of calibration in advance. The levels of heat flux are given in a 
procedure called "schedule". The program makes sure that the temperature of the furnace 
is stable before the records are taken. When the temperature has become stable 120 
records are taken and saved to the measurement file. Both the temperature of the furnace 
and the temperature of the cooling water are recorded and used for the calculation of the 
incident heat radiation, Irad.  
 
Figure 20 shows an example of the view of the measurement part of the software. For the 
calibration in the example the preset schedule was interrupted two times due to that 
calibrations are run only during daytime. The view shows the middle session.  
 
When records have been taken at all levels the program sets the furnace temperature back 
to ambient temperature. 
 

 
Figure 20 View of the measurement part of software. Calibration records have been taken 

at 757, 816, 867, 912, and 952 ºC during the actual day. Records at 456, 593, 
and 686 ºC were taken the day before. The decreasing temperature curve at the 
end indicates that the furnace temperature is lowered for the overnight stand-
by level and the records at 989 will be taken the day after. 
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Appendix B Calibrations at SP 
 
A list of all calibrations that have been performed at SP within the project is given in 
Table 16. The results presented in this appendix are from calibrations performed with the 
standard procedure as described in ISO 14934-2 [4]. Detailed results of the “flush-with-
wall” calibrations are given in Reix’ report [12]. 
 
The calibration results are given as follows for each heat flux meter: 
First there is a table containing the total heat flux and the output voltage from the latest 
calibration event. After that the linear regression of these data is displayed as a graph and 
a table with the uncertainties. The parabolic regression is then given in the same way. The 
uncertainties for each level of calibration (reference value in the tables) are separated into 
uncertainty of the calibration method itself and the uncertainty of the actual calibration 
result. 
 
At the end of the presentation for each heat flux meter is a table with some historical data. 
"a" and "b" in that table are from the equation bUaq +⋅= . The historical data contain 
results of calibrations performed in the new furnace and comparisons against results 
received 2002, which was the year of the FORUM round robin [10]. The comparison is 
done at an output voltage of 5 and 10 mV, using only the linear regression curve from the 
calibration. 
 
Table 16 Type, range, size, identification, procedure, and calibration date for meters 

calibrated at SP 
Measurement 
principle  

Range,  
kW/m2 

Outer 
diam., 
mm 

Identification 
number 

Procedure Calibration 
date 

Gardon 100 25.4 123731 
NIST gauge 

Standard, without spacer ring 
Flush, cooler, no insulation 
Flush, no cooler, no insulation 
Flush, cooler, insulation 
Flush, no cooler, insulation 
Standard, without spacer ring 
Standard, without spacer ring 

05-04-28 
05-06-14 
05-06-30 
05-07-01 
05-07-02 
05-07-06 
05-11-09 

Schmidt-
Boelter 

100 12.7 123732  
NIST gauge 

Standard, without spacer ring 
Flush, no cooler, no insulation 
Flush, no cooler, insulation 
Standard, without spacer ring 
Standard, without spacer ring 

05-05-02 
05-06-16 
05-07-04 
05-11-07 
05-11-28 

Schmidt-
Boelter 

50 25.4 701105 Standard, without spacer ring 
Flush, cooler, no insulation1) 

Flush, no cooler, no insulation1) 

Flush, cooler, no insulation 
Standard, without spacer ring 
Standard, without spacer ring 

05-04-15 
05-06-28 
05-06-29 
05-07-08 
05-07-09 
05-10-18 

Schmidt-
Boelter 

20 25.4 700195 Standard, without spacer ring 2) 

Schmidt-
Boelter 

20 25.4 700263 Standard, with spacer ring 
Flush, cooler, no insulation 
Standard, with spacer ring 

05-04-13 
05-07-09 
05-10-24 

Schmidt-
Boelter 

50 25.4 700385 Standard, without spacer ring 05-04-30 

Gardon 50 25.4 700258 Standard, without spacer ring 3) 

1) Range 25-130 kW/m2 

2) No data reported in this Appendix. Only used for study of extended range (Chapter 6) 
3) Not calibrated within project. Only used for linearity study (Chapter 6) 
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Calibration results for Gardon gauge 123731 
 
The calibration was conducted without the spacer ring. Calibration date: 2005-11-09. 
 
Table 17 Calibration results for Gardon gauge 123731 from NIST 

Total heat flux/Incident radiation1, qtot (kW/m2) Output voltage, Uout (mV) 

7.47 0.61 
15.22 1.24 
23.03 1.89 
30.58 2.53 
38.18 3.18 
45.74 3.83 
53.38 4.49 
60.93 5.16 
68.36 5.76 

1) Convective heat transfer, qcon, is considered negligible and is included in the total uncertainty 
value. 
 
