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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.
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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 Gardon (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
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ounding gases. It will, however, also depend on size and shape of the heat flux metey its
and on its temperature level, which is near the cooling water temperature. In many practjical
n fire testing, the contribution due to convection to the sensing surface of the instrument{can
D5 % of the radiant heat flux. Thus it is always necessary to determine and contriol this pprt.

ne the fraction of total heat flux due to radiation, a calibration scheme is-déveloped where
libration is performed on two different types of heat flux meters: (1) a tetal hemispheifical
sensitive to radiation only, and (2) a total heat flux meter, (most frequently used) sensiftive
iant heat transfer and to convective heat transfer. A comparison of measurements between
pes of meters in secondary (or transfer) calibration methods allews™a characterization of|the
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the uncertainty calculations should include the uncertainty associated with remoying
tive component. For secondary calibration methods,<a “combined use of hemispherfical
s and total heat flux meters makes it possible to estimate the convection contribution. [The

llibration is performed in a black-body cavity under conditions where the convective part
transfer can be neglected or controlled. One*such apparatus is an evacuated black-body
h the unique characteristic of negligible €ohvection and conduction effects describeg in

this documpent as the vacuum black-body cavity (VBBC) method (method 1). Other (non-evacuated)
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being calibrated. One such facility, described in this document as the spherical black-
nod (method 2), is a furnace with an orifice pointing downwards to minimize the convectfion.
the variable temperature black-body method (method 3) in which the effect of the convecfive
is minimized by the adoption of a substitution procedure in which the heat flux metefr to
ed is compared withra,primary standard radiometer. Under such conditions the convecfive
hch measurement catsibe asumed to be of a similar magnitude.

chmidt-Boeltermgters and Gardon meters are examples of suitable products available commercifally.
ation is given/for the convenience of users of this part of ISO 14934 and does not constitutg¢ an
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ortant to note that when the instruments are used in practice they measurej-¢ombinatio}
convective heat transfers. The latter will depend on the design of the heat'flix meter, the ¢
| temperature and flow conditions, and on the temperature of the coeling water.

Normative references

following documents, in whole or in part, are normatijvely referenced in this docume

rences, the latest edition of the referenced document:(including any amendments) applig
13943, Fire safety — Vocabulary

14934-1, Fire tests — Calibration and use of heat flux meters — Part 1: General principles
60584-2, Thermocouples — Part 2: Tolerances
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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/m?2. 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

© IS0 2013 - All rights reserved
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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.

the
ced
ody

Heat flux meters to be calibrated are inserted through the aperture at the bottom of the furnace with
sensing sufrface of the heat flux meter oriented horizontally. The influence of convection is thustedy
to a mininpum. The heat flux meter sees nothing but the controlled environment of the -black-b|

emitter. Th
making it t

The accurg
given in Al
meter is dg

e radiation level of this black-body emitter depends primarily on the measured,temperat
raceable to international thermal calibration standards.

cy of the method depends on the design of the test apparatus. The operating procedur
hnex D. The relation between the furnace temperature and the irradiance to the heat
scribed in Annex E. The limits of errors assume that the apparatu$-is constructed accorg

ure

eis
Flux
ling

to the figufes 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 technifjue uses the principle of electrical substitution radiometry to calibrate heat flux sensor
to 50 kW/h2. The sensors are calibrated with reference to a zoom-temperature electrical substitu
radiometer whose calibration is traceable to a primary standard high accuracy cryogenic radiom
(HACR). This is a standard for optical radiation power and is supported through a chain of indepeng
calibrations.

b up
fion
bter
lent

The calibration uses the 25 mm cavity diameteryariable temperature black-body (VTBB) facilit
broadband| radiant source. The VTBB consists-of a dual-cavity, electrically heated graphite tube.
black-bodyltemperature is controlled and is-stable within = 0,1 K of the set value.

I as
The

The heat flyix sensor to be calibrated and'thé reference standard radiometerare located ata fixed distgnce
away from|the black-body aperture,depending on the heat flux level. The variation in the incident leat
flux level af the sensor location is dbtained by varying the VTBB temperature. The operating procedure
for electridal substitution radiofnéter is given in Annex H. The calibration procedure is given in Anngx I.
The data r¢duction procedureds given in Annex J.

5 Suitapility of a.gauge for calibration

5.1 Types oftheat flux meters

All three methiods 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, A, 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.

© ISO 2013 - All rights reserved
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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.

NOTE

For the VTBB, 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
Rad

thid
obt

5.4

The
cus

6

6.1

6.1

Thd
sch

Measuring range

iometers are typically designed for use within a certain range. They should be,calibrg
range. For radiometers that will be used beyond the range of the method used extrapol
hined calibration results may not be used unless justified.

Status of heat flux meter prior to calibration

coating on the sensor is visually inspected, and if the conditionsindicate the need for rep
fomer is informed accordingly.

