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Foreword 

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies 
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO 
technical committees. Each member body interested in a subject for which a technical committee has been 
established has the right to be represented on that committee. International organizations, governmental and 
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the 
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization. 

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2. 

The main task of technical committees is to prepare International Standards. Draft International Standards 
adopted by the technical committees are circulated to the member bodies for voting. Publication as an 
International Standard requires approval by at least 75 % of the member bodies casting a vote. 

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent 
rights. ISO shall not be held responsible for identifying any or all such patent rights. 

ISO 14934-2 was prepared by Technical Committee ISO/TC 92, Fire Safety, Subcommittee SC 1, Fire 
initiation and growth. 

ISO 14934 consists of the following parts, under the general title Fire tests — Calibration and use of heat flux 
meters: 

⎯ Part 1: General principles 

⎯ Part 2: Primary calibration methods 

⎯ Part 3: Secondary calibration methods 

The following part is under preparation: 

⎯ Part 4: Guidance on the use of heat flux meters in fire tests 

This corrected version of ISO 14934-2 incorporates the following changes: 

⎯ 7.1.1: the first item in unnumbered list changed to read as follows: 

“...electrically heated [(3), (6)], black-body cavity (4)....”; 

⎯ 9.1.4: the radiometer range changed to “...0,4 kW/m2 to 42 kW/m2, ...”; 

⎯ 9.2.3: the reference for the procedure for making calibration measurements changed to Annex I; 

⎯ Clause 11: in the list in the fourth paragraph, the second bullet changed to read as follows: 

“— field of view of the heat flux meter, expressed in degrees. In case of view-limiting apertures, 
specify field of view from the centre of the sensing surface to the edge of the view-limiting aperture. In 
case of flat receivers, specify 180°;” 

⎯ Clause E.1: the note in Figure E.1 changed to read as follows: 

“NOTE If a spacer ring is used, use curve 2. ...” 
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⎯ Annex G, second paragraph: the radiation range changed to “...2 kW/m2 and 25 kW/m2.” 

⎯ Annex J, Figure J.1: “1” on the right changed to “2”. 
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Introduction 

In many fire test methods, the radiation level is specified and, therefore, it is of great importance that the 
radiant heat flux is well defined and measured with sufficient accuracy. Radiant heat transfer is also the 
dominant mode of heat transfer in most real fires. 

In practice, radiant heat flux is usually measured with so-called total heat flux meters of the Schmidt-Boelter 
(thermopile) or Gardon1) (foil) type. Such meters register the combined heat flux by radiation and convection 
to a cooled surface. The contribution to the heat transfer by convection depends mainly on the temperature 
difference between the surrounding gases and the sensing surface and on the velocity of the surrounding 
gases. It will, however, also depend on size and shape of the heat flux meter, its orientation and on its 
temperature level, which is near the cooling water temperature. In many practical situations in fire testing, the 
contribution due to convection to the sensing surface of the instrument can amount to 25 % of the radiant heat 
flux. Thus it is always necessary to determine and control this part. 

To determine the fraction of total heat flux due to radiation, a calibration scheme is developed where primary 
calibration is performed on two different types of heat flux meters: (1) a total hemispherical radiometer 
sensitive to radiation only, and (2) a total heat flux meter, (most frequently used) sensitive to both radiant heat 
transfer and to convective heat transfer. A comparison of measurements between the two types of meters in 
secondary (or transfer) calibration methods allows a characterization of the influence of convection in the 
method. Where possible, in all calibrations and measurements of radiative heat flux, the uncertainty 
calculations should include the uncertainty associated with removing the convective component. For 
secondary calibration methods, a combined use of hemispherical radiometers and total heat flux meters 
makes it possible to estimate the convection contribution. The same arrangement can be used in calibration of 
fire test methods as well. 

Primary calibration is performed in a black-body cavity under conditions where the convective part of the heat 
transfer can be neglected or controlled. One such apparatus is an evacuated black-body facility with the 
unique characteristic of negligible convection and conduction effects described in this document as the 
vacuum black-body cavity (VBBC) method (method 1). Other (non-evacuated) black-body facilities can also 
be suitable as primary heat sources for calibration, providing they are fully characterized, particularly in terms 
of any convection effects on the sensing surface of the heat flux meter being calibrated. One such facility, 
described in this document as the spherical black-body cavity method (method 2), is a furnace with an orifice 
pointing downwards to minimize the convection. Another is the variable temperature black-body method 
(method 3) in which the effect of the convective component is minimized by the adoption of a substitution 
procedure in which the heat flux meter to be calibrated is compared with a primary standard radiometer. 
Under such conditions the convective effect for each measurement can be asumed to be of a similar 
magnitude. 

                                                      

1) Schmidt-Boelter meters and Gardon meters are examples of suitable products available commercially. This 
information is given for the convenience of users of this part of ISO 14934 and does not constitute an endorsement by ISO 
of this product. 
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Fire tests — Calibration and use of heat flux meters — 

Part 2: 
Primary calibration methods 

1 Scope 

This part of ISO 14934 describes three methods for calibration of total hemispherical radiometers and total 
heat flux meters that are exposed to a well-defined radiation from a radiant heat source. The equipment is 
designed to minimize influences due to convective heat transfer during calibration. It is important to note that 
when the instruments are used in practice they measure a combination of radiant and convective heat 
transfers. The latter will depend on the design of the heat flux meter, the orientation, local temperature and 
flow conditions, and on the temperature of the cooling water. 

2 Normative references 

The following referenced documents are indispensable for the application of this document. For dated 
references, only the edition cited applies. For undated references, the latest edition of the referenced 
document (including any amendments) applies. 

ISO 13943:2000, Fire safety — Vocabulary 

IEC 60584-2:1982, Thermocouples — Part 2: Tolerances 

International vocabulary of basic and general terms in metrology (VIM), BIPM/IEC/IFCC/ISO/IUPAC/IUPAP/OIML, 
1993 

Guide to the expression of uncertainty in measurement (GUM), BIPM/IEC/IFCC/ISO/IUPAC/IUPAP/OIML, 
1993 (Corrected and reprinted, 1995) 

3 Terms and definitions 

For the purposes of this document, the terms and definitions given in ISO 13943:2000, GUM, and the 
following apply. 

3.1 
radiation 
emission or transfer of energy in the form of electromagnetic waves with the associated photons 

NOTE See Reference [1]. 

3.2 
convection 
movement of fluid 
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3.3 
heat 
thermal energy 

NOTE Heat is expressed in joules. 

3.4 
heat transfer 
movement of heat between bodies by means of radiation, convection, or conduction 

EXAMPLE The bodies can be a gas, a liquid, a solid body or combinations of them. 

NOTE Heat transfer is expressed in watts. 

3.5 
radiant heat transfer 
heat transfer by radiation 

NOTE Radiant heat transfer is expressed in watts. 

3.6 
convective heat transfer 
heat transfer from a surrounding fluid to a surface by convection depending on the fluid velocity and the 
temperature difference between fluid and surface 

NOTE Convective heat transfer is expressed in watts. 

3.7 
total heat transfer 
sum of the radiant heat transfer and the convective heat transfer 

NOTE Total heat transfer is expressed in watts. 

3.8 
heat flux 
heat passing through a surface per unit area and unit time 

NOTE Heat flux for fire testing purposes is expressed in watts per square metre. Outside the fire testing field, this 
definition is given as heat flux density. 

3.9 
incident heat radiation 
incoming radiant heat flux to a surface 

NOTE Incident heat radiation is expressed in watts per square metre. 

3.10 
absorbed heat radiation 
radiant heat absorbed by a surface 

NOTE Absorbed heat radiation is expressed in watts per square metre. 