 

Linear regression y = 11.74975x + 0.64520
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Figure 21 Linear regression curve from calibration of Gardon gauge 123731 from NIST 
 
Table 18 Uncertainties for the linear regression of the calibration results of Gardon 

gauge 123731 from NIST 
Reference 
value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

7 0.102 0.57 0.58 7.77 -0.01 
15 0.18 0.57 0.60 3.97 -0.02 
23 0.25 0.57 0.64 2.77 -0.03 
31 0.32 0.57 0.68 2.22 -0.05 
38 0.38 0.57 0.72 1.89 -0.06 
46 0.44 0.57 0.77 1.69 -0.07 
53 0.50 0.57 0.82 1.54 -0.08 
61 0.56 0.57 0.88 1.44 -0.09 
68 0.61 0.57 0.93 1.37 -0.10 

1) The result of approximations in the enclosure model and of reflection errors 
2) 1.4% of the incident heat radiation 
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Polynomial regression y = -0.05747x2 + 12.11656x + 0.22053
R2 = 0.99993
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Figure 22 Parabolic regression curve from calibration of Gardon gauge 123731 from 

NIST 
 
Table 19 Uncertainties for the parabolic regression of the calibration results of Gardon 

gauge 123731 from NIST 
Reference 
value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

7 0.10 0.48 0.49 6.59 -0.01 
15 0.18 0.48 0.52 3.42 -0.02 
23 0.25 0.48 0.56 2.43 -0.03 
31 0.32 0.48 0.60 1.98 -0.05 
38 0.38 0.48 0.65 1.71 -0.06 
46 0.44 0.48 0.71 1.55 -0.07 
53 0.50 0.48 0.76 1.43 -0.08 
61 0.56 0.48 0.82 1.35 -0.09 
68 0.61 0.48 0.88 1.29 -0.10 

1) The result of approximations in the enclosure model and of reflection errors 
 
 
 
Table 20 History of calibration results for Gardon gauge 123731 from NIST 

Equation Heat flux at 5 mV Heat flux at 10 mV Calibration 
date a b kW/m2 Change versus 

2002-result, % 
kW/m2 Change versus 

2002-result, % 
02-03-261 11.6810 0.9411 59.35  117.75  
05-04-28 11.7230 0.6442 59.26 -0.1 117.87 0.1 
05-07-05 11.7370 0.6008 59.29 -0.1 117.97 0.2 
05-11-09 11.7499 0.6452 59.39 0.1 118.14 0.3 
1) FORUM round robin [10] 
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Calibration results for Schmidt-Boelter gauge 123732 
 
The calibration was conducted without the spacer ring. Calibration date: 2005-11-28. 
 
Table 21 Calibration results for Schmidt-Boelter gauge 123732 from NIST 

Total heat flux/Incident radiation1, qtot 
(kW/m2) 

Output voltage, Uout (mV) 

7.46 0.60 
15.20 1.21 
23.00 1.84 
30.54 2.44 
38.12 3.04 
45.71 3.65 
53.31 4.25 
60.83 4.85 
68.22 5.45 

1) Convective heat transfer, qcon, is considered negligible and is included in the total uncertainty 
value. 
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Figure 23 Linear regression curve from calibration of Schmidt-Boelter gauge 123732 

from NIST 
 
Table 22 Uncertainties for the linear regression of the calibration results of Schmidt-

Boelter gauge 123732 from NIST 
Reference 
value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

7 0.102 0.03 0.12 1.58 -0.01 
15 0.18 0.03 0.21 1.37 -0.02 
23 0.26 0.03 0.29 1.28 -0.03 
31 0.32 0.03 0.37 1.23 -0.05 
38 0.39 0.03 0.45 1.19 -0.06 
46 0.45 0.03 0.53 1.16 -0.07 
53 0.51 0.03 0.61 1.14 -0.08 
61 0.57 0.03 0.68 1.12 -0.09 
68 0.63 0.03 0.75 1.10 -0.10 

1) The result of approximations in the enclosure model and of reflection errors 
2) 1.4% of the incident heat radiation 
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Polynomial regression y = -0.00162x2 + 12.54205x - 0.02919
R2 = 1.00000
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Figure 24 Parabolic regression curve from calibration of Schmidt-Boelter gauge 123732 

from NIST 
 
Table 23 Uncertainties for the parabolic regression of the calibration results of Schmidt-

Boelter gauge 123732 from NIST 
Reference 
value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