Vacuum black-body cavity (VBBC) method {imethod 1)

Apparatus

1 General description of apparatus forimethod 1

pmatic drawing in Figure 1):

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

an insulated and cooled.chamber (2).

ted within
hition of the

hinting, the

primary calibration apparatus is a closed and insulated system including two essential parts (see a

black-body
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poled heat flux meter holder
tube

heater

pdy cavity
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ectric heaters

oints radial thermocouple
pump

carriage

X meter

oints longitudinal thermocouple

ire 3.
lire 2.

Figure 1 — Cross-section of the furnace (VBB(C)

e vacuum black-body cavity (VBBC)

Key
1 waterd
2 cerami
3  electrid
4 black-b
5 diaphrs
6 threee
7  multi-p
8  vacuunm
9 mobile
10 heat flu
11 multi-p
See Fig]
b SeeFig
6.1.2 Th
The cavity

is@horizontally orientated cylinder with a diameter of about 160 mm and a length of al

out

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
diaphragm

heat flux meter interface for smooth body with and without flange
heat flux meter

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

Dimensions in millimetres
421 0,5

|
|
162 = 0,5

Figure 3 — Cross-section of the black-body cavity

6.1.3 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-Kthermocouples 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.

© IS0 2013 - All rights reserved 5
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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.

6.1.4 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 ko atmospheric pressure is carried out under nitrogen.

6.1.5 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 meaduring 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 appropyiate accuracy. All required output voltages (pressure gauge, thermocouple, etc.) are recorjded
using a scanning data logging system.

The data rgduction and calculation of the irradiance produced on the‘sensor is carried out using a spgcial
computer fjoutine.

6.2 Operating procedure

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

In a preliminary step, the relationship befween total incident heat flux on a typical laboratory heat
flux meter|and cavity temperature was calculated using a net heat radiation method and convecfion
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 incid¢gnt heat flux from measurements of cavity temperature.

The calibration procedureisgivenin detailin Annex A. The data reduction procedure is described in Anngx B.
6.3 Uncertainty

6.3.1 Ungertainty in general

The estimgtion of the expanded uncertainty of a measurement is based on an analysis of the npain
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.

6.3.2 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 componentis 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 mostimportant source of uncertainty. Emissivity uncertainty of each part of the black-body cavity
can be considered as a negligible contribution to the total uncertainty.

6 © IS0 2013 - All rights reserved
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6.3.3 Pressure output reading

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

6.3.4 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

equ']ihrinm inthe calibration programme heat flux levels and the resistance of the g:nlgp'c co. ting_

Table 1 — Summary of sources of uncertainty

Uncertainty Relative uncertainty
source +% at
Type | 272°C 375 °C 542 °C 671°C 700 °C 800 °C
Component (50kW/ | (10,0kW/ | (250kW/ | (451kw/>| (50,8kW/ | [75,2 kW/
m2) m?2) m2) m2) m2) m?2)

Blaplebody tem- |y g | 24 0,20 0,20 0,19 0,19 0,18
perpture
Hegt transfer mod- | p 1,27 1,07 0,85 0,73 0,71 0,64
elling
Blatk-body emis- | p 0,00 0,00 0,00 0,00 0,00 0,00
sivity
Pressure output B 0,10 0,07 0,03 0,02 0,02 0,01
reafling
ﬁi; iometerread- | ) p 0,84 0,5% 0,43 0,42 0,41 0,41
Corpbined
explanded relative |(k=2) 3,1 2,4 1,9 1,7 1,7 1,6
undertainty

The relative expanded uncerfainty (k = 2) is estimated to be less than * 2,5 % for the heat{ flux range
betveen 10 and 75 kW/m?2!

7 |Spherical black-body cavity method (method 2)
7.1 Apparatus

7.1{1 «General description of apparatus for method 2

Themethodisasemtetosedmethodbasedontheuseofawel iuou}atcd, electt i\,a}}_y heate 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.

© IS0 2013 - All rights reserved 7
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7.1.2 The spherical furnace chamber

The spherical furnace consists of an inner shell of Inconel!) 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.

\
PN

Y
/8

[1_4 [

—L 10

Key
spheridal cavity with heater in ceramic casting

low denpsity ceramic insulation

interioyf stainless steel housing

thermofcouple attached:to,sphere interior surface
hard ceframic insulatof

water cooled sight tube

heat flux meter:

cerami¢ insulator stand-offs

O© 0 N O U1 B W N -

movable, water cooled, neat Itux meter nolaer

[N
o

interior support structure

—_
—_

bottom face plate

Figure 4 — Vertical cross-section of the spherical furnace

1) Inconelis 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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7.1.3 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
arest, 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

. d
1
z\~ <
3 &
s NGB+ |4\~
6/% T

i

7

SO IR

AN

!

