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1. Introduction

The first intercomparison on density of heat flow rate measurements has been
organized by MKEH (Hungarian Trade Licensing Office, Metrology
Department).

The objective of this round robin test was to improve the accuracy in the
realisation of a density of heat flow rate scale up to 100 W-m,

Two types of heat flux plate sensors differing in their size and here denoted as
“NL” and “HU” were circulated among five (NL) and two (HU) partner
laboratories, respectively. Each one of the six partners calibrated the sensors
using its individual heat source, a guarded hot plate or a heat flow meter
apparatus. Measurements were performed at nominal temperatures of 20 °C and
30 °C.

The report compares all the results of the round robin test and gives the mutual
differences among the partners. Individual uncertainty estimations are presented
in detail.

Organisation of the comparison

Sensor “NL”

Sensor*“HU”
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2. Schedule of the project

For a given laboratory, the time allowed for the measurements was at least 8
month, including the travelling time between the laboratories. The circulation of
the heat flux sensors was restarted three times. Due to delays caused by several
reasons (for example retiring of the previous coordinator) the provisional
schedule had to be changed several times.

Laboratory Country code | Person responsible | Year of measurement
MKEH1 HU T. Magyarlaki 2000
BTU DE S. Rudtsch 2000
TNO NL H. Blokland 2001
SABS SA C. Kros 2002
PTB DE U. Hammerschmidt 2004
MKEH2 HU E. Turzo-Andras 2006
Table 1: Schedule of the project in case of heat flux sensor “NL”

Laboratory Country code | Person responsible | Date of measurement
MKEH1 HU T. Magyarlaki 2000
NPL UK D. Salmon 2001
MKEH2 HU E. Turzo-Andras 2006
Table 2:  Schedule of the project in case of heat flux sensor “HU”
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3. Participating laboratories

In alphabetic order the following NMls participated in the project:
BTU (DE), MKEH (HU), NPL (UK), PTB (DE), SABS (SA), TNO (NL)

Details for the laboratories are as follows:

GERMANY (BTU)

Steffen Rudtsch

Brandenburg University of Technology Cottbus
Applied Physics | / Thermophysics
Konrad-Zuse-Str. 1

03013 Cottbus

Phone : + 49 30 3481 7650

Fax: +49 30 3481 7504

Email : steffen.rudtsch@ptb.de

GERMANY (PTB)

UIf Hammerschmidt
Physikalisch-Technische-Bundesanstalt
Bundesallee 100

38116 Braunschweig

Phone : + 49 531 592 3211

Fax: + 49531592 3209

Email : ulf.hammerschmidt@ptb.de

HUNGARY (MKEH)

Emese Turzo-Andras

Hungarian Trade Licensing Office (MKEH)
Metrology Department

Németvolgyi ut 37-39

1124 Budapest

Phone + 36 1 458 5963

Fax: + 3614585983

email: thurzo-a@mkeh.hu
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The NETHERLANDS (TNO)
Huib Blokland

TNO Science & Industry

P. O. Box 155

2600 AD Delft

Phone: + 31 15 269 2108

Fax: + 31152692111
Email : huib.blokland@tno.nl

SOUTH AFRICA (SABS)
Charles Kros

South African Bureau of Standards
1 Dr Lategan Road

Groenkloof

Pretoria

Phone : + 27 12 428 6690

Fax: + 27124286214

email : hendrih@sabs.co.za

UNITED KINGDOM (NPL)
Clark Stacey

National Physical Laboratory
Queens road

Teddington

Middlesex

TW11 OLW

United Kingdom

Phone : + 44 20 8943 6578
email : Clark.Stacey@npl.co.uk
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4. Protocol and organisation of the project

Transfer heat flux transducers

Two types of heat flux plate sensors having different dimensions, electrical
resistance, sensitivity and thermal conductivity were circulated. They are
illustrated in Fig. 1 and Fig. 2. The characteristics of the heat flux sensors are

given in Table 2.

5. white ==
4. black

3. brown

2. red—

1. orange

0. yellow

6. green . ........................................

Fig. 1. Heat flux sensor “HU” (reference area: 100100 mm, voltage output
between red and yellow)

ah &4 & & L4 L} a8 &4 & & L J L J

TNO Institute of Applied Physics

Heat Flux Sensor u‘

Fig. 2. Heat flux sensor “NL” (reference area: ¢ 55 mm)
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Table 3: Particulars of the heat flux sensors

Sensor No1 “NL” No 2 “HU”
Model PU43T OMH 1
Dimensions ¢ 1001 mm 300%300%3.5 mm
Sensitive area ¢ 55 mm 100x100 mm
Sensitivity 0.17 mV-m?/W 5...9 uV-m?/W
Electrical resistance 7000 Q 6...24 Q
Max. temperature 60 °C 100 °C
Thermal conductivity 0.2+0.3W/m-K 0.3+0.4W/m-K
Cable length 2m 2m

Measurement instruction and reporting

The objective of this round robin test was to improve the accuracy in the
realisation of a density of heat flow rate scale up to 100 W-m.