7 0.10 0.03 0.12 1.58 -0.01 
15 0.18 0.03 0.21 1.37 -0.02 
23 0.26 0.03 0.29 1.28 -0.03 
31 0.32 0.03 0.37 1.23 -0.05 
38 0.39 0.03 0.45 1.19 -0.06 
46 0.45 0.03 0.53 1.16 -0.07 
53 0.51 0.03 0.61 1.14 -0.08 
61 0.57 0.03 0.68 1.12 -0.09 
68 0.63 0.03 0.75 1.10 -0.10 

1) The result of approximations in the enclosure model and of reflection errors 
 
 
 
Table 24 History of calibration results for Schmidt-Boelter gauge 123732 from NIST 

Equation Heat flux at 5 mV Heat flux at 10 mV Calibration 
date a b kW/m2 Change versus 

2002-result, % 
kW/m2 Change versus 

2002-result, % 
02-04-031 12.5390 0.2056 62.90 125.60
05-05-02 12.4420 -0.0500 62.16 -1.2 124.37 -1.0
05-11-07 12.6924 -0.0970 63.36 0.7 126.83 1.0
05-11-282 12.5323 -0.0183 62.64 -0.4 125.30 -0.2
1) FORUM round robin [10] 
2) After re-painting 
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Calibration results for Schmidt-Boelter gauge 701105 
 
The calibration was conducted without the spacer ring. Calibration date: 2005-10-18. 
 
Table 25 Results from calibration of SP in-house Schmidt-Boelter gauge 701105 

Total heat flux/Incident radiation1, qtot 
(kW/m2) 

Output voltage, Uout (mV) 

4.57 0.92 
9.38 1.91 

19.15 3.88 
28.76 5.81 
38.21 7.70 
47.76 9.61 

1) Convective heat transfer, qcon, is considered negligible and is included in the total uncertainty 
value. 
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Figure 25 Linear regression curve from calibration of SP in-house Schmidt-Boelter gauge 

701105 
 
Table 26 Uncertainties for the linear regression of the calibration results of SP in-house 

Schmidt-Boelter gauge 701105 
Reference 
value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

5 0.072 0.14 0.16 3.54 -0.01 
9 0.12 0.14 0.20 2.11 -0.01 

19 0.22 0.14 0.29 1.50 -0.03 
29 0.30 0.14 0.38 1.32 -0.04 
38 0.38 0.14 0.47 1.23 -0.06 
48 0.46 0.14 0.56 1.18 -0.07 

1) The result of approximations in the enclosure model and of reflection errors 
2) 1.5% of the incident heat radiation 
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Polynomial regression y = 0.0055x2 + 4.9178x + 0.0064
R2 = 1
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Figure 26 Parabolic regression curve from calibration of SP in-house Schmidt-Boelter 

gauge 701105 
 
Table 27 Uncertainties for the parabolic regression of the calibration results of SP in-

house Schmidt-Boelter gauge 701105 
Reference 
value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

5 0.07 0.04 0.09 1.92 -0.01 
9 0.12 0.04 0.14 1.53 -0.01 

19 0.22 0.04 0.25 1.32 -0.03 
29 0.30 0.04 0.35 1.23 -0.04 
38 0.38 0.04 0.45 1.18 -0.06 
48 0.46 0.04 0.55 1.15 -0.07 

1) The result of approximations in the enclosure model and of reflection errors 
 
 
 
Table 28 History of calibration results for SP in-house Schmidt-Boelter gauge 701105 

Equation Heat flux at 5 mV Heat flux at 10 mV Calibration 
date a b kW/m2 Change versus 

2002-result, % 
kW/m2 Change versus 

2002-result, % 
02-02-05 5.0295 0.2686 25.42  50.56  
05-04-15 4.9823 -0.109 24.80 -2.4 49.71 -1.7 
05-07-09 5.0862 -0.072 25.36 -0.2 50.79 0.4 
05-10-18 4.9745 -0.089 24.78 -2.5 49.66 -1.8 
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Calibration results for Schmidt-Boelter gauge 700263 
 
The calibration was conducted with the spacer ring. Calibration date: 2005-10-24. 
 