Key]

1 |restricting aperture

2 |upper shielding flange and restfor heat flux meter holder
3 |aperture disc

4 |shielding flanges of heatflux meter holder

5 |inner part of sighttube with water channels

6 |heat flux meter*holder with water channels

7 |sensing surface

8 |heat fluxameter body (schematic)

NOTEA ™ "The aperture diameter, d1, is (60,18 + 0,01) mm and the distance X7 is (13,05 * 0,03) mm. Note that the
disthnee X varies, depending on the heat flux meter design, as it is the distance between the top of theé 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. This option is referred to as without spacer ring

© IS0 2013 - All rights reserved 9
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Dimensions in millimetres

N =
> %
1 — ] >
/\4 -
=

NN

—]
INER
v

\

Key
1  spacer fring with shielding flange
2 sensing surface

3 heat flux meter body (schematic)

NOTE1 The distance X7 is (40 + 0,02) mm.

NOTE 2  The figure shows thelrpss-section at the level of the cut. Parts that lay behind the cut and that shpuld
be visible age not included.

Figure p — Cross-section of the inner part of the water cooled sight tube with the heat flux
meter hplder 40 mm below the top position and with the spacer ring inserted. This option |s
referred to as with spacer ring

The sight tube 1s designed for use with the heat lux meter holder in two positions without causing
reflections from the cooler walls. The top position (without spacer ring) and a position 40 mm below
that (with spacer ring) provides for radiation ranges of 6 kW/mZ2 to 75 kW/mZ2 and 2 kW/m? to 25 kW/m?2,
respectively, at the temperature interval 400 °C to1l 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.
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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.

7.1.4 Temperature measurement

The furnace temperature is measured with thermocouple type S (Platinum-Platinum/Rhodium) with
protective aluminag chpm’hing of high purity The bare-wires of the fhprmm‘mlp]p are welded together
with a bead size of about 1,2 mm. The thermocouple is further protected against radiationbly 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| thermqcouple for
megsuring the temperature of the cooling water is inserted into the water pipe’near to the heat flux
metfler 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
pyrpmeter with a calibration uncertainty of # 1 °C up to 1000 °C orbetter.

7.1/5 Dimension measurement

The heat flux meter depth (Xg) shall be measured with a‘¢alibrated dimension gauge having g resolution
of 0}01 mm. The area of the heat flux meter’s sensing sutface shall be determined with a relative standard
uncertainty less than 10 %.

7.1/6 Datalogger

The data logging system should have appropriate accuracy to handle the signals from the tgmperature
senpors as well as the low level voltage-from the heat flux meter. The error after calibration should be
lesgthan # 10 uV. The accuracy of thetémperature reading is determined so that the overall tgmperature
uncertainty shall be less than 1,4.°C.

To dccount for possible errorsiin the rest of the measuring chain, the same logger and connecfors should
be ysed wherever possible iff both calibration and actual measurement.

7.2| Operating procedure
Heat flux metersishould be calibrated at 10 different flux levels, evenly distributed.

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

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 and the devices
used is analysed. A summary of the estimated uncertainties is given below and in Table 2 and Table 3.

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].
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7.3.2 Approximations in the enclosure model and error due to reflection

The uncertainties due to the approximations in the enclosure model (see right part of Figure E.2 in
Annex E) and due to reflection errors act in different directions. The enclosure model assuming the
cooler is a cylinder gives a relative error of 0 % to 0,5 % while the reflection error is estimated to
be -0,8 % to 0 %. Combining them using the square root sum of squares and assuming a rectangular
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n of the errors results in a relative standard uncertainty of 0,54 %.
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prture diameter

e aperture influences both the apparent emissivity of the furnace and the view factors.
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7.3.8 Te1nperature of cooler

The cooler is divided into two parts in the calculations, the upper and lower part. These two sections are
assumed to have a uniform temperature each. The temperature of each part is the mean value of several
temperatures in different locations in the cooler and it is assumed that this mean value is representative
for the relevant overall cooler temperature. The uncertainty is due to this approximation and is estimated
to give a contribution of between 0,012 (with spacer ring) and 0,048 (without spacer ring) as presented
in Table 2 and Table 3. The relative sensitivity coefficients depend on both the furnace temperature and
whether a spacer ring is used or not. Due to the low contribution to the combined relative uncertainty
an average value of the coefficients at different temperatures is used.

7.3.9 Temperature of cooling water

Assuming a rectangular distribution and a water temperature of 25 °C (298 K) the relative standard
uncertainty is 0,67 %. The relative sensitivity coefficient for the cooling water temperature depends on
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both the furnace temperature and whether a spacer ring is used or not. Due to the low contribution to
the combined relative uncertainty an average value of the coefficients at different temperatures is used.

7.3.10 Temperature of furnace

The uncertainty of the furnace temperature has a large impact on the uncertainty of the heat flux as
indicated by the relative sensitivity coefficient of 4,66. The standard uncertainty of the temperature
measurement is estimated to 1°C which results in a relative standard uncertainty of 0,15 % at 370°C
(643 K) and 0,079 % at 1000°C (1273 K).