Two types of heat flux plate sensors differing in their size and here denoted as
“NL” and “HU” were circulated among five (NL) and two (HU) partner
laboratories, respectively. Each one of the six partners calibrated one or both of
the sensors, depending on the dimensions of their measurement apparatus, at
nominal densities of heat flow rates of 10 W-m?, 50 W-m2 and 100 W-m,
using its individual heat source, a guarded hot plate or a heat flow meter
apparatus. Measurements were performed at nominal temperatures of 20 °C and
30 °C. The first and last measurements were effectuated by the pilot laboratory
MKEH.

Adjustment of the desired heat flow rate was achived by modifying the
temperature difference the upper and lower part of the sensor, for a given
nominal temperature.

The calibration of the heat flux sensors was done using the following
recommendations: ISO 9869:1994(E), 1S0O 8302:1991, 1SO 8301:1991,
ISO 7345:1987.
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5. Measurement results

Measurements were performed with two types of heat flux plate sensors
differing in their size, at nominal temperatures of 20 °C and 30 °C and at
nominal densities of heat flow rates of 10 W-m, 50 W-m2 and 100 W-m-,

The calibration procedure used involved determination of the realised densities
of heat flow rates, measurement of the voltage outputs, evaluation of the
sensitivities and their associated uncertainties.

The measurement results are grouped considering the two types of heat flux
sensors and the two different nominal temperatures. The sensor “NL” was
circulated among five partner laboratories. The sensor “HU” was circulated
among two partner laboratories.

Table 4 and 5 summarises the reported results and the combined standard
uncertainties given by the partner laboratories. The results are composed from
the realised density of heat flow rate values, from reading values of the sensor
output and from the calculated sensitivity values which are specific for one type
of sensor.

Fig. 3, Fig. 5, Fig. 9 and Fig. 11 show the deviation curves in case of different
sensors and temperatures.

The measurement results are compared in Fig. 4, Fig. 6, Fig. 10, Fig. 12.

Fig. 7, Fig. 8, Fig. 13 and Fig. 14 show the sensitivity values reported by the
partner laboratories and the uncertainty bars (k=2) for the two different sensors,
two different temperatures and three different densities of heat flow rate,
respectively. The values of the median (—) and its uncertainty band (------ ) are
plotted on each graph.

The sensitivity was obtained by:

5, = U [,uV WL mz] "

lab

where Uy IS the voltage of the heat flux sensor output measured by each
partner

Qb 1S the density of heat flow rate given by the participants
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Table 4.

Reported results for the heat flux sensor “NL”

Table 4.1. Density of heat flow rate values for different laboratories
Sensor NL
heat flux sensor realised realised realised realised realised realised
nominal temperature | heat flux heat flux heat flux heat flux heat flux | heat flux
(nominal) [W/m?] [W/m?] [W/m?] [W/m?] [Wim?] [W/m?]
(Wim?] °C] MKEH1 PTB BTU TNO SABS | MKEH2
10 20 9.81 9.49 10.52 6.69 10.59 9.81
10 30 11.49 9.33 9.74 7.06 11.02 10.13
50 20 53.25 47.24 51.02 30.95 53.96
50 30 51.06 48.66 50.13 26.52 27.94 49.22
100 20 99.28 96.21 102.94 103.52
100 30 100.29 97.35 101.02 100.66
Table 4.2. Heat flux transducer output for different laboratories
Sensor NL
heat flux sensor reading reading reading reading reading reading
nominal | femPerature | p,y; [V] V] V] [V] V]
[WimZ2] (no[[:né?al) MKEH1 PTB BTU TNO SABS MKEH2
10 20 1679.31 1622 1851.05 1132.2 1462.7 1679.20
10 30 1980.44 1632 1669.7 1206.6 1373.5 1758.54
50 20 9214.02 8143 8995.89 5276.3 9357.26
50 30 8778.45 8221 8788.48 4678.8 4397 8426.26
100 20 17149.48 16373 18148.68 17887.23
100 30 17254.01 16479 17747.98 17270.53
Table 4.3.  Sensitivity values for different laboratories
Sensor
NL
?Eit o r:SgrS:tLre sensitivity | sensitivity | sensitivity | sensitivity | sensitivity | sensitivity
nominal (nominal) MKEH1 PTB BTU TNO SABS MKEH2
- ] VAWM | [uVWIM?] | [uVIWIm?] | [uViWIm?] | [uVWIm?Z] | [uVIW/m?]
10 20 171.27 170.917 175.96 169.3 138.1 171.26
10 30 172.39 174.920 171.43 171 124.6 173.53
50 20 173.05 172.375 176.32 170.5 173.41
50 30 171.91 168.948 175.31 176.4 157.4 171.19
100 20 172.74 170.180 176.30 172.79
100 30 172.04 169.276 175.69 171.57
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Table 4.4. Uncertainty values for different laboratories