3.11 
emitted heat radiation 
radiant heat emitted from a surface 

NOTE Emitted heat radiation is expressed in watts per square metre. 
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3.12 
net heat radiation 
absorbed heat radiation minus emitted heat radiation 

NOTE Net heat radiation is expressed in watts per square metre. 

3.13 
leaving heat flux 
composed of emitted heat radiation and reflected heat radiation 

NOTE The term is also called radiosity. Leaving heat flux is expressed in watts per square metre. 

3.14 
radiant heat flux 
heat flux by radiant heat transfer 

NOTE Radiant heat flux is expressed in watts per square metre. 

3.15 
convective heat flux 
heat flux by convective heat transfer 

NOTE Convective heat flux is expressed in watts per square metre. 

3.16 
total heat flux 
sum of net heat radiation and convective (heat) flux 

NOTE Total heat flux is expressed in watts per square metre. 

3.17 
black-body radiant source 
ideal thermal radiating source which absorbs completely all incident heat radiation, whatever wavelength and 
direction 

NOTE This definition is part of the definition given in Reference [1]. 

3.18 
irradiance 
incident radiant heat flux arriving from all hemispherical directions 

NOTE Irradiance is expressed in watts per square metre. 

3.19 
emissivity 
ratio of the radiant heat flux emitted by a surface to the radiant heat flux emitted by a black-body radiator at 
the same temperature 

NOTE Emissivity is dimensionless. 

3.20 
absorptivity 
ratio of the absorbed radiant heat flux to the incident radiant heat flux 

NOTE Absorptivity is dimensionless. 

3.21 
radiant intensity 
radiant heat transfer per unit solid angle leaving a source in a given direction 

NOTE Radiant intensity is expressed in watts per steradian. 
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3.22 
heat flux meter 
instrument responding to incident radiant heat flux and/or to convective heat transfer to a cooled surface 

3.23 
radiometer 
heat flux meter responding to incident radiant heat flux only 

3.24 
total hemispherical radiometer 
radiometer equally sensitive to radiant intensity arriving from all directions above the sensing surface 

3.25 
total heat flux meter 
heat flux meter responding to both incident radiant heat flux and convective heat transfer to a cooled surface 

NOTE The expression “heat flux meter” without the denotation “total” should only be used when it is not defined 
whether the instrument is a radiometer or a total heat flux meter. When the instrument responds to both radiant and 
convective heat flux the expression “total heat flux meter” is the proper designation. 

3.26 
primary standard 
standard that is designated or widely acknowledged as having the highest metrological qualities and whose 
value is accepted without reference to other standards of the same quantity 

[VIM:1993] 

3.27 
secondary-standard heat flux meter 
heat flux meter with a calibration traceable to a primary standard, used only for calibration of working-standard 
heat flux meters 

3.28 
working-standard heat flux meter 
heat flux meter to be calibrated by reference to a secondary standard for subsequent use during the course of 
fire tests 

3.29 
sensing surface 
surface of the heat flux meter which detects the irradiance 

3.30 
sensitivity 
ratio of the output voltage to the measured quantity 

3.31 
Stefan-Boltzmann constant 
σ 
constant in the expression for calculating the radiant heat flux from the absolute temperature equal to 
5,67 × 10–8 watt per square metre Kelvin to the fourth power 

NOTE See Reference [2]. 
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4 Principles 

4.1 General principles 

Calibration of heat flux meters (total hemispherical radiometers and total heat flux meters) is performed with a 
black-body radiant heat source. 

4.2 Principle of the vacuum black-body cavity (VBBC) method (method 1) 

This method is used to calibrate heat flux meters between 2 kW/m2 and 70 kW/m2. It is designed to accept 
total heat flux meters or total hemispherical radiometers with a housing diameter of up to 50 mm. These may 
have pipes for water or/and air that are located axially. Calibration of heat flux meters consists of reading the 
output voltage of total heat flux meters or total hemispherical radiometers when irradiated by a traceable 
black-body radiant source operating under vacuum. By lowering the absolute pressure in the black-body 
cavity to between 0,5 Pa and 2 Pa, the convective heat transfer is significantly reduced. Heat flux meters to be 
calibrated are fixed on a support and form a part of the closed system. The operating procedure is given in 
Annex A. The relation between the furnace and the irradiance to the heat flux meter is given in Annex B. 
Examples of computer screens are given in Annex C. 

4.3 Principle of the spherical black-body cavity method (method 2) 

This method is used to calibrate heat flux meters between 2 kW/m2 and 70 kW/m2. A black-body radiant heat 
source designed as a spherical furnace with an aperture at the bottom is used. The temperature level of the 
furnace is controlled with high precision and is very uniform inside the furnace assuring a high precision of the 
radiant heat level. 

Heat flux meters to be calibrated are inserted through the aperture at the bottom of the furnace with the 
sensing surface of the heat flux meter oriented horizontally. The influence of convection is thus reduced to a 
minimum. The heat flux meter sees nothing but the controlled environment of the black-body emitter. The 
radiation level of this black-body emitter depends primarily on the measured temperature making it traceable 
to international thermal calibration standards. 

The accuracy of the method depends on the design of the test apparatus. The operating procedure is given in 
Annex D. The relation between the furnace temperature and the irradiance to the heat flux meter is described 
in Annex E. The limits of errors assume that the apparatus is constructed according to the figures in Annex F. 
Guidance notes for operators are given in Annex G. 

4.4 Principle of the variable temperature black-body (VTBB) method (method 3) 

The technique uses the principle of electrical substitution radiometry to calibrate heat flux sensors up to 
50 kW/m2. The sensors are calibrated with reference to a room-temperature electrical substitution radiometer 
whose calibration is traceable to a primary standard high accuracy cryogenic radiometer (HACR). This is a 
standard for optical radiation power and is supported through a chain of independent calibrations. 

The calibration uses the 25 mm cavity diameter variable temperature black-body (VTBB) facility as broadband 
radiant source. The VTBB consists of a dual-cavity, electrically heated graphite tube. The black-body 
temperature is controlled and is stable within ± 0,1 K of the set value. 

The heat flux sensor to be calibrated and the reference standard radiometer are located at a fixed distance 
away from the black-body aperture, depending on the heat flux level. The variation in the incident heat flux 
level at the sensor location is obtained by varying the VTBB temperature. The operating procedure for 
electrical substitution radiometer is given in Annex H. The calibration procedure is given in Annex I. The data 
reduction procedure is given in Annex J. 

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O 14

93
4-2

:20
06

https://standardsiso.com/api/?name=c5ffe231c0a33bf822ae926dfa84bc45


ISO 14934-2:2006(E) 

6 © ISO 2006 – All rights reserved
 

5 Suitability of a gauge for calibration 

5.1 Types of heat flux meters 

All three methods are intended for calibration of total hemispherical radiometers and of total heat flux meters. 
The total heat flux meters are usually of so called Schmidt-Boelter and Gardon types. Along with the 
experimental calibration data, an expression of the sensitivity of the heat flux meter is normally also given. It 
should be noted that for each given wavelength, λ, the heat flux meter has a specific spectral sensitivity. For 
heat flux meters used in fire tests, it can, however, be assumed that the sensitivity does not depend on the 
wavelength over the spectral range of the radiating sources commonly examined. Deviations from the ideal 
directional response characteristics may be neglected. 

The field of view is assumed to be hemispherical (solid angle 180°), and the surface is assumed to behave as 
a perfect black-body, both regarding the spectral characteristics and the directional response. 

The methods can be used for radiometers with a limited field of view, provided that this field of view is 
characterized, and that corrections made for this field of view are traceable. 

5.2 Design of heat flux meters 

Radiometers and heat flux meters with a housing diameter of up to 50 mm and a sensing surface diameter up 
to 10 mm can be accommodated in methods 1 and 2. During the calibration the heat flux meter body 
temperature must remain constant. This is usually achieved by using water-cooling. In some cases an air 
supply is used to keep the window free from dust. If possible, water and/or air supply piping are routed parallel 
to the axis of the meter so as to keep the lines within the housing diameter of 50 mm. 