7.3

Thd
orn

11 Area/diameter o1 sensing suriace

radius of the sensitive element of the meter is provided by the manufacturer of thé heat|/flux meter
heasured in each calibration. Assuming an uncertainty of 0,05 and a triangular distributign gives the

relgtive standard uncertainty of 6,8 %. The sensitivity coefficient is estimated to 0,0049 without spacer
ring and 0,0026 with spacer ring.
7.3112 Voltage measurement
Thg uncertainty in voltage depends on the data logger used. The valuesin Table 2 and Table Bare based
on g +2 uV calibration.
T4ble 2 — Summary of sources of uncertainty for the option without spacer ring, see|Figure 5
Uncertainty source Type Relative At370 °C At10009C
C sensitivity . . . .
omponent coefficient Relative Contribution Relative Contribution
Standard to combined Standard to Jombined
uncertainty relative uncertainty | relative uncer-
uncertainty fainty

% % % %
Approximations in the
enclosure model and B 0,5 0,5 0,5 0,5
unwanted reflections
Corjvection B 0,3 0,3 0,3 0,3
Emjssivity of walls B 0,017 7,2 0,12 7,2 0,12
Apgrture diameter B 1 0,019 0,019 0,019 0,019
Furnace diameter B 0,0056 0,62 0,0034 0,62 D,0034
)13115 Fance in fixeddcooler, B 0,43 0,23 0,099 0,23 0,099
Insertion depth, Xg 0,57 0,3 0,17 0,3 0,17
Teqlperature of cooler 0,03 1,6 0,049 1,3 0,039
Ted’ppmr"m afcoaling B 0,078 0,67 0,052 0,67 0,052
water
Area of sensor A 0,0049 8,7a 0,042 8,7a 0,042
Temperature of furnace A 4,66 0,15 0,72 0,079 0,37
Voltage measurement A 0,041 0,041 0,0041 0,0041
(2uv)
Comk_)lned expaqded k=2 16 11
relative uncertainty

a

Typical value, depends on the calibrated sensor
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Table 3 — Summary of sources of uncertainty for the option with spacer ring, see Figure 6

Uncertainty source Type Relative At 370 °C At1000°C
C sensitivity . . . . . .
omponent coefficient Relative Contribution Relative Contribution
Standard to combined Standard to combined
uncertainty relative uncertainty | relative uncer-
uncertainty tainty
% % % %

Approximations in the B 0,5 0,5 0,5 0,5
enclosure model and
unwanted feflections
Convection| B 0,3 0,3 0,3 0,3
Emissivity pf walls B 0,017 7,2 0,12 7,2 012
Aperture dlameter B 1,65 0,019 0,032 0,019 0,032
Furnace digmeter B 0,0057 0,62 0,0035 0,62 0,0035
Distance in|fixed cooler, B 0,31 0,23 0,071 0,23 0,071
X1
Size of spager ring B 0,96 0,0058 0,0056 90,0058 0,0056
Insertion dgpth, xg B 0,41 0,3 0,12 0,3 0,12
Temperatufe of cooler B 0,0095 1,6 0,016 1,3 0,012
Temperatufe of cooling B 0,074 0,67 0,05 0,67 0,05
water
Area of senpor A 0,0026 8,72 0,023 8,72 0,023
Temperatufe of furnace A 4,66 0,15 0,73 0,079 0,37
Voltage mepsurement A 0,041 0,041 0,0041 0,0041
(*2uV)
Combined ¢xpanded k=2 2,5 1,8
relative ungertainty
a  Typical yalue, depends on the calibrated sensor
8 Variaple-temperature black-body (VTBB) method (method 3)
8.1 Apppratus
8.1.1 General description of apparatus for method 3
Figure 7 shows-a.schematic layout of the VTBB apparatus and the calibration scheme. The bpsic
components dre ‘the cylindrical tube cavity providing broadband black-body radiation, the contrdller
with pyrorhetér for temperature control, reference standard radiometer, test sensor and the associdted

data acquisition system.

8.1.2 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.

14
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The radiating cavity is purged with argon gas during operation to prevent oxidation at low temperatures
and sublimation at high temperatures.

Key]
heated graphite tube dual-cavity
water-cooled copper end caps
graphite tube extension (not cooled)
control pyrometer

temperature controller/computer
power supply

purge gas lines (argon)

transfer standard radiometer

O 0 N O U1 A W N R

test heat flux sensor

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

8.1)]3 Temperature measurement/control

An pptical pyrometer measures the black-body temperature by sensing radiation from ong end of the
furpace. Four differentdperture filters are used with the pyrometer to cover the black-body operating
tenperature rangefrom 973 K to 2 973 K. The output of the pyrometer is also used for pplack-body
temperature cofitrol to the set value. A PID controller regulates the power supply to maintain the black-
body cavitytemperature to within + 0,1 K of the set value. The maximum recommended operating
tenperature.for the furnace is 2 973 K.