Sensor
NL
?Ieit sensor uncertainty | uncertainty | uncertainty | uncertainty | uncertainty | uncertainty
u | temperature | \KEH1 PTB BTU TNO SABS MKEH2
nomina nominal . . . . . .
W/m?] [°C] [%] [%] [%] [%] [%] [%]
10 20 2.1 2.3 4.9 2.5 10.3 2.1
10 30 2.1 2.3 4.9 2.5 10.3 2.1
50 20 2.0 2.3 4.9 2.5 2.0
50 30 2.0 2.3 4.9 2.5 10.3 2.0
100 20 2.0 2.3 4.9 2.0
100 30 2.0 2.3 4.9 2.0
Sensor NL, sensor temperature 20°C
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Fig. 3. Deviation curves for sensor “NL”, temperature 20°C
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Fig. 3.1. Deviation curves for sensor “NL”, temperature 20°C, without the results of SABS
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Fig. 4. Results for the sensor “NL”, sensor temperature 20°C
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Sensor NL, sensor temperature 30°C
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Fig. 5.1. Deviation curves for sensor “NL”, temperature 30°C, without the results of SABS

Fig. 6. Results for the sensor “NL”, sensor temperature 30°C

Fig. 5. Deviation curves for sensor “NL”, temperature 30°C
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Sensor NL, sensor temperature 30°C
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Fig. 7. Measurement results and uncertainties for the sensor “NL”, sensor
temperature 20°C, reference value: median
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Sensor NL, sensor temperature 20°C
nominal density of heat flow rate 50 W-m
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Fig. 8. Measurement results and uncertainties for the sensor “NL”, sensor
temperature 30°C, reference value: median
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Sensor NL, sensor temperature 30°C
nominal density of heat flow rate 50 W-m2
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Table 5.  Reported results for the heat flux sensor “HU”
Table 5.1. Density of heat flow rate values for different laboratories
Sensor HU
heat flux nominal realised heat flux realised heat flux realised heat flux
sensor temp [°C] (Wim?] [W/m?] [W/m?]
[W/m?] MKEH1 NPL MKEH2
10 20 11.01 10.08 10.80
10 30 9.25 9.90 13.16
50 20 52.46 50.34 50.65
50 30 52.72 49.49 51.91
100 20 100.05 100.02 100.42
100 30 102.98 98.37 100.09
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Table 5.2. Heat flux transduser output for different laboratories

Sensor HU
heat flux nominal | sensor temp reading [uV] reading [uV] reading [uV]
[W/m?] [°C] MKEH1 NPL MKEH2
10 20 65.50 62.4 66.66
10 30 56.30 59.6 78.41
50 20 316.45 300.0 302.13
50 30 321.05 299.1 317.23
100 20 600.77 590.3 604.34
100 30 627.15 591.2 600.77
Table 5.3.  Sensitivity values for different laboratories
Sensor HU
sensitivity sensitivity sensitivity
heat flux sensor temp [LV/W/m?] [LV/W/m?] [LV/W/m2]
nominal [W/m?] [°C]
MKEH1 NPL MKEH2
10 20 5.95 6.19 6.17
10 30 6.09 6.02 5.96
50 20 6.03 5.96 5.97
50 30 6.09 6.04 6.11
100 20 6.00 5.90 6.02
100 30 6.09 6.01 6.00

Table 5.4. Uncertainty values for different laboratories

Sensor HU
uncertainty uncertainty uncertainty
oy | ™ | e oo oo
MKEH1 NPL MKEH2

10 20 3.8 6.5 3.8
10 30 34 2.2 3.4
50 20 2.1 1.5 2.1
50 30 2.1 0.9 21
100 20 2.0 11 2.0
100 30 2.0 0.8 2.0
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Sensor HU, sensor temperature 20°C
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Fig. 9. Deviation curves for sensor “HU”, temperature 20°C

Fig. 10. Results for the sensor “HU”, sensor temperature 20°C
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Sensor HU, sensor temperature 20°C,
nominal density of heat flow rate 100 W-m™
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Fig. 12. Results for the sensor “HU”, sensor temperature 30°C
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Sensor HU, sensor temperature 30°C,
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Fig. 13. Measurement results and uncertainties for the sensor “HU”, sensor

temperature 20°C, reference value: median

Sensor HU, sensor temperature 20°C,
nominal density of heat flow rate 10 W-m™

~ 6,50

€

E 6,25 _“__——‘———" ——————————
:. ________________________ J
‘E 6,00 py )t
= 575 : - :
c

<5}
? 550

MKEH1 NPL MKEH2
Report Draft MKEH

Fig. 13.1.

20/52



o
a1
S

Sensor HU, sensor temperature 20°C,
nominal density of heat flow rate 50 W-m™

o
N
al

Sensitivity, yV.W™.m?
o
o
o
»

MKEH1

NPL

MKEH2

Fig. 13.2.