For the NIST open-mode method, there is no restriction on the sensor-housing diameter, and on how the 
cooling water or purge gas lines are routed. However, it is recommended that the sensing surface of the 
gauge is limited to less 10 mm in diameter. 

5.3 Measuring range 

Radiometers are typically designed for use within a certain range. They should be calibrated within this range. 
For radiometers that will be used beyond the range of the method used extrapolation of the obtained 
calibration results may not be used unless justified. 

5.4 Status of heat flux meter prior to calibration 

The coating on the sensor is visually inspected, and if the conditions indicate the need for repainting, the 
customer is informed accordingly. 

6 Relationship between output voltage and total heat flux 

The sensitivity of heat flux meters is primarily determined by the physical composition of the sensor itself. The 
combined properties of the absorber, surrounding geometry (limiting the field of view), window, and thermopile 
will result in a certain output at a certain level of incident heat radiation. 

The total heat flux to the sensor, qtot, may be written as 

tot rad emi conq q q q= − +  (1) 

where 

qtot is the total heat flux to the sensor; 

qrad is the heat radiation absorbed by the sensor; 
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qemi is the emitted heat radiation from the sensor; 

qcon is the convective heat transfer to the sensor. 

The heat radiation that is absorbed by the sensor depends on the absorptivity of the sensor surface as 

rad radq Iε= ⋅  (2) 

where 

ε is the absorptivity of the sensor; the absorptivity and the emissivity of the sensor are assumed 
equal; 

Irad is the incident heat radiation as defined by the calibration method (Clauses 7, 8, and 9); the view 
angle dependence for the method is included in the value. 

The emitted heat radiation from the sensor, qemi, is 

4
emi wq Tε σ= ⋅  (3) 

where 

Tw is the absolute temperature of the cooling water, which is assumed to represent also the 
temperature of the sensor 

The convective heat transfer, qcon, is specific for the calibration method. It depends on calibration 
configuration and on the temperature of the cooling water and the ambient air. 

The total heat flux to the sensor, qtot, is assumed to be a second-degree polynomial of the output voltage 
signal: 

2
tot 0 1 out 2 outq A A U A U= + ⋅ + ⋅  (4) 

where 

A0, A1, A2 are constants to be determined by the calibration procedure in a best-fit procedure as 
described in Clause 10; 

Uout is the output voltage signal. 

7 Vacuum black-body cavity (VBBC) method (method 1) 

7.1 Apparatus 

7.1.1 General description of apparatus for method 1 

The primary calibration apparatus is a closed and insulated system including two essential parts (see a 
schematic drawing in Figure 1): 

⎯ a gun which is a moving cylindrical tube (1) including the electrically heated [(3), (6)], black-body cavity 
(4), the diaphragms (5), the heat flux meter (10) and its cooling pipes, 

⎯ an insulated and cooled chamber (2). 
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Key 
1 water cooled heat flux meter holder 
2 ceramic tube 
3 electric heater 
4 black-body cavity 
5 diaphragm 
6 three electric heaters 
7 multi-points radial thermocouple 
8 vacuum pump 
9 mobile carriage 
10 heat flux meter 
11 multi-points longitudinal thermocouple 
a See Figure 3. 
b See Figure 2. 

Figure 1 — Cross-section of the furnace (VBBC) 

7.1.2 The vacuum black-body cavity (VBBC) 

The cavity is a horizontally orientated cylinder with a diameter of about 160 mm and a length of about 420 mm 
(see Figures 2 and 3). The heat flux meter is put flush to the diaphragm in order to close the system 
composed of the black-body and the diaphragm. 

The black-body cavity is put under vacuum using a combination of a primary pump and a molecular turbo 
pump. The pressure within the cavity is measured and recorded continuously. 

The black-body cavity is electrically heated through the cylindrical wall by means of coils. Four proportional 
integral differential regulators (PID) control the heating of the cavity. These PID controllers maintain the 
black-body temperature to approximately ± 0,3 K of the set value. A ceramic jacket is placed around the cavity 
to reduce heat losses. The heat flux meter is surrounded by three diaphragms in order to reflect the radiation 
coming from the cavity and to limit the losses generated by this opening. The black-body can be operated up 
to a temperature of about 900 °C. 
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Key 
1 diaphragm 
2 heat flux meter interface for smooth body with and without flange 
3 heat flux meter 

Figure 2 — Cross-section of the heat flux meter flush to the diaphragms 

Dimensions in millimetres 

 

Figure 3 — Cross-section of the black-body cavity 
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7.1.3 Temperature measurement 

Temperature profiles of the cavity are measured with thermocouples. 

a) A set of type-S thermocouples measure the radial temperature variation at the back of the cavity; radial 
positions of the thermocouples from the centre are 0 mm, 27 mm, 54 mm, 81 mm. 

b) Type-K thermocouples are inserted at different points along the cavity to measure the temperature 
gradient. Positions of the thermocouples from the front of the black-body are 0 mm, 17 mm, 33 mm, 
50 mm, 67 mm, 83 mm, 100 mm, 133 mm, 167 mm, 200 mm, 250 mm, 300 mm, 350 mm, 410 mm. 

c) A ceramic tube containing a calibrated type-S thermocouple is used to give a reference and to check the 
temperature variation along the cavity. 

7.1.4 Pressure measurement 

The pumping system is composed of two pumps: 

a) mechanical primary pump, which lowers the pressure from the atmospheric pressure to 10 000 Pa, 

b) molecular turbo pump, known as the secondary pump, which makes it possible to reduce the pressure to 
less than 1 Pa. The measurement of the pressure is performed using a Pirani gauge. 

Returning to atmospheric pressure is carried out under nitrogen. 

7.1.5 Data measurement and software – interfacing of the calibration set-up 

The incident heat radiation on a heat flux sensor inserted in the black-body cavity can be determined from 
measuring the temperatures and pressure in the cavity and the position and geometry of the sensor. A 
systematic calculation has been developed to determine the incident heat radiation. 

The response of the heat flux meter and different thermocouples are measured using a voltmeter with the 
appropriate accuracy. All required output voltages (pressure gauge, thermocouple, etc.) are recorded using a 
scanning data logging system. 

The data reduction and calculation of the irradiance produced on the sensor is carried out using a special 
computer routine. 

7.2 Operating procedure 

The heat flux meter is inserted into the black-body cavity working under vacuum. In this case and to a first 
approximation, the heat flux meter output signal is directly proportional to the total incident heat flux irradiating 
the sensor. 

In a preliminary step, the relationship between total incident heat flux on a typical laboratory heat flux meter 
and cavity temperature was calculated using a net heat radiation method and convection heat transfer 
modelling inside the black-body cavity. Then, when a heat flux meter is calibrated, this relationship with the 
same assumptions about experimental boundary conditions is used to obtain the total incident heat flux from 
measurements of cavity temperature. 

The calibration procedure is given in detail in Annex A. The data reduction procedure is described in Annex B. 

7.3 Uncertainty 

7.3.1 Uncertainty in general 

The estimation of the expanded uncertainty of a measurement is based on an analysis of the main sources of 
uncertainties. The contribution of each component arising from the method, the medium and the devices used 
is analysed. A summary of the estimated uncertainties is given in Table 1. 
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7.3.2 Black-body temperature, heat transfer modelling and emissivity 

The black-body temperature component takes all details of a temperature measurement into account. Heat 
transfer modelling component is obtained by an analysis of the influence of thermocouple positions, radiation 
and convection modelling and thermal resistance (about 1,3 % at low heat flux level). This part is the most 
important source of uncertainty. Emissivity uncertainty of each part of the black-body cavity can be considered 
as a negligible contribution to the total uncertainty. 