8.1/4“)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/m?2 to 42 kW/m?2, 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
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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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Figure 8 — Schematic layout of the reference electrical substitution radiometer

b

NNONONGN S

% ?
%1 NANCTX T XNNNNNy
3
water
€

Hiometer and test sensor installation

nsor and the reference radiometer are located,outside the black-body exit in a test-plan
ance from the black-body aperture. The distance between the black-body and the test pl
the calibration heat flux range. The black-body exit location is used as a reference plang

5 mm away from the reference plape:-For calibrations in the lower ranges of 25 kW/m?2
the test-plane is at 62,5 mm and 140 mm away from the reference plane, respectively.
is mounted on a holder. Standard mounting blocks and holders are available for moun
Fdon and 5 mm Schmidt-Beelter sensors. For water-cooled sensors, a re-circulating w
ed for cooling.

fa acquisition

and the radigmeter outputs are connected to different channels of a multiplexed dig
After stabilization of the temperature, the black-body unit is positioned first in front off
and thep-the test sensor. The calibration is carried out sequentially; first measuring the
diometerfollowed by sensor output. The recording of the instrument output by the dig
s triggéred by a computer command. The signal reading and the corresponding time
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brthe test duration in approximately 0,4 s interval and the data are stored in a specified|
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8.2 Operating procedure

8.2.1 Op

erating procedure in general

The sensorsreceived for calibration are firstinspected 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

16

procedure in the VTBB is given in detail in Annexes H and I.

© ISO 2013 - All rights rese

rved


https://standardsiso.com/api/?name=5d80aa7af9ba40529492cf948956259d

1SO 14934-2:2013(E)

8.2.2 Radiometer self-calibration

Annex H describes the self-calibration of the radiometer, which shall be performed before the radiometer
isused. While theincident heatradiation 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.

8.2.3 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 h]qr‘l{-hndy dnpnnding on the range of calibration. Annex | givnc the procedure
for making calibration measurements. The measurements are made at 5 to 10 heat fluxle}els within
the[range of calibration. Table 3 gives the approximate temperature settings of the\VTBB and the
corfesponding heat flux level at the sensor for different locations from the black-body ap¢rture. 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 4 — Heat flux values at sensor plane for different black-body temperatures
X=12,5mma X=62,5mma X =140 mma
Tgmperature Heat flux Temperature Heat flux Temperature Heat flux
K kW/m?2 K kW/m?2 K KW/m?2

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 te'radiometer/sensor location.
8.2[4 Datareduction
The data reductiow’ procedure is described in Annex |. The measured responsivity of thg sensor is
exptressed in mV/(kW/m2). The regression curve fit for the data are generally linear with|regression
factiors closé.to unity. In some cases, a small degree of nonlinearity may be observed at loy heat flux
levgls, when calibrating with the radiometer/sensor located close to the black-body exit, dyie to argon
gas|flow effects. However, this effect reduces with increasing heat flux and the responsivit‘Fr is largely
determined by the readings at high heat flux levels.

8.2.5 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 nonlinearity
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
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convection losses increase with decreasing surface area exposed to free convection. The calculations
show the 1,0 cm x 1,0 cm heated vertical plate 50 K above the surroundings temperature, the maximum
convection heat loss is about 0,6 kW/m?2. 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.

8.3 Uncertainty
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nTEing uncertainty in the radiant heat flux will be 0,01 % at¥’000 K and 0,004 % at 2 773 K. ]

certainty in general

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

ference standard radiometer

ainty associated with the calibration of the transfer standard is obtairied from prev
ents discussed. This is considered as a Type-B uncertainty and estimated to be 0,6 %.

ck-body parameters

+

y standard VTBB has a long-term stability within + 0;1\K of the set temperature.
compared to the other test uncertainties and can be ighored. The black-body emissivity
e on the calibration. Higher values of emissivity helpin realizing higher heat flux level
surface for a given operating temperature. The uniformity of radiation from the black-b|
as no major influence on the calibration because of identical effects on both the referg
Ind the test sensor.

gnment errors
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, and the black-body exit as the Teference plane. The effective radiating aperture is ne

and
oot

ous

The
Chis
has
s at
ody
nce

g a
\rer

vith
the

to the heafled end of the graphite tube.cavity, which is about 8,5 cm inside of the black-body exit
the short gxtension piece installed..Assuming a maximum error of about 0,2 mm in the location of]
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 uncertaintyn heat flux will be 0,4 %, 0,3 % and 0,2 % at sensor locations of 12,7 im,
62,5 mm apd 140 mm, respectively. The errors due to angular misalignment vary as the cosine of|the
angle. Assyming a maximum misalignment of about 2°, the corresponding uncertainty will be 0,06

8.3.5 Apeprturessize effect

ensor, a

Due to diffferent sensing areas of the radiometer and the s
measurementmay-be-neeessary-in-some—cases-to-accottfor on-tiHo ptrEteTo
flux across the sensing area. This correction can be estimated by considering the variation of the view
factor across the radiometer aperture. For the VTBB calibration set-up, the correction is less than 0,3 %
of the measured radiometer reading.

correction to the radiom

8.3.6 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-
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body exit shows a uncertainty of about 0,2 % and reducing significantly at higher heat flux levels greater
than 10 kW/m?2.