Sensor HU, sensor temperature 20°C,
nominal density of heat flow rate 100 W-m™

~ 6,50
S
= 6,25
> - L
:‘ 6,00 I — 1
= J_‘ ___________ i __________ ‘I
>
= 575
S
Y 550
MKEH1 NPL MKEH2

Fig. 14. Measurement results and uncertainties

temperature 30°C, reference value: median

o
a1
e}

Sensor HU, sensor temperature 30°C,
nominal density of heat flow rate 10 W-m™

o
N
al

Sensitivity, yV.W™.m?
o
o
o

MKEH1

NPL

MKEH2

Report Draft

MKEH

Fig. 13.3.

for the sensor “HU”, sensor

Fig. 14.1.

21/52



Sensor HU, sensor temperature 30°C,
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6. Evaluation of the EURAMET reference value: ERV

The ERV reference values have been evaluated according to the median. The
median seem to yield the most reasonable reference value.

Xyop = median{ xi}

o(X,pr) =

1,9

Jn-1

The values of the median can be seen in Table 6.

Table 6.: ERV values

median {‘ Xyof =X

}

Sensor NL Sensor HU
Nominal Nominal ERV Coverage Uref Uref% ERV Coverage Uref Uref%
temperature | heat flux value factor [LV/W/m?] %] value factor Wwim? | %]

[°C] [W/m?] | [uV/W/m?] k (k=2) | VWImM?] k (k=2)
20 10 171.09 2.45 2.05 0.98 6.17 3.18 0.09 0.87
30 10 171.91 2.45 2.63 1.25 6.02 3.18 0.26 2.68
20 50 173.05 2.57 1.65 0.74 5.97 3.18 0.04 0.45
30 50 171.55 2.45 6.63 3.15 6.09 3.18 0.09 0.90
20 100 172.77 2.78 3.98 1.66 6.00 3.18 0.07 0.69
30 100 171.81 2.78 4.22 1.77 6.01 3.18 0.04 0.45

The degree of equivalence among the participants can be calculated using the

following equation:

. |Slab - SERV|
E" - [( 2 2 )
U Iab+U ERV

where

U - combined uncertainty of the laboratory with a coverage factor k=2

S - sensitivity of the sensor calculated from the measurement results

lab - individual results of each laboratory

ERV - reference value

The normalised deviation En is given in Table 7.
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Table 7.: En values for the median

10 [W/m?] 50 [W/m2] 100 [W/m?]
Sensor NL 20 [°C] 30 [°C] 20 [°C] 30 [°C] 20 [°C] 30 [°C]
Participant | Sip-ERV | En | Sa-ERV | En | Sip-ERV | En | S-ERV | En | Sip-ERV | En | Sip-ERV | En
[mv/W/m?2] [LV/W/m?2] [v/W/m?2] [mv/W/m?2] [mv/W/m?2] [wV/W/m?2]
BTU 487 |055| 048 |0.05| 327 |037| 376 |035| 354 |0.37 3.88 |041
MKEH 0.18 |004, 105 |0.24| 0.18 |005| 0.00 |0.00| 0.00 |0.00 0.00 |0.00
PTB 0.17 |0.04| 301 |063| 067 |016| 260 |034| 259 |0.46 253 |0.44
SABS 3297 |229| 47.27 |3.61 - - 1418 [0.81 - - - -
TNO 179 1038 091 |018| 255 |056| 4.85 |0.61 - - - -
10 [W/m?] 50 [W/m?] 100 [W/m?]
Sensor HU 20 [°C] 30 [°C] 20 [°C] 30 [°C] 20 [°C] 30 [°C]
Participant | Si-ERV | En | Si-ERV | En | Sip-ERV | EN | Siw-ERV | En | Sw-ERV | En | Sp-ERV | En
[v/W/m?] [mv/W/m?] [uV/W/m?] [uV/W/m?] [uV/W/m?] [uV/W/m?]
MKEH 011 |046| 000 |0.01| 003 |023| 001 |0.07| 0.01 |006| 0.03 |0.27
NPL 0.02 |0.05| 000 |0.00| 001 |0.10| 005 |048| 010 |1.13| 0.00 |0.00
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7. Conclusion

The objective of this round robin test was to improve the accuracy in the
realisation of a density of heat flow rate scale up to 100 W-m, by comparing
different calibration methods.

Six Institutes took part in the comparison and all the results are presented in this
Report. Each one of the six partners calibrated the sensors using its individual
heat source, a guarded hot plate or a heat flow apparatus. These calibration
facilities used as standards assured that uniform and reliable measurements lead
to comparable results. The comparison had delays caused by several reasons.