Table 29 Results from calibration of SP in-house Schmidt-Boelter gauge 700263 

Total heat flux/Incident radiation1, qtot 
(kW/m2) 

Output voltage, Uout (mV) 

1.81 0.94 
3.25 1.68 
4.70 2.42 
7.25 3.75 
9.22 4.76 

11.20 5.77 
12.99 6.70 

1) Convective heat transfer, qcon, is considered negligible and is included in the total uncertainty 
value. 
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Figure 27 Linear regression curve from calibration of SP in-house Schmidt-Boelter gauge 

700263 
 
 
Table 30 Uncertainties for the linear regression of the calibration results of SP in-house 

Schmidt-Boelter gauge 700263 
Reference 

value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

2 0.032 0.03 0.04 2.25 0.00 
3 0.04 0.03 0.05 1.67 0.00 
5 0.05 0.03 0.07 1.45 -0.01 
7 0.08 0.03 0.09 1.28 -0.01 
9 0.09 0.03 0.11 1.22 -0.01 

11 0.11 0.03 0.13 1.17 -0.02 
13 0.12 0.03 0.15 1.14 -0.02 

1) The result of approximations in the enclosure model and of reflection errors 
2) 1.4% of the incident heat radiation 
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Polynomial regression y = 0.0015x2 + 1.9293x + 0.0064
R2 = 1
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Figure 28 Parabolic regression curve from calibration of SP in-house Schmidt-Boelter 

gauge 700263 
 
Table 31 Uncertainties for the parabolic regression of the calibration results of SP in-

house Schmidt-Boelter gauge 700263 
Reference 

value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

2 0.03 0.03 0.04 2.30 0.00 
3 0.04 0.03 0.05 1.68 0.00 
5 0.05 0.03 0.07 1.46 -0.01 
7 0.08 0.03 0.09 1.29 -0.01 
9 0.09 0.03 0.11 1.22 -0.01 

11 0.11 0.03 0.13 1.17 -0.02 
13 0.12 0.03 0.15 1.14 -0.02 

1) The result of approximations in the enclosure model and of reflection errors 
 
 
 
Table 32 History of calibration results for SP in-house Schmidt-Boelter gauge 700263 

Equation Heat flux at 5 mV Heat flux at 10 mV Calibration 
date a b kW/m2 Change versus 

2002-result, % 
kW/m2 Change versus 

2002-result, % 
02-12-11 1.9446 0.1866 9.91  19.63  
05-04-13 1.9644 -0.0639 9.76 -1.5 19.58 -0.3 
05-10-24 1.9410 -0.0097 9.70 -2.2 19.40 -1.2 
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Calibration results for Schmidt-Boelter gauge 700385 
 
The calibration was conducted without the spacer ring. Calibration date: 2005-04-30. 
 
Table 33 Results from calibration of SP in-house Schmidt-Boelter gauge 700385 

Total heat flux/Incident radiation1, qtot 
(kW/m2) 

Output voltage, Uout (mV) 

5.37 1.59 
9.56 2.83 

16.52 4.88 
24.47 7.23 
33.50 9.90 
43.25 12.77 
53.17 15.71 

1) Convective heat transfer, qcon, is considered negligible and is included in the total uncertainty 
value. 
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Figure 29 Linear regression curve from calibration of SP in-house Schmidt-Boelter gauge 

700385 
 
Table 34 Uncertainties for the linear regression of the calibration results of SP in-house 

Schmidt-Boelter gauge 700385 
 

Reference 
value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

5 0.082 0.03 0.09 1.73 -0.01 
10 0.13 0.03 0.14 1.50 -0.01 
17 0.19 0.03 0.22 1.34 -0.02 
24 0.27 0.03 0.31 1.26 -0.04 
34 0.34 0.03 0.40 1.20 -0.05 
43 0.42 0.03 0.50 1.16 -0.06 
53 0.50 0.03 0.60 1.13 -0.08 

1) The result of approximations in the enclosure model and of reflection errors 
2) 1.5% of the incident heat radiation 
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Figure 30 Parabolic regression curve from calibration of SP in-house Schmidt-Boelter 

gauge 700385 
 
Table 35 Uncertainties for the parabolic regression of the calibration results of SP in-

house Schmidt-Boelter gauge 700385 
Reference 

value, 
kW/m² 

Method, 
kW/m² 

Calibration, 
kW/m² 

Total, 
kW/m² 

Total, % Bias1, 
kW/m² 

5 0.08 0.02 0.09 1.66 -0.01 
10 0.13 0.02 0.14 1.47 -0.01 
17 0.19 0.02 0.22 1.33 -0.02 
24 0.27 0.02 0.31 1.25 -0.04 
34 0.34 0.02 0.40 1.20 -0.05 
43 0.42 0.02 0.50 1.16 -0.06 
53 0.50 0.02 0.60 1.12 -0.08 

1) The result of approximations in the enclosure model and of reflection errors 
 
 
 
Table 36 History of calibration results for SP in-house Schmidt-Boelter gauge 700385 

Equation Heat flux at 5 mV Heat flux at 10 mV Calibration 
date a b kW/m2 Change versus 

1997-result, % 
kW/m2 Change versus 

1997-result, % 
97-02-24 3.4872 0.0132 17.45  34.89  
01-10-23 3.4262 0.4137 17.54 0.5 34.68 -0.6 
05-04-30 3.3854 -0.0085 16.92 -3.01 33.85 -3.01 

1) The results also varied ±2% for this gauge in the HFCAL round robin [9] 
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Appendix C Calibrations at SINTEF NBL 
 
SINTEF NBL - Calibration report for five heat flux meters in October 2005. 
 