8.3.7 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.

8.318 Combined uncertainty

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

Table 5 — Summary of sources of uncertainty in the measurement range of heat fluxes

10 kW/m?2 to 50 kW/m?2
Uncertainty source Type Relative lzzcertainty
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(atnigular) B 0,1
Radiometer aperture averaging effect B 0,1
Radiometer output reading A 0,2
Sensor output reading A 0,2
Repeat tests ona’similar gauge A 0,7
Combinedexpanded relative uncertainty k=2 2,1

9 |Number. 6fcalibration levels

Heat flux meters should normally be calibrated at 10 different flux levels. The radiation leveld chosen for
the|calibration could be either evenly distributed over the range 0 kW/m2 to the maximum allowable of
theheat flux meter, or more concentrated in a range of particular interest.
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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

is the number of degrees of freedom;

M

R 1
§2 ==
%
where
v
m is
j;i is
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The numbq
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is then cal

interval. If

10 Expression of results

The calibr4

the number of radiation levels;

he value from the model;

the measured value for the level x;.

r of degrees of freedom, v, equals number of radiation levels minus the number of parame
t in the regression, i.e. Two for linear regression. The uncertainty-for the regression cu
fulated as the standard deviation times a coverage factor in order to get a 95 % confide
the degree of freedom is small, i.e. less than 10 then this shall®%e taken from the ¢-distribut

tion results should be reported in a table with the\contents as given in the list below:
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Apartfrom
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at flux, qtot (kW/mz);

voltage, Uoyt (mV).

puld be plotted of the total heat flux, g¢: (kW/mZ2) versus output voltage Uyt (mV) from
eter from the processed datarAfter this a best fit should be calculated, using either a liy
esulting in A1 only or in4q together with Ap) or a nonlinear approximation (4o, 41 and 4}

calibration was negligible, and that therefore a value for A3 is not given.

the table andthe end result expressed in the constants Ag, A1 and Ay, the calibration certifi

1x meter*body temperature during calibration, in °C;
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nonlinearity for a_€eptain application is negligible, it can be stated that the nonlinealrity
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view of the heat flux meter, expressed in degrees. In case of view-limiting apertures, spe
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field o

of flat receivers, specify 180°;

absorptance of coatings

source temperature, in °C;

- L. =l b il - L b= =l o | Ll - 1. b b h s
VICVW ITUIT LT LTI T U ULIT STIIS IS SUlIdlT LU LIIT TU ST UL LT VICVVTIHIIILIIT S dPTITUL T 111 tase

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 um to 10 pm;

if this is known. In case of absence of windows, specify not applicable;

20

additional relevant source properties such as vacuum or not;

transmission. In case of window materials, specify the average transmission of the window material
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— 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.

11 Calibration report

The calibration report should contain the following information:

a)
b)
‘)
d)

e)
f)
g)
h)
i)
i)

k)
D)

name and address of the calibrating laboratory;

i A | dondes dos- 1 il 4o
UdiT dllU TUTIILITICALIUIT TIUIHUTT U LT TTPUTL,

name and address of the client;

name, type, serial number, and manufacturer of heat flux meter under calibration, angl details of

measuring range and absorptance of surface coating;
date of the calibration;

calibration method and calibration range;
identification of the calibration equipment used;
traceability of measurements;

any deviation from the calibration method;

calibration results consisting of a table as describ€d/in Clause 10 and a graph showing the
radiation as a function of the output signal from the heat flux meter. This function sho
shown as straight line fit;

uncertainty of the test results;

date and signature.

calculated
uld also be

© IS0 2013 - All rights reserved
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Annex A
(normative)

Operating procedure for vacuum black-body cavity method

(VBBC) (method 1)

n is

Procedure

a) Turn opn the bench.

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

c) Prepate the ice point for temperature measurement.

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

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

f) Verifypll measuring devices to data loggers.

g) Run thle software.

h) SwitcH on the Pirani gauge.

i) Switch on the primary pump.

j)  Startthe signal readings.

k) Setup|the heat flux meter on the holder and then Insert the system in the cavity.

1) Open the vacuum circuit.

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

n) Wait uptil the pressure is approximately 1 Pa.

0) Start collecting parameteriméasurements.

p) Deterrhine the standard-deviation of the heat flux meter output over a 4 min period. The syste
assumpd to be stable<when this value is less than 0,1 %.

q) Stop collecting.data.

r) From gachseries, an average 17,- is calculated by software.

s) Stepsn), 0), p) and q) are repeated two times at each irradiance level.

t) Switch off the secondary pump.

u) Close the vacuum circuit.

v) Putthe cavity at atmospheric pressure.

w) Remove the heat flux meter, and have a look to the sensor in order to verify that there is no damage.

x) Increasetheblack-body temperature to the nextirradiance level or go to step z) ifthe routine is complete.

y) Measurements are made at about 10 different levels.

z) All data are stored in a file for analysis.
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aa) Wait for the black-body temperature to stabilize.

bb) Repeat steps h) to v).

cc) Remove the heat flux meter from the holder.