In spite of the diversity of the calibration procedures and of the characteristics
of each apparatus, the measurement results are strikingly close to one another.
In order to establish the uncertainty budget, the classical uncertainty
contributions are extended by the instrument-and-sample-specific corrections.
The characteristics of each apparatus and the detailed uncertainty evaluations
are presented in the project report.

This project has shown that several Institutes are able to calibrate sensors for
heat flux, and mutual deviations in the partner’s results are well within their
measurement uncertainties.

The importance of this comparison is given by the fact that this is the first
EURAMET comparison on density of heat flow rate measurements that ever has
been organised. Investigations led for laboratories to a better approach of
density of heat flow rate measurements and improvements in the calibration
methods and procedures. A broadening cooperation among laboratories should
improve a more consistent and standardized uncertainty evaluation. The degree
of equivalence, resulting from this comparison and presented in the report,
could be used in order to validate the future calibration and measurement
capabilities (CMCs).
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9. Appendix A: Description of the measurement set-up

1 PTB
Guarded Hot-Plate (GHP) Method: Uncertainty Assessment
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l*:ig. 1. Schematic of the Guarded Hot Plate Apparatus “GHP-S.” A, spe-
f:mlen;.B, hot plate; C, cold plate; D, guard plate; E, guard ring; F, edge
insulation; G, casing; H, push rod; I, ducts; J, thermostated bath; 1-10,
thermocouples. '

The single plate GHP apparatus of PTB measures the thermal conductivity of
solids between 0.01 and 6 W/m'K as a function of temperature between -80 and
200°C. The guarded hot plate is designed as a stack and accommodated in the
evacuable casing (G). The cylindrical solid sample (A) with the cross-sectional
area A and the thickness d is placed between the upper electrical hot plate (B)
and the lower thermostated cold plate (C).
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On its lateral face the sample is surrounded by edge insulation (F). The hot plate
dissipates the constant electric input power P=U’I as the heat flow-rate P, which
on its way to the cold plate traverses the sample as homogeneously as possible.
The known heat flow leads to a temperature drop across the sample which is the
measure of its thermal conductivity. Two guard heaters, the guard plate (D) and
the guard ring (E) that surround the hot plate are intended to establish an
unidirectional and uniform heat flow of rate P. A push rod (H) which can be
adjusted from outside ensures that the stack remains tightly packed without the
sample being compressed. The working temperature is set by immersion of the
whole apparatus in a bath thermostat (J).

The peripheral equipment consist of three constant-current sources to supply the
two active guard heaters and the hot plate, a standard measuring resistor to
accurately determine the current supplied to the hot plate, a twelve-channel
measuring point selector switch and a digital nanovoltmeter. The
instrumentation is connected to a PC, which uses PID program to bring the
guarded hot plate into steady state and, subsequently collects the relevant
measurement data for evaluation.

To promote good thermal contact between the specimen and the hot and cold
plates, rigid specimen materials are coupled to both plates by the use of a
contact medium,

2 SABS

The “NL” heat flux sensor was positioned between two working standards and
calibrated in a heat flow meter apparatus.

It was not possible to obtain a heat flux point > 30 W/m? due to instrument
limitations.
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3 MKEH

The measurements were effectuated using a RAPID k type heat flow meter
apparatus. With the aid of this apparatus we are able to calibrate heat-flux
sensors in the temperature range from 0 to 100°C, realising the heat flux scale in
the range from 0 to 1000 W/m?, using heat flux source elaborated in our
laboratory. We can also determine the thermal conductivity of different isolators
from 0,01 to 2 W/m’'K, in the temperature range between -30 and 200°C.

| : ‘Top plate 1 |

INSULATION | Hot face

Heat sink | |~ heater

Insulation Ol _— |

Surface plate 055

Sample Cold face
Heat flow transducerO4 ,g/ heater

Surface plate 9 / |
Insulauon o2

Heat sink

INSULATION

| LJ Lower plate (movable) 0 |

Fig. : Cross-sectional View of Rapid-k Test Section

Density of heat flow rate determinations were made by placing one of the
circulated heat flux sensors between two surfaces of 300 mm square area, which
are maintained at known temperatures. Because of the temperature difference,
heat flows through the sensor from the hot side to the cold side. The quantity of
heat flowing through the heat flux sensor is measured by a heat flow transducer,
a device having an output proportional to the heat flow passing through it. This
transducer is placed between the heat flux sensor and the cold plate. Because
some heat flows through the edges of the sensor to or from the surroundings, the
heat flow measurement is made in the central 2100 mm square area only.

One copper-constantan thermocouple is located in the heated upper surface
adjacent to the heat flux sensor, another in the surface of the heat flow
transducer below the sensor. The temperature difference across the heat flux
sensor is obtained from these two thermocouples. When the handle is released, a
force of approximately 200 N is exerted on the surface of the sample to assure
good thermal contact. The instrumentation is connected to a PC.
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4 NPL

The NPL measurements made for this project were undertaken using the NPL Vacuum
Guarded Hot-Plate (VGHP). The VGHP is a 305 mm square, single specimen, guarded hot-
plate apparatus incorporating a linear temperature gradient edge-guard.