7.3.3 Pressure output reading 

The uncertainty on the pressure output reading is determined from details of the calibration and resolution of 
the instruments. 

7.3.4 Radiometer reading 

This contribution is calculated for a water-cooled gauge. Repeatability and influence of the cooling flow are in 
particular taken into account. Depending of the heat flux level, different scenarios for data acquisition of 
radiometer readings are applied. The result obtained is a compromise between the effect of time of equilibrium 
in the calibration programme heat flux levels and the resistance of the gauge’s coating. 

Table 1 — Summary of sources of uncertainty 

Uncertainty source 
Relative uncertainty 

± % at 

Component 

Type 
272 °C 

(5,0 kW/m2) 

375 °C 

(10,0 kW/m2)

542 °C 

(25,0 kW/m2)

671 °C 

(45,1 kW/m2) 

700 °C 

(50,8 kW/m2) 

800 °C 

(75,2 kW/m2)

Black-body temperature 

Heat transfer modelling 

Black-body emissivity 

A-B 

B 

B 

0,24 

1,27 

0,00 

0,20 

1,07 

0,00 

0,20 

0,85 

0,00 

0,19 

0,73 

0,00 

0,19 

0,71 

0,00 

0,18 

0,64 

0,00 

Pressure output reading B 0,10 0,07 0,03 0,02 0,02 0,01 

Radiometer reading A-B 0,84 0,54 0,43 0,42 0,41 0,41 

Combined expanded 
relative uncertainty 

(k = 2) 3,1 2,4 1,9 1,7 1,7 1,6 

The relative expanded uncertainty (k = 2) is estimated to be less than ± 2,5 % for the heat flux range between 
10 and 75 kW/m2. 

8 Spherical black-body cavity method (method 2) 

8.1 Apparatus 

8.1.1 General description of apparatus for method 2 

The method is a semi-closed method based on the use of a well-insulated, electrically heated spherical 
furnace chamber. A water cooled heat flux meter holder housing the heat flux meter is inserted in the opening 
at the bottom of the furnace. The furnace is shown in Figure 4. 

The spherical furnace should have a large area compared to the opening to act as a nearly perfect black-body 
emitter. The aperture in the water cooled sight tube defines the view factor under which the furnace radiates to 
the heat flux meter. The sight tube and the heat flux meter with its holder are at the bottom of the furnace to 
reduce the effect of convective currents. 
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8.1.2 The spherical furnace chamber 

The spherical furnace consists of an inner shell of Inconel2) material which is heavily oxidized to enhance its 
spectral emissivity. On the outside of that Inconel shell, evenly distributed electrical heating coils are attached 
with a ceramic compound with good thermal conductivity. The furnace chamber is embedded in high 
temperature resistant ceramic insulation to minimize heat losses and establish an even temperature 
distribution. The inner diameter of the furnace chamber should be larger than 4,5 times the restricting aperture 
of the water cooled sight tube. 

 

Key 
1 spherical cavity 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 tube 
7 heat flux meter 
8 ceramic insulator stand-offs 
9 movable, water cooled, heat flux meter holder 
10 interior support structure 
11 bottom face plate 

Figure 4 — Vertical cross-section of the spherical furnace 

                                                      

2) Inconel is an example of a suitable product available commercially. This information is given for the convenience of 
users of this part of ISO 14934 and does not constitute an endorsement by ISO of this product. 
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8.1.3 The sight tube and the heat flux meter holder 

The water cooled sight tube consists of an assembly of concentric cylinders, with a system of water channels 
in between. The sight tube shall be carefully machined to accurate dimensions. Its top opening forms an 
aperture, through which the furnace radiates to the heat flux meter. Some distance down (X1 in Figures 5 
and 6), a flange is located. This flange serves partly as a stray radiation shield, but mainly as a rest, in order to 
position the water cooled heat flux meter holder exactly. The sight tube with the heat flux meter holder is 
shown in Figure 5 where the main details are identified. 

Dimensions in millimetres 

 

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) 

NOTE 1 The aperture diameter, d1, is (60,18 ± 0,01) mm and the distance X1 is (13,05 ± 0,03) mm. Note that the 
distance Xg varies, depending on the heat flux meter design, as it is the distance between the top of the holder and the 
sensing surface of the heat flux meter. Normally it is around 17 mm. 

NOTE 2 The figure shows the cross-section at the level of the cut. Parts that lay behind the cut and that should be 
visible are not included. 

Figure 5 — Cross-section of the inner part of the water cooled sight tube with the heat flux meter 
holder in its top position 
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Dimensions in millimetres 

 
Key 
1 spacer ring with shielding flange 
2 sensing surface 
3 heat flux meter body (schematic) 

NOTE 1 The distance X2 is (40 ± 0,02) mm. 

NOTE 2 The figure shows the cross-section at the level of the cut. Parts that lay behind the cut and that should be 
visible are not included. 

Figure 6 — Cross-section of the inner part of the water cooled sight tube with the heat flux meter 
holder 40 mm below the top position and with the spacer ring inserted 

The sight tube is designed for use with the heat flux meter holder in two positions without causing reflections 
from the cooler walls. The top position and a position 40 mm below that provides for radiation ranges of 
6 kW/m2 to 75 kW/m2 and 2 kW/m2 to 25 kW/m2, respectively, at the temperature interval 400 °C to1 000 °C. 
The sight tube and the heat flux meter holder shall be accurately manufactured to provide an exact input for 
calculation of the radiation level at the sensing surface. 

Figure 5 shows the heat flux meter holder in its top position. 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 reduces convective heat transfer to the heat flux meter sensing surface. 

Figure 6 shows the heat flux meter holder in its lowest position, with the spacer ring inserted between the stop 
flange and the holder. Inside the removable spacer ring there is another flange for shielding of reflection. The 
spacer also serves to ensure exact positioning of the holder in its lowest position. 

If the diameter of the heat flux meter body is smaller than the inside diameter of the heat flux meter holder, a 
fixture shall be used to position the heat flux meter along the centre line of the holder. 

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O 14

93
4-2

:20
06

https://standardsiso.com/api/?name=c5ffe231c0a33bf822ae926dfa84bc45


ISO 14934-2:2006(E) 

© ISO 2006 – All rights reserved 15

8.1.4 Temperature measurement 

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 further protected against radiation by inserting it into welded tubing into 
the interior of the inner shell of the Inconel sphere. 

The cooling water temperature is measured with a type K thermocouple. The thermocouple for measuring the 
temperature of the cooling water is inserted into the water pipe near to the heat flux meter and its holder. 

The thermocouples shall be of tolerance class 1 in accordance with IEC 60584-2. 

The final calibration of the whole system shall be performed radiometrically by using a calibrated pyrometer 
with a calibration accuracy of ± 1 °C or better. 

8.1.5 Dimension measurement 

The heat flux meter depth (Xg) shall be measured with a calibrated dimension gauge having a resolution of 
0,01 mm. The area of the heat flux meter’s sensing surface shall be determined with a relative standard 
uncertainty less than 10 %. 

8.1.6 Data logger 

The data logging system should have appropriate accuracy to handle the signals from the temperature 
sensors as well as the low level voltage from the heat flux meter. The error after calibration should be less 
than ± 10 µV. The accuracy of the temperature reading is determined so that the overall temperature 
uncertainty shall be less than 1,4 °C. 

To account for possible errors in the rest of the measuring chain, the same logger and connectors should be 
used wherever possible in both calibration and actual measurement. 

8.2 Operating procedure 

Heat flux meters should be calibrated at ten different flux levels, evenly distributed. 

The procedure for a normal calibration is given in Annex D. The data reduction procedure is described in 
Annex E. 