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

ee) Proceed to data analysis.
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Calculating the irradiance from the vacuum black-body cavity
(VBBC) to the heat flux meter

B.1 Principle

The cavity |s considered as a closed surface X, divided into n isothermal surface elements. Togalculatd the
irradiance produced on a given surface, a leaving heat flux method (variant of the net radiation method)
is applied. [t consists of carrying out an estimation of the heat transfer between the sutface elements.

YAVAVAVAVAVEVE
'S T T N S
- \

U U A N
BN A N A AN
\ \_/ /N N o NS

Figure B.1 — Example of surface ~
For a given|surface, S;:
Ji=&qT;* +(1-€)E; (B-1)

where

J; s the leaving heat flux (radiosity) of surface i, which equals the emitted radiation plus the
rafliation reflected by surface’i;

g; is fhe emissivity of surface i;

T; isthe temperature of surface i;

E; isthe irradiance of surface i;

E 1 (¥ c ¢ e\ 1 c . 1 . c c c . 1 c .
S—\ Ooojo’i "_""'_Jn‘)n/n,i} WIIECTE ji,j IS UNE VIEW 1dCLOT O SUT'I4dce 1 tOowdras suridcece j,
1

E; S—(]OS fio+- +]nS,fln) becauseSfU jfj',-;

1
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Ei=]ofiot-tTnfin (B.2)

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

112816T14+(1_81)(]0f1‘0 +'"+]nfi,n) (B.?))
Yielding
4
EIGTI _] .IF +...+_,’ (JF 1 \‘f‘...‘f‘] _/F (B.4’)
1_81' 07T1,0 IL 1,1 1—81- nJi,n

Theresultisasetofnequations of nunknown quantities, namely the n “radiosities” of the'surfade elements.

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

) - 4
1 €00y
fo,0 T foa fon } 1r-£,
1 0 é,0T;
_ €107
F_| 1o fi1 e, fin J= ]:1 S v
. . . I :
1 4
fn,O fn,l fn,n - 1_¢ ﬂ
L n | i 1-¢, i

Simpply divide by F to find J: J =F7Ic

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

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

F NG

2 heat flux meter

Key
1 nrings

3 kcrowns

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 discrepresenting the isothermal sensitive surface of the heat flux meter;

d) one crown for the reflective diaphragm surrounding the flux meter.

26 © IS0 2013 - All rights reserved


https://standardsiso.com/api/?name=5d80aa7af9ba40529492cf948956259d

Annex C
(informative)

1SO 14934-2:2013(E)

Examples of computer screens for calculating the irradiance from
the vacuum black-body cavity (VBBC)

L...L_. LJ«LA.L&L.;laul.-L-l.u“l

Ll‘l\\\\\\\\.\‘x \C

Figure C.1 — Exag‘f)le of temperature gradients along the cavity
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Table C.1 — Temperature measurement, probe arrangement for VBBC

Longitudinal position of the probe Cross position of the probe
(Distance from heat flux meter to (Distance from centre of cavity)
back of cavity)

mm mm
0 0
17 27
33 54
oU ol
67 —
83 —
100 —
133 —
167 —
200 —
250 —
300 X
350 -~
410 —
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Annex D
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Operating procedure for spherical black-body cavity method

(method 2)

D.1
The

)

g)
h)

j)

k)
D)

Stepwise operating instructions
stepwise operating instructions are listed below
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.

Decide which 10 radiation levels the heat flux meter is,géing to be calibrated at,
temperatures corresponding to each radiation level in the-protocol. If a fitting piece w|
note this in the protocol.

Measure the radius of the heat flux meter’s receivingisensor and enter this in the protocol.

Enter the
i1l be used,

Be sure to

measure only the sensing element. This could be smaller than the painted area of the heaf flux meter.

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

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

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

Insert the movable coolerinto the fixed cooler and secure with lock nuts.

supply and

cooler and

Measure the insert depth if fitting piece is used, with a 0,01 mm depth gauge (may bg omitted if

fitting piece is vergaecurate) and note in the protocol.
Connect all measuring devices to data logger.

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

Water flow for the various items:

berature of
rems.

fixed part of cooler: 3,3 1/min,

movable part of cooler: 2,5 1/min;

heat flux meter: according to manufacturer of heat flux meter.
Switch on the furnace.

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

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

Check cooling water temperature and flow, adjust if necessary.

Take readings during 2 min (approx 120 readings) on stable level.