The VGHP was designed and built at NPL and is used for measuring the thermal conductivity
of a single 305 mm square specimen of material having a thermal conductivity of up to
2 W/(m-K) and at temperatures between -40°C and 70 °C. These thermal conductivity
measurements require a steady-state heat flux through the central metering area (152.5 mm
square) of the specimen. The direction of this heat flux needs to normal the plane of the plates
and its magnitude must be measured with traceability to primary national standards.
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The “HU” heat flux sensor was placed between two foamed silicone rubber thermal contact
sheets and then mounted in the VGHP between its heater plate and isothermal cold-plate.
Three different heat fluxes were applied to the heat flux sensor at two different temperatures
and the sensor’s output was recorded.

Further information on the VGHP can be found in reference:
Stacey, C., “NPL Vacuum Guarded Hot-Plate for Measuring Thermal Conductivity and Total
Hemispherical Emittance of Insulation Materials,” Insulation Materials: Testing and

Applications: 4th Volume, ASTM STP 1426, A. O. Desjarlais and R. R. Zarr, Eds., American
Society for Testing and Materials, West Conshohocken, PA, 2002.
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Note: The information given above is correct for the time at which the measurements
were made for this project. However, the VGHP has since undergone several
significant upgrades to improve its performance. Current information can be obtained
via the contacts given at: www.npl.co.uk/thermalconductivity.vghp

5 BTU

The instrument used at BTU is a 250 mm square, single specimen, guarded hot-plate
apparatus. The temperature control of the auxiliary heater-plate and the cold heater plate is
carried out by means of liquid bath thermostats with a typical stability of 10 mK. For the
guarded heater-plate an electrical heater is used. The temperature difference between the
auxiliary heater-plate and the guarded heater plate is measured by means of a thermopile and
adjusted to “zero” (<1 mK) by a computer controlled variation of the heating power of the
electrical heater. Radial heat losses are minimized by an edge insulation.

The heat flux sensors were placed between foamed silicon rubber plates and surrounded by a
guard ring with the same thickness and similar thermal conductivity as the heat flux sensor.

Auxiliary heater-plate

Guarded heater-plate

Zero-indicator — | | nEnEnEnEnEnEnEn

Foamed silicon rubber
Sensor with guard ring

Cold heater-plate
Edge insufation —

6 TNO

Heat Flux Sensors / Science / Calibration

Relative Calibration

Each Heat Flux Sensor is calibrated relative to a reference
Heat Flux Sensor. This Reference Sensor is of the same
type as the Heat Flux Sensors wich should be calibrated.
The relative calibration apparatus consists of a cold and hot
plate with filling material in between. The Heat Flux
Sensors wich should be calibrated together with the
Reference Sensor are located in the middle of the filling
material package. The heat flux through the apparatus is
being monitored by five permanent Heat Flux Sensors.
These permanent Sensors check if the heat flow is
homogeneous and stable in time. If the monitored heat flux
meets the requirements regarding homogeneity and stability the actual heat flux is measured and is
used for calculating the calibration constant of the individual Heat Flux Sensors.
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Absolute Calibration

From each serie of Heat Flux Sensors one piece is calibrated in the ‘absolute calibration apparatus’
and is used as Reference Sensor for all other Heat Flux Sensors of the same type. A hot and cold plate
create an heat flux through the filling material. An electrical heating element is located in the hot
plate. If the temperature of the heating element is equal to the temperature of the hot plate, all heat
will flow upwards (through the filling material). This is controlled by an heat flux sensor between the
hot plate and the electrical heater, the so-called zero-indicator.

shield !
|

HFS mask

cold plate

filling material

edge insulation

uolejnsul abpa

(R
hot plate

heater zero-indicator

|

|
AN
In this set-up all the dissipated electrical energy causes a homogeneous heat flux through the filling
material. The heat flux can be calculated from the known electrical energy dissipation and the area of
the heating element.

Heat losses at the edge of the set-up are eliminated by using a highly conductive metal shield. This
metal shield is mounted around the filling material as a cylinder. At the upper and lower side of the
shield is supplied by water channels which control respectively the cold and hot temperature. In this
way a linear temperature gradient across the shield is created. This temperature gradient is equal to
the gradient in the filling material. In addition the edge of the apparatus is provided by insulation.

The to be calibrated Heat Flux Sensor is located in the middle of the filling material and is surrounded
by a mask with the same thermal properties and thickness.

Reference:

Graaf, F. van der, “Research in Calibration and Application Errors of Heat Flux Sensors”, published
in Building Applications of Heat Flux Transducers, ASTM STP 885, edited by E. Bales, M. Bomberg
and G.E. Courville, ASTM, 1985.