8.3 Uncertainty 

The error analysis for this system assumes that the water-cooled sight tube and heat-flux-meter holder are 
manufactured in accordance with the supplied drawings (Annex F). For a detailed error analysis, see 
References [5] and [11]. A summary of the uncertainty sources and their contribution to the combined relative 
uncertainty is listed in Table 2. 
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Table 2 — Summary of sources of uncertainty 

Relative uncertainty 
% 

At 400 °C At 1 000 °C Uncertainty source Type 
With insert 

(2 kW/m2) 

Without insert

(6 kW/m2) 

With insert 

(23 kW/m2) 

Without insert

(74 kW/m2) 

Approximations in the enclosure model 
and unwanted reflections B 0,5 0,5 0,5 0,5 

Convection B 0,3 0,3 0,3 0,3 

Emissivity of walls B 0,1 0,1 0,1 0,1 

Aperture diameter B 0,03 0,03 0,03 0,03 

Furnace diameter B 0,003 0,003 0,003 0,003 

Distance in fixed cooler, x1 B 0,04 0,06 0,04 0,06 

Size of fitting piece B 0,06 NA 0,06 NA 

Insertion depth B 0,07 0,1 0,07 0,1 

Temperature of cooler B 0,2 0,02 0,3 0,06 

Temperature of cooling water B 0,06 0,06 0,004 0,0015 

Area of sensor A 0,02 0,03 0,02 0,03 

Temperature of furnace A 1 a 1 a 0,5 a 0,5 a 

Voltage measurement A 0,6 0,6 0,06 0,06 

Combined expanded relative uncertainty k = 2 2,7 2,6 1,7 1,6 
a Provided that the standard uncertainty is equal or less than 1,4 °C. 

9 Variable-temperature black-body (VTBB) method (method 3) 

9.1 Apparatus 

9.1.1 General description of apparatus for method 3 

Figure 7 shows a schematic layout of the VTBB apparatus and the calibration scheme. The basic components 
are the cylindrical tube cavity providing broadband black-body radiation, the controller with pyrometer for 
temperature control, reference standard radiometer, test sensor and the associated data acquisition system. 

9.1.2 Black-body cavity 

The cylindrical cavity of the black-body is a thermally insulated graphite tube heated electrically. Direct 
resistance heating using large ac currents at low voltages provides for quick heating and cooling. The heated 
tube cavity diameter is 25 mm, and the heated section is 28,2 cm long with a centre partition, 0,3 cm thick. 

The tube end caps are water-cooled and are directly connected to the heating electrodes. The design 
provides a sharp temperature gradient between the end cap and the graphite heater element. This helps in 
achieving a uniform temperature distribution along the cavity length of the graphite tube. Different lengths of 
graphite extension tubes can be attached to the end caps. 

The radiating cavity is purged with argon gas during operation to prevent oxidation at low temperatures and 
sublimation at high temperatures. 
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Key 
1 heated graphite tube dual-cavity 
2 water-cooled copper end caps 
3 graphite tube extension (not cooled) 
4 control pyrometer 
5 temperature controller/computer 
6 power supply 
7 purge gas lines (argon) 
8 transfer standard radiometer 
9 test heat flux sensor 

Figure 7 — Schematic layout of the 25 mm variable-temperature black-body of method 3 

9.1.3 Temperature measurement/control 

An optical pyrometer measures the black-body temperature by sensing radiation from one end of the furnace. 
Four different aperture filters are used with the pyrometer to cover the black-body operating temperature 
range from 973 K to 2 973 K. The output of the pyrometer is also used for black-body temperature control to 
the set value. A PID controller regulates the power supply to maintain the black-body cavity temperature to 
within ± 0,1 K of the set value. The maximum recommended operating temperature for the furnace is 2 973 K. 

9.1.4 Reference standard radiometer 

The reference standard radiometer is a room-temperature electrical substitution radiometer (ESR) (Figure 8). 
The radiometer is water-cooled and is suitable for continuous operation. The incident heat radiation from the 
radiating source is nearly completely absorbed by multiple internal reflections within the black-cavity of the 
radiometer, to within a few fractions of a percent. The electrical power required to produce the same 
temperature rise in the cavity as the incident heat radiation is determined by measurement of voltage and 
current through a precision resistor. A radiometer is used to directly measure the actual incident heat 
radiation; hence, the uncertainty in the absolute temperature of the black-body cavity and the cavity emissivity 
do not influence the uncertainty in the flux measurement, as long as the cavity temperature remains stable in 
the time between the exposure of the ESR and the calibration of the gauge. The radiometer used covers a 
range from 0,4 kW/m2 to 42 kW/m2, and has a view angle of 86° and an aperture area of 0,992 5 cm2. The 
radiometer has a time constant (1/e) of 6 s for a step change in irradiance. For large changes in heat flux level, 
it is necessary to allow about 60 s for stabilization before measurements are made. For flux traceability, the 
ESR measurement should be directly traceable to a flux standard like HACR. 
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Key 
1 cooling water 
2 aperture 
3 cavity 

Figure 8 — Schematic layout of the reference electrical substitution radiometer 

9.1.5 Radiometer and test sensor installation 

The test sensor and the reference radiometer are located outside the black-body exit in a test-plane at a fixed 
distance from the black-body aperture. The distance between the black-body and the test plane depends on 
the calibration heat flux range. The black-body exit location is used as a reference plane for locating the 
sensor/radiometer with standard gauge blocks. For calibrations up to 50 kW/m2, the test-plane is 12,5 mm 
away from the reference plane. For calibrations in the lower ranges of 25 kW/m2 and 10 kW/m2, the test-plane 
is at 62,5 mm and 140 mm away from the reference plane, respectively. The test sensor is mounted on a 
holder. Standard mounting blocks and holders are available for mounting 25 mm Gardon and 5 mm Schmidt-
Boelter sensors. For water-cooled sensors, a re-circulating water pump is used for cooling. 

9.1.6 Data acquisition 

The sensor and the radiometer outputs are connected to different channels of a multiplexed digital voltmeter. 
After stabilization of the temperature, the black-body unit is positioned first in front of the radiometer and then 
the test sensor. The calibration is carried out sequentially; first measuring the flux with the radiometer followed 
by sensor output. The recording of the instrument output by the digital voltmeter is triggered by a computer 
command. The signal reading and the corresponding time are recorded for the test duration in approximately 
0,4 s interval and the data are stored in a specified file for further analysis. 

9.2 Operating procedure 

9.2.1 Operating procedure in general 

The sensors received for calibration are first inspected for continuity and the condition of the absorptance 
coating on the sensor surface. The value of the resistance measured by a multi-meter is recorded. The 
calibration procedure in the VTBB is given in detail in Annexes H and I. 

9.2.2 Radiometer self-calibration 

Annex H describes the self-calibration of the radiometer, which shall be performed before the radiometer is 
used. While the incident heat radiation values are arrived using the actual calibration of the radiometer, the 
self-calibration is necessary to be consistent with the radiometer settings during calibration and use. In 
general, the self-calibration is carried out at a power level of about 920 mW. 
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9.2.3 Sensor calibration in VTBB 

The heat flux sensor to be calibrated and the reference radiometer are located at a fixed distance away from 
the exit of the black-body depending on the range of calibration. Annex I gives the procedure for making 
calibration measurements. The measurements are made at 5 to 10 heat flux levels within the range of 
calibration. Table 3 gives the approximate temperature settings of the VTBB and the corresponding heat flux 
level at the sensor for different locations from the black-body aperture. The values of heat flux listed in Table 3 
help in determining the best location for the sensor with reference to the black-body aperture. 