© IS0 2013 - All rights reserved
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v) Repeat steps m) through p) for next level of radiation.

w) Process the collected data according to the computer code (Annex E).
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Calculating the irradiance from the spherical black-body cavity to
the heat flux meter

E.1 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
q; 1-¢
L= —EFpai =Y Filew —epr) (E.1)
€& ka1 Ck k=1
whére

qi isthe net heat radiation per unit area leaving the area.

qk is the net heat radiation per unit area leaving the area k;

Fik isthe view factor for radiation leaving area i and reaching area k;
&k is the emissivity for area k;

ep; isthe black-body radiation (0T*) leaving area i.

area i is defined in Figure E.1.
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The calculd

a)

b)

32

Aq |
4 P~ -
A, Bl L A
" |
L, A" L,
Y -
C
i e
A |
2 3 Ial 1'”13 L3
' A 3 N L 3¢ |
o ; X Ag (f‘ ' 5.4
/N ’
A, Ag 1
sensing surface
areas
heights
apertuies
with sppcer ring
without spacer ring

gure E.1 — Cylinder approximation‘of cooler — Left: schematic, Right: model

itions are conducted according te.the following procedure.

£.2)

for
bnts

be

Calculgte the apparent emissivity:
1
81 = (
2 2
14 (d /4D )(1—£f/£f)
Calculate the viewfa€tors Fj;, 1 <1< 5,1 <j<5with F11 = F44 = F55 = F45 = F54 = F25 = F52 = 0.
Calculate the temperature of surfaces Az and As.
The temperatiire of the surfaces depends on the water and furnace temperature. An expressior
this relationship needs to be determined for each furnace and cooler by conducting measuremg
on thd.caoler surfaces and ﬂnngpc before fnking the furnace in use Measurements should

conducted according to Figure E.2 and the temperatures be plotted against o(T¢ - Ty#4) in order
to construct a mean temperature for A and A3 depending on if the spacer ring is used or not. If
no spacer ring is used then A comprises of Thermocouple TC1 and A3 of Thermocouples TC6 and
TC7. If the spacer ring is used then Ay comprises of Thermocouples TC1, TC2Z, and TC3, and A3 of
Thermocouples TC4, TC5, TC6 and TC7 as shown in Figure E.2.
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)

TC1

TC2

TC3

TC4

|<«—— TC5

Fig

d)

wh

TC6

TC7

AN AN ANANANNNAANNANANNANANANNANNNNNNNANNNN

AUV VAVIRAMANANAAN A NN NN N AN
777777777 77777777777 7777777777 777777777

ire E.2 — Location of thermocouples TC1-TC7 for determining 1iean temperatures o

Solve the following equations system:

5
q1 1—82 1_83 1—84
— F12a; - Fi3q3 - F14Q4:2F1k(eb1_ebk)
€1 & 3 4 1
5
1-¢4 1-Fyy(1-¢5) 1-¢5 1-¢4
- Fy1q, + qz— Fasq3~ F24Q4:2F2k(eb2_ebk)
€1 €2 €3 €4 1
5
1-¢4 1-¢, 1-F33(l=¢3) 1-¢4
- F3191 - F32q, + q3 - F34q4 ZZF3k(eb3 —epy)
€1 €2 €3 €4 1
5
1—81 1—82 1_83 qq4
- Fy191 - Fyoqor Fy3q3 +_:2F4k(eb4_ebk)
€1 2 3 €4 7

The incident heat radiation is calculated by the equation below using €5 = 1 and neglecting
term on the leftchand side since the cooler is designed to prevent reflections from A1 on 4

1—81 1_83

5
ds
Esqq7 - Fs53q3 +_ZZF5k(eb5_ebk)
€1 3 € 7

A and As

(E.3)

(E4)

(E.5)

(E.6)

the second
I3 to As.

(E.7)

gi IS the net ieat radiation per unit area feaving the area t;
Fix isthe view factor for radiation leaving area i and reaching area k;
ek is the emissivity for area k;

epi isthe black-body radiation (0T*) leaving area i.

with i and k ranging from 1 to 5 and area 1-5 defined in Figure E1.
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Drawings for the fixed and movable cooler to the spherical
black-body cavity

All parts afe made of brass. All surfaces visible from the furnace are treated to give a matt black surface
with low r¢flection.

Dimensions in millimdtres

1- |
\
5 122N ‘ & A 7
—
34 ==
Al AT e <
4 B i 57 |1 |00 i A
" | ~d
== 0 | s 10
a %
N \
9 i ]
I { N [
7 x|
/ 7 | 07 \
o2 /| g 1618
13 ' 18
14
Key
1  spheridal cavity-emitter 10 outer ring aperture support
2 inconellspdeer ring 11 water outlet for sight tube
3  ceramidrefractory 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
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Dimensions in millimetres
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Figure F.2 — Section of water cooled sight tube

Dimensions in
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Figure F.3 — Details of flanges on movable, water cooled, heat flux meter holder
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Dimensions in millimetres
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Figure F.4 — Aperture disc
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Dimensions in millimetres

Figure F.5 — Spacer ring
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