Standards

The performance of the absolute calibration at TNO TPD is according to ASTM C1130 (1995). The
absolute calibration apparatus of TNO TPD meets the requirements of the International Standards
ASTM C177, DIN 52612 and 1SO 8302.

The TNO Absolute Calibration Apparatus has a few deviations from the common International

Standards. These deviations have a positive effect on the result of the calibration.

e The heat losses through the edge are almost completely eliminated by the thermal shield.

e The ‘zero-indicator’ consists of thousands of thermocouples. So the sensitivity of the control
parameter to equalize the temperature of the heater and the hot plate is very high.
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10.  Appendix B: Uncertainty evaluations

1. NPL

EXAMPLE UNCERTAINTY BUDGET FOR THE CALIBRATION OF

HEAT-FLUX TRANSDUCER ‘OMH1’ AT (100 W/m? & 29°C).

I. Breakdown of uncertainties associated with each measured parameter (A to F)

2. Uncertainty In Measurement (Equipment & Transducer)

3. Overall Measurement Uncertainty

UNCERTAINTIES ASSOCIATED WITH EACH MEASURED PARAMETER (A to F)

A. Heat-Flux Transducer Output

1. Resolution of dvm is 0.1 microV, for a typical signal of 500 microV (0.02%)

2. Calibration of the dvm to 0.03%

3. Calibration of voltage reference to 0.02%

4. Averaging fluctuations in output over 1000 consecutive readings gives a resolution of | microV,

for a typical signal of 500 microV (0.2%)

Source of uncertainty Value +/-| Probability | Divisor | (i) u( i)
Distribution
1. Resolution of dvim / % 0.020 N 2 1 0.010
2. Calibration of dvim / % 0.030 N 2 | 0.015
3. Calibration of voltage reference / % 0.020 N 2 | 0.010
4. Averaging resolution / % 0.200 N 2 | 0.100
Combined uncertainty 0.102
A. Expanded uncertainty k=2 0.204
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B. HeaterArea

The central heating area is approximately 150.5mm square and was measured using calipers in 3

positions. Some heat generated in the central area may drift into the guard/centre gap area, but as the

transducer is thin and the active area is only 100mm square, this will not be significant.

The area is the mean of the two dimensions multiplied together.

1. Length measurement is able to be made to 0.1mm

(3]

. Calibration of calipers is 0.05%

. Resolution of calipers is 0.02 mm

(O S

. Width measurement is able to be made to 0.1mm

. Maximum possible additional area due to heat flux in guard/centre gap is 1 mm

Source of uncertainty Value +/- | Probability | Divisor | (i) u( i)
Distribution
1. Length measurement / mm 0.100 N 2 1 0.033
2. Width measurement / mm 0.100 N 2 1 0.033
3. Calibration of calipers / % 0.050 N 2 1 0.025
4. Resolution of calipers / mm 0.020 N 2 1 0.007
5. Possible additional area (gap) /mm 1.000 N 2 1 0.332
Combined uncertainty 0.336
B. Expanded uncertainty k=2 0.673
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C. Measurement of Power

1. The resolution of the dvm when measuring a 1 V heater signal is 0.01 mV (0.001%)

1. Calibration of the dvm to 0.03%

3. Calibration of voltage reference to 0.02%

4. The resolution of the dvm when measuring a 100 mV signal across the SR is 0.0001 mV (0.01%)
5. Calibration of the dvm to 0.03%

6. Calibration of voltage reference to 0.02%

7. The calibration uncertainty of the Standard Resistance is 0.05%

Source of uncertainty Value +/- | Probability | Divisor | ¢(i) u( i)
Distribution
1. Resolution of dvm (V) / % 0.001 N 2 1 0.001
2. Calibration of dvim (V) / % 0.030 N 2 1 0.015
3. Calibration of voltage reference (V) /% 0.020 N 2 | 0.010
4. Resolution of dvin ( 1)/ % 0.010 N 2 | 0.005
5. Calibration of dvim (1) / % 0.030 N 2 1 0.015
6. Calibration of voltage reference (1) /% 0.020 N 2 1 0.010
7. Calibration of Stand. Resistor / % 0.050 N 2 | 0.025
Combined uncertainty 0.036
C. Expanded uncertainty k=2 0.072

D. Miscellaneous factors
1. Auxiliary / Meter area balance. The balance is maintained to +/- 1 micro V, which for gfb gives
an uncertainty of 0.04%. (based on measurements made as part on performance checks)

2. Heat loss or gain from the specimen edges. The maximum associated uncertainty is 0.25%.

Source of uncertainty Value +/-| Probability | Divisor | «¢(i) u( i)
Distribution

1. Auxiliary/meter area balance / % 0.040 N 2 1 0.020

2. Edge heat gain/loss / % 0.250 N 2 1 0125

Combined uncertainty 0.127

D. Expanded uncertainty k=2 0.254
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E. Absolute Temperature

. The t/cs are calibrated with an uncertainty of 0.1°C, at 20°C (0.5%)