Table 3 — Heat flux values at sensor plane for different black-body temperatures 

X = 12,5 mm a X = 62,5 mm a X = 140 mm a 

Temperature Heat flux Temperature Heat flux Temperature Heat flux 

K kW/m2 K kW/m2 K kW/m2 

1573 9 1823 5 1573 1 

1773 13 1963 7 1973 3 

1973 19 2108 10 2273 5 

2123 24 2233 12 2473 7 

2273 31 2373 15 2573 8 

2373 36 2573 20 2673 10 

2453 41 2773 27   

2553 47     

2653 55     
a Distance from black-body exit to radiometer/sensor location. 

9.2.4 Data reduction 

The data reduction procedure is described in Annex J. The measured responsivity of the sensor is expressed 
in mV/(kW/m2). The regression curve fit for the data is generally linear with regression factors close to unity. In 
some cases, a small degree of non-linearity may be observed at low heat flux levels, when calibrating with the 
radiometer/sensor located close to the black-body exit, due to argon gas flow effects. However, this effect 
reduces with increasing heat flux and the responsivity is largely determined by the readings at high heat flux 
levels. 

9.2.5 Convective heat flux error 

The gauge surface temperature rises during calibration due to radiant heating. Since the calibration is under 
ambient conditions, a free-convection flow develops leading to heat loss from the gauge surface and a net 
reduction of the heat flux measured by the gauge. The correction due to convective heat loss is negligible if 
the gauges are water-cooled or if the calibration duration is short with no significant rise in the surface 
temperature. The convection heat-loss when not negligible often appears as a non-linearity in the gauge 
response for increasing incident radiant heat flux. 

If the gauge surface temperature-rise during calibration is significant, a correction for the calculated flux due to 
convective heat loss at the gauge location is necessary. Theoretical estimate for the convective heat loss is 
possible by approximating the gauge surface by a simplified flat-plate configuration. The convection losses 
increase with decreasing surface area exposed to free convection. The calculations show the 1,0 cm × 1,0 cm 
heated vertical plate 50 K above the surroundings temperature, the maximum convection heat loss is about 
0,6 kW/m2. By limiting the gauge surface temperature-rise, it is possible to minimize the convective heat loss. 
However, it is necessary to ensure the convective heat losses are within the desired accuracy for the specific 
test conditions, or to correct for convection losses. 
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9.3 Uncertainty 

9.3.1 Uncertainty in general 

The uncertainties are grouped under two categories; Type-A evaluated using statistical methods, and Type-B 
evaluated by other means. The individual uncertainties are then combined using the square root of the 
sum-of-the squares to arrive at the combined measurement uncertainty. 

9.3.2 Reference standard radiometer 

The uncertainty associated with the calibration of the transfer standard is obtained from previous 
measurements discussed. This is considered as a Type-B uncertainty and estimated to be 0,6 %. 

9.3.3 Black-body parameters 

The primary standard VTBB has a long-term stability within ± 0,1 K of the set temperature. The corresponding 
uncertainty in the radiant heat flux will be 0,01 % at 1 000 K and 0,004 % at 2 773 K. This is negligible 
compared to the other test uncertainties and can be ignored. The black-body emissivity has no influence on 
the calibration. Higher values of emissivity help in realizing higher heat flux levels at the sensor surface for a 
given operating temperature. The uniformity of radiation from the black-body aperture has no major influence 
on the calibration because of identical effects on both the reference standard and the test sensor. 

9.3.4 Alignment errors 

The test sensor and the radiometer are positioned at a fixed distance from the black-body exit using a gauge 
block, and the black-body exit as the reference plane. The effective radiating aperture is nearer to the heated 
end of the graphite tube cavity, which is about 8,5 cm inside of the black-body exit with the short extension 
piece installed. Assuming a maximum error of about 0,2 mm in the location of the radiometer and the sensor 
with respect to the reference plane, the corresponding uncertainties will be 0,2 %, 0,14 % and 0,09 % at 
sensor locations of 12,7 mm, 62,5 mm and 140 mm, respectively. The corresponding uncertainty in heat flux 
will be 0,4 %, 0,3 % and 0,2 % at sensor locations of 12,7 mm, 62,5 mm and 140 mm, respectively. The errors 
due to angular misalignment vary as the cosine of the angle. Assuming a maximum misalignment of about 2°, 
the corresponding uncertainty will be 0,06 %. 

9.3.5 Aperture size effect 

Due to different sensing areas of the radiometer and the sensor, a correction to the radiometer measurement 
may be necessary in some cases to account for the non-uniform distribution of the heat flux across the 
sensing area. This correction can be estimated by considering the variation of the configuration factor across 
the radiometer aperture. For the VTBB calibration set-up, the correction is less than 0,3 % of the measured 
radiometer reading. 

9.3.6 Radiometer/sensor reading 

The sensor and the radiometer readings are averaged over a period of 10 s to 60 s depending on the heat flux 
level. If the sensors are water-cooled, longer averaging times can be used. Because of long time constant, the 
unsteadiness in the radiometer output due to purge gas flow and other effects will be much less compared to 
the sensor output which has a time constant of 50 ms to 300 ms. The standard deviation of the mean 
(standard error) of the sensor output measured at two locations from the black-body exit shows a uncertainty 
of about 0,2 % and reducing significantly at higher heat flux levels greater than 10 kW/m2. 

9.3.7 Long-term repeatability 

The long-term repeatability of the calibration procedure in the VTBB is monitored through calibration of a 
reference Schmidt-Boelter sensor at frequent intervals. This reference sensor is calibrated each time before a 
customer calibration is performed. The uncertainty due to long-term repeatability of the procedure is 
determined from results of several tests on this reference Schmidt-Boelter sensor in the same facility and 
using similar instrumentation and experimental set up. 
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9.3.8 Combined uncertainty 

The individual uncertainties discussed above have been listed in Table 4 and the combined uncertainty (uc) 
determined by calculating the square root of the sum-of-the-squares of individual uncertainties. The relative 
expanded uncertainty (U) expressed for a coverage factor of k = 2, is about 2 %. The uncertainty values 
shown correspond to a typical Gardon sensor calibration. 

Table 4 — Summary of sources of uncertainty in the measurement range 
of heat fluxes 10 kW/m2 to 50 kW/m2 

Uncertainty source Type Relative uncertainty 
% 

Reference radiometer B 0,6 

Black-body temperature B 0,1 

Black-body emissivity B 0,0 

Black-body aperture uniformity B 0,0 

Sensor/radiometer alignment (distance) B 0,4 

Sensor/radiometer alignment (angular) B 0,1 

Radiometer aperture averaging effect B 0,1 

Radiometer output reading A 0,2 

Sensor output reading A 0,2 

Repeat tests on a similar gauge A 0,7 

Combined expanded relative uncertainty k = 2 2,1 

10 Number of calibration levels 

Heat flux meters should normally be calibrated at ten different flux levels. The radiation levels chosen for the 
calibration could be either evenly distributed over the range 0 kW/m2 to the maximum allowable of the heat 
flux meter, or more concentrated in a range of particular interest. 

The number of radiation levels used for calibration influences the uncertainty in the regression of the 
calibration. When a linear regression has been performed then the standard deviation is calculated either by 
means of the computer program used for the regression or by 

2 2

1

1ˆ ˆ( )
m

i i
i

s y y
ν =

= ⋅ −∑  (5) 

where 

ν is the number of degrees of freedom; 

m is the number of radiation levels; 

ˆ iy  is the value from the model; 

iy  is the measured value for the level .ix  

The number of degrees of freedom, ν, equals number of radiation levels minus the number of parameters that 
are set in the regression, i.e. 2 for linear regression. The uncertainty for the regression curve is then 
calculated as the standard deviation times a coverage factor in order to get a 95 % confidence interval. If the 
degree of freedom is small, i.e. less than 10 then this shall be taken from the t-distribution. 
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11 Expression of results 

The calibration results should be reported in a table with the contents as given in the list below: 

⎯ total heat flux, qtot (kW/m2); 

⎯ incident heat radiation, Irad (kW/m2); 

⎯ emitted radiation from sensor, 4
wTσ  (kW/m2); 

⎯ output voltage, Uout (mV). 