The flux meters used in this calibration at SINTEF NBL were as shown in Figure 8 (from 
left to right);  
NBL-1138 Medtherm no.62303 Gardon gauge 
NBL-2663 Medtherm no.86603 Elipsoidal Radiometer 
NBL-2611 Thermogage no.5822 Gardon gage (with small sensor diameter and amplifier) 
NIST no.123731 Medtherm, Gardon gauge, Ø25mm  
NIST no.123732 Medtherm, Schmidt Boelter, Ø12mm 
 
The five flux meters were positioned inside the SINTEF NBL spherical furnace at five 
different temperatures (in addition to room temperature). The first temperature was 
chosen in order to obtain a net heat flux radiation of about 10 kW/m² i.e. about 388°C. 
The four next levels were chosen at about the double of the previous level, i.e. 20, 50, 100 
and 200 kW (i.e. about 500, 700, 900, 1100 °C respectively). 
 
The measurements at the first level of 388°C had to be disqualified due to an error that 
resulted in ventilation air being released inside the furnace during measurements at this 
level. The last level of 200 kW/m² i.e. about 1100° could not be used for the NIST flux 
meters due to the possibility of damage and changing the sensitivity. 
 
The calibration was performed according to the following procedure: 
- The furnace was heated to each of the 5 selected temperatures. 
- At each level, each water cooled flux meter was inserted into the furnace, flush 

with the inside bottom surface. After the flux meter signal and furnace temperature 
had stabilized during a minute or two, both the furnace temperature, flux meter 
signal and water temperatures were measured. The flux meter was then withdrawn 
and the next flux meter measurement was performed. 

- This procedure was repeated for each flux meter at each heat flux level wanted. 
- After finishing the measurements the results were plotted and each measurement 

plateau was identified visually on the graph and read from the graph into a table of 
all measurements. 

- The furnace temperatures were corrected for known calibration bias and then actual 
net heat flux levels were calculated relative to actual flux meter body temperature 
in an excel spreadsheet. The sensitivities at each level were also calculated and 
plotted as a function of heat flux level. 

 
Also some earlier historical data were considered of interest and plotted in the same 
graphs. As the primary interest are focused on the NIST heat flux meters only one local 
SINTEF NBL flux meter (NBL-1138) is reported here as it is the one with most historical 
data. 
 
 
Readings from the calibrations are reported in Figure 31 - Figure 35. Figure 36 reports on 
the calibration results on NBL 1138 while Figure 37 and Figure 38 reports on the two 
NIST gauges.  
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Figure 31 Overall measurements view. References are to flux meter body and water 

temperatures of 25 to 35°C needed to calculate net radiative heat flux. 
Temperatures in parenthesis are uncorrected logged furnace thermocouple 
temperatures. 

 
 

 
Figure 32 Measurements at heat flux level of about 20 kW/m². 
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Figure 33 Measurements at heat flux level of about 51 kW/m². 
 
 

 
Figure 34 Measurements at heat flux level of about 108 kW/m². 
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Figure 35 Measurements at heat flux level of about 208 kW/m². 
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Figure 36 Flux meter NBL-1138 sensitivity as a function of net incident heat flux without 

correcting for convective contribution. 
 
At higher heat flux levels the sensitivity increases very little and seems to converge 
towards about 10.2 kW/m²/mV. The sensitivity of 2005 is somewhat lower than at 
previous calibrations. No explanation for this sensitivity change can be made at the 
moment.  
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Figure 37 Uncorrected NIST Flux meters 123731 sensitivity as a function of net incident 

heat flux. 
 
The sensitivity of flux meter no. 123731 seems to stabilize at about 11.4 kW/m²/mV at 
higher flux levels. The sensitivity at 50 kW/m² seems to have no significant change 
compared to sensitivity measured in 2002. 
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Figure 38 Uncorrected NIST Flux meters 123732 sensitivity as a function of net incident 

heat flux. 
 
The sensitivity of flux meter no. 12372 does not seem to stabilize in the measurements 
performed. The sensitivity at the highest measured heat flux level is 12.77 kW/m²/mV. 
The sensitivity at 50 kW/m² seems to have only a small change compared to the 
sensitivity measured in 2002. 
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