A graph should be plotted of the total heat flux, qtot (kW/m2) versus output voltage Uout (mV) from the heat flux 
meter from the processed data. After this a best fit should be calculated, using either a linear equation 
(resulting in A1 only or in A1 together with A0) or a non-linear approximation (A0, A1 and A2). 

In case the non-linearity for a certain application is negligible, it can be stated that the non-linearity during the 
calibration was negligible, and that therefore a value for A2 is not given. 

Apart from the table and the end result expressed in the constants A0, A1 and A2, the calibration certificate 
should mention the following: 

⎯ heat flux meter body temperature during calibration, in °C; 

⎯ field of view of the heat flux meter, expressed in degrees. In case of view-limiting apertures, specify field 
of view from the centre of the sensing surface to the edge of the view-limiting aperture. In case of flat 
receivers, specify 180°; 

⎯ source temperature, in °C; 

⎯ spectral range. In case of window material specify the 50 % transmission points in microns. These are the 
wavelengths at which the transmission is 50 % of the maximum transmission. In case of black coating 
without windows, specify 1 µm to 10 µm; 

⎯ transmission. In case of window materials, specify the average transmission of the window material if this 
is known. In case of absence of windows, specify not applicable; 

⎯ additional relevant source properties such as vacuum or not; 

⎯ uncertainty for each level. The uncertainty estimation should include the uncertainty of the calibration 
method, the uncertainty emanating from the convective heat transfer, and the uncertainty from the 
calibration itself. 

12 Calibration report 

The calibration report should contain the following information: 

a) name and address of the calibrating laboratory; 

b) date and identification number of the report; 

c) name and address of the client; 

d) name, type, serial number, and manufacturer of heat flux meter under calibration, and details of 
measuring range and absorptance of surface coating; 

e) date of the calibration; 
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f) calibration method; 

g) identification of the calibration equipment used; 

h) traceability of measurements; 

i) any deviation from the calibration method; 

j) calibration results consisting of a table as described in Clause 11 and a graph showing the calculated 
radiation as a function of the output signal from the heat flux meter. This function should also be shown 
as straight line fit; 

k) uncertainty of the test results; 

l) date and signature. 
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Annex A 
(normative) 

 
Operating procedure for vacuum black-body cavity method (VBBC) 

(method 1) 

Procedure: 

a) Turn on the bench. 

b) Adjust the black-body temperature to the calibration level. 

c) Prepare the ice point for temperature measurement. 

d) Connect cooling water pipes of the heat flux meter to cooling bath and adjust it to 0,5 kg/min. 

e) Connect output signal of heat flux meter to the voltmeter. 

f) Verify all measuring devices to data loggers. 

g) Run the software. 

h) Switch on the Pirani gauge. 

i) Switch on the primary pump. 

j) Start the signal readings. 

k) Set up the heat flux meter on the holder and then Insert the system in the cavity. 

l) Open the vacuum circuit. 

m) When pressure is lower than 300 Pa, switch on the secondary pump. 

n) Wait until the pressure is approximately 1 Pa. 

o) Start collecting parameter measurements. 

p) Determine the standard deviation of the heat flux meter output over a 4 min period. The system is 
assumed to be stable when this value is less than 0,1 %. 

q) Stop collecting data. 

r) From each series, an average iU  is calculated by software. 

Steps n), o), p) and q) are repeated two times at each irradiance level. 

s) Switch off the secondary pump. 

t) Close the vacuum circuit. 

u) Put the cavity at atmospheric pressure. 

v) Remove the heat flux meter, and have a look to the sensor in order to verify that there is no damage. 
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w) Increase the black-body temperature to the next irradiance level or go to step z) if the routine is complete. 

Measurements are made at about 10 different levels. 

All data are stored in a file for analysis. 

x) Wait for the black-body temperature to stabilize. 

y) Repeat steps h) to v). 

z) Remove the heat flux meter from the holder. 

aa) Switch off the software, the cooling bath and all devices running. 

bb) Proceed to data analysis. 
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Annex B 
(normative) 

 
Calculating the irradiance from the vacuum black-body cavity (VBBC) to 

the heat flux meter 

B.1 Principle 

The cavity is considered as a closed surface Σ, divided into n isothermal surface elements. To calculate the 
irradiance produced on a given surface, a leaving heat flux method (variant of the net radiation method) is 
applied. It consists of carrying out an estimation of the heat transfer between the surface elements. 

 

Figure B.1 — Example of surface Σ 

For a given surface, iS : 

4 (1 )i i i i iJ T Eε σ ε= + −  (B.1) 

where 

iJ  is the leaving heat flux (radiosity) of surface i, which equals the emitted radiation plus the radiation 
reflected by surface i; 

iε  is the emissivity of surface i; 

iT  is the temperature of surface i; 

iE  is the irradiance of surface i; 

( )0 0 0, ,
1 ...i i n n n i
i

E J S f J S f
S

= + +  where ,i jf is the view factor of surface i towards surface j; 

( )0 ,0 ,
1 ...i i i n i i n
i

E J S f J S f
S

= + +  because , ,i i j j j iS f S f= ; 

0 ,0 ,...i i n i nE J f J f= + + . (B.2) 

Thus, the expression (B.1) can be written as 

4
0 ,0 ,(1 )( ... )i i i i i n i nJ T J f J fε σ ε= + − + +  (B.3) 
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Yielding 

4

0 ,0 , ,
1... ...

1 1
i i

i i i i n i n
i i

T
J f J f J f

ε σ
ε ε

⎛ ⎞
− = + + − + +⎜ ⎟

− −⎝ ⎠
 (B.4) 

The result is a set of n equations of n unknown quantities, namely the n “radiosities” of the surface elements. 

The set of equations is rewritten in the form FJ C=  with: 

0,0 0,1 0,
0

1,0 11 1,
1

,0 ,1 ,

1 ...
1

1 ...
1

: : :
1...

1

n

n

n n n n
n

f f f

f f f
F

f f f

ε

ε

ε

⎡ ⎤−⎢ ⎥−⎢ ⎥
⎢ ⎥−⎢ ⎥= −
⎢ ⎥
⎢ ⎥
⎢ ⎥−⎢ ⎥−⎣ ⎦

 
0
1
:
n

J
JJ

J

⎡ ⎤
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

4
0 0

0
4

1 1

1

4

1

1
:

1
n n

n

T

T
C

T

ε σ
ε

ε σ
ε

ε σ
ε

⎡ ⎤
−⎢ ⎥

−⎢ ⎥
⎢ ⎥
⎢ ⎥−= ⎢ ⎥−
⎢ ⎥
⎢ ⎥
⎢ ⎥−⎢ ⎥−⎣ ⎦

 

Simply divide by F to find J: 1J F C−=  

The irradiance, iE , on a particular surface element is obtained from the calculated leaving heat flux (radiosity), 
using Equation (B.2) 

B.2 Modelling of the radiant heat transfer of the VBBC system 

 

Key 
1 n rings 
2 heat flux meter  
3 k crowns 

Figure B.2 — Illustration of the method of splitting the cavity of the black body into isothermal surface 
elements for the purpose of modelling the radiant heat transfer to the heat flux meter 
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To simplify calculations of view factors, the following modelling scheme is chosen: 

a) n rings. These rings are each considered as isothermal; with the temperature measured by the 
thermocouples on each interval; 

b) k crowns constituting the bottom of the cavity considered as isothermal. Their respective temperatures 
are deduced from the measurements taken by the basic cavity thermocouples; 

c) one disc representing the isothermal sensitive surface of the heat flux meter; 

d) one crown for the reflective diaphragm surrounding the flux meter. 
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Annex C 
(informative) 

 
Examples of computer screens for calculating the irradiance from the 

vacuum black-body cavity (VBBC) 

 

Figure C.1 — Example of temperature gradients along the cavity 

Table C.1 — Temperature measurement, probe arrangement for VBBC 

Longitudinal position 
of the probe 

(Distance from heat flux 
meter to back of cavity) 

mm 

Cross position 
of the probe 

(Distance from centre of 
cavity) 

mm 
0 0 

17 27 
33 54 
50 81 
67 — 
83 — 

100 — 
133 — 
167 — 
200 — 
250 — 
300 — 
350 — 
410 — 
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Annex D 
(normative) 

 
Operating procedure for spherical black-body cavity method (method 2) 

D.1 Stepwise operating instructions 

a) Identify the heat flux meter and enter the following data in the calibration protocol: 

⎯ manufacturer, type and serial number; 

⎯ maximum allowable radiation in kW/m2. 

b) Decide which 10 radiation levels the heat flux meter is going to be calibrated at. Enter the temperatures 
corresponding to each radiation level in the protocol. If a fitting piece will be used, note this in the protocol. 

c) Measure the radius of the heat flux meter’s receiving sensor and enter this in the protocol. Be sure to 
measure only the sensing element. This could be smaller than the painted area of the heat flux meter. 

d) Choose a suitable fixture for the heat flux meter according to its diameter. Connect water supply and the 
cables to the data logging system. 

e) Insert the heat flux meter with its fixture into the movable cooler and secure its position. 

f) Measure the depth Xg of the heat flux meter carefully, (distance between top of movable cooler and heat 
flux meter’s receiving sensor) with a 0,01 mm depth gauge and note in the protocol. 

g) Insert the movable cooler into the fixed cooler and secure with lock nuts. 

h) Measure the insert depth if fitting piece is used, with a 0,01 mm depth gauge (may be omitted if fitting 
piece is very accurate) and note in the protocol. 

i) Connect all measuring devices to data logger. 

j) Turn on cooling water for fixed and movable cooler and for the heat flux meter. The temperature of the 
water should be approximately 5 °C above room temperature. Adjust the flow of all items. 

k) Water flow for the various items: 

fixed part of cooler: 3,3 l/min; 

movable part of cooler: 2,5 l/min; 

heat flux meter: according to manufacturer of heat flux meter. 

l) Switch on the furnace. 

m) Set the set point temperature corresponding to the first radiation level on the regulator. 

n) Allow furnace to stabilize on the set point temperature, the temperature shall be stable within ± 1 °C/min. 

o) Check cooling water temperature and flow, adjust if necessary. 

p) Take readings during 1 min (approx 120 readings) on stable level. 

q) Repeat steps m) through p) for next level of radiation. 

r) Process the collected data according to the computer code (Annex E). 
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Annex E 
(normative) 

 
Calculating the irradiance from the spherical black-body cavity to the 

heat flux meter 

E.1 Principle 

The irradiance to the heat flux meter, q, is approximately proportional to the fourth power of the absolute 
temperature of the furnace. Based on the geometric configuration of the cooler design of method 2 (described 
in Annex F) the relation between the furnace temperature Tf and q can be calculated according to the 
procedure given in this annex. The calculated values are given in Figure E1. 

 

Key 
1 radiation, expressed in kW/m2, with dx = 0 mm (without spacer ring) 
2 radiation, expressed in kW/m2 with dx = 40 mm (with spacer ring) 

NOTE If spacer ring is used, use curve 2. Input data for the plot: rg = 2,5 mm, Xg = 17 mm, Tw = 25 °C 

Figure E.1 — The calculated heat flux radiation on the heat flux meter as a function of the furnace 
temperature 
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Approximately the relation can be given as 

4
fq Tϕσ=

 (E.1) 

When no fitting piece is used (see Figure 6), Equation (E.1) is changed to 

8 40,501 5,67 10 fq T−= ⋅ ⋅ ⋅  (E.2) 

When the 40 mm fitting piece is used (see Figure 5), Equation (E.1) is changed to 

8 40,157 5,67 10 fq T−= ⋅ ⋅ ⋅  (E.3) 

where q and Tf are given in W/m2 and K, respectively. 

E.2 Calculation procedure 

The incident heat radiation to the gauge is calculated for each measuring point by approximating the cooler as 
a cylinder according to Figure E.2 and using the net-radiation method: 

5 5

b b
1 1

1
( )i k

ik k ik i k
i kk k

q
F q F e e

ε
ε ε= =

−
− = −∑ ∑  (E.4) 

where 

qi is the net heat radiation per unit area leaving the area i; 

Fik is the configuration factor for radiation leaving area i and reaching area k; 

εk is the emissivity for area k; 

ebi is the black-body radiation (σ T 4) leaving area i. 
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Key 
1 sensing element 

A areas 
L heights 
C aperatures 
′ with spacer ring 
′′ without spacer ring 

Figure E.2 — Cylinder approximation of cooler 

The calculations are conducted according to the following procedure. 

a) Calculate the apparent emissivity: 

( )( )1 2 2
1

1 4 1 f fd D
ε

ε ε
=

+ −
 (E.5) 

b) Calculate the viewfactors Fij, 1 u i u 5, 1 u j u 5 with F11 = F44 = F55 = F45 = F54 = F25 = F52 = 0. 

c) Calculate the temperature of surfaces A2 and A3. 

d) Solve the following equations system: 

5
31 2 4

12 2 13 3 14 4 1 b1 b
1 2 3 4 1

11 1
( )k k

q
F q F q F q F e e

εε ε
ε ε ε ε

−− −
− − − = −∑  (E.6) 

5
31 22 2 4

21 1 2 23 3 24 4 2 b2 b
1 2 3 4 1

11 1 (1 ) 1
( )k k

F
F q q F q F q F e e

εε ε ε
ε ε ε ε

−− − − −
− + − − = −∑  (E.7) 

5
33 31 2 4

31 1 32 2 3 34 4 3 b3 b
1 2 3 4 1

1 (1 )1 1 1
( )k k

F
F q F q q F q F e e

εε ε ε
ε ε ε ε

− −− − −
− − + − = −∑  (E.8) 
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5
31 2 4

41 1 42 2 43 3 4 b4 b
1 2 3 4 1

11 1
( )k k

q
F q F q F q F e e

εε ε
ε ε ε ε

−− −
− − − + = −∑  (E.9) 

The incident heat radiation is calculated by the equation below using ε5 = 1 and neglecting the second 
term on the left hand side since the cooler is designed to prevent reflections from A1 on A3 to A5. 

5
3 51

51 1 53 3 5 b5 b
1 3 5 1

11
( )k k

q
F q F q F e e

εε
ε ε ε

−−
− − + = −∑  (E.10) 
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Annex F 
(normative) 

 
Drawings for the fixed and movable cooler to the spherical 

black-body cavity 

All parts are made of brass. All surfaces visible from the furnace are treated to give a matt black surface with 
low reflection.3) 

Dimensions in millimetres 

 
Key  
1 spherical cavity emitter 10 outer ring aperture support 
2 inconel spacer ring 11 water outlet for sight tube 
3 ceramic refractory 12 outside flange 
4 refractory posts 13 water outlet for heat flux meter holder 
5 sensing surface 14 movable, water cooled, heat flux meter holder 
6 ultra temperature gasket rope 15 water inlet for sight tube 
7 inner mounting flange 16 aluminium shim spacer 
8 inner shell housing 17 sight tube mounting flange 
9 water cooled sight tube 18 water inlet for heat flux meter holder 

Figure F.1 — Section showing assembly of spherical cavity, water cooled sight tube, 
and water cooled heat flux meter holder 

                                                      

3) An apparatus according to these drawings is available at SP Swedish National Testing and Research Institute, 
Sweden. 
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