. Linearity of least squares fit is 0.534%

. Resolution of dvm is 0.1 microV, for a typical signal of 500 microV (0.02%)

. Calibration of CJCU is to 4 microV for a typical conversion of 1200 microV (0.33%)

. Calibration of the dvm to 0.03%

. Calibration of voltage reference to 0.02%

Source of uncertainty Value +/-| Probability | Divisor | (i) u( i)
Distribution
1. T/c calibration / % 0.500 N 2 1 0.250
2. Linearity of curve fit/ % 0.534 N 2 1 0.267
3. Resolution of dvin/ % 0.020 N 2 | 0.010
4. Calibration of CJCU/ % 0.333 N 2 | 0.167
5. Calibration of dvim/ % 0.030 N 2 1 0.015
6. Calibration of voltage reference / % 0.020 N 2 1 0.010
Combined uncertainty 0.402
E. Expanded uncertainty k=2 0.805

F. Fixed Heat-Flux Offset

1. When the calibration curve is plotted, the resulting line does not pass through the origin, indicating

a

fixed heat-flux offset of 0.115 W/m?

Source of uncertainty Value +/-| Probability | Divisor | ¢(i) u( i)
Distribution

1. Fixed heat-flux offset / W/m2 0.1.15 N 2 1 0.058

Combined uncertainty 0.058

F. Expanded uncertainty k=2 0.115
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UNCERTAINTY IN MEASUREMENT (EQUIPMENT & TRANSDUCER)

This is split into two parts, that related to the equipment and that related to the transducer.

The two must be added to give the total uncertainty for any given measurement.

EQUIPMENT RELATED
Source of uncertainty Value +/- | Probability | Divisor | ¢(i) u( i)
Distribution

A. Heat Flux Transducer Output 0.204 N 2 | 0.102
B. Heater Area 0.673 N 2 1 0.337
C. Measurement of Power 0.072 N 2 1 0.036
D. Miscellaneous Factors 0.254 N 2 1 0.127
Combined uncertainty 0.376
EQUIPMENT Expanded uncertainty =2 0.752
TRANSDUCER RELATED

For a given specimen the effects of uncertainties in the measurement of absolute temperature,

specimen density and moisture content on lambda must also be taken into account.

A 1K change in temperature produces a 0.1389 pvV/W/m2 change in a sensitivity of 6 uV/W/m2.

Source of uncertainty Value +/- | Probability | Divisor | (i) u( i)
Distribution

E. Absolute Temperature 0.805 N 2 0.466 | 0.188

F. Fixed Heat Flux Offset 0.115 N 2 1 0.058

Combined uncertainty 0.197

TRANSDUCER Expanded uncertainty k=2 0.394
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OVERALL UNCERTAINTY IN MEASUREMENT

Source of uncertainty

Value +/-

Probability

Distribution

Divisor

i)

u( i)

EQUIPMENT 0.752 N 2 1 0.376
TRANSDUCER 0.394 N 2 1 0.197
Combined uncertainty 0.424
OVERALL Expanded uncertainty k=2 0.848

The overall measurement uncertainty is estimated to
be within + 0.8%, based on a standard uncertainty
multiplied by a coverage factor k=2, providing a level

of confidence of approximately 95%.
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2. MKEH

f="f+m-t,

ta - temperature of the cold face inside the apparatus

f fo, m-  factors
of of of

df =—df, + —dm+—dt,
of, om a
of of of
_ = —_—= ta =m
o, om at,
u(f,)= df, u(m)=dm u(t,)=dt,
u(f)=Ju(fy f +t2 -u(m)’ +m?-ut,
f, =31.38 W/m?-mv| u(f,)=0.01
m=-0.019 W/m?-mv.°C|  u(m)=0.001
u(t, )’ =ult, ) +ult,)s
u(t, ). =0.1°C
u(t,)s =0.01°C (t, =20°C)
u(t, )s =0.03°C (t, =30°C)
q=f-v,
qg- density of heat flow rate
Vh - voltage of the standard heat flux sensor inside the apparatus
dg=Baf 4+ gy,
of oV,
a_y a _
of " v,
u(f)=df uv,)=av, u(a)=dg

5= Vs
q
S- sensitivity of the heat flux sensor
Vs- voltage of the sensor output
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0S 0S
dS =——dV, +—dq
oV, aq
oS 1 oS Vg
Vs g a9
u(Vg)=dv; u(a)=dg u(s)=ds
1 , V¢ 2
)= | 5wt )
q q
2 2 2 2
U(Vs) = U(Vs )R +U(Vs )c +U(Vs )FL
For sensor “NL”: u(V, )R =0.3vV u(v, )C =2V
U(VS )FL =3V
For sensor “HU™: u(V, )R =0.3vV u(v, )C =1V
u(Vs ). =0.3V
Sensor “NL”
Nominal | Nominal ta u(ta) f=f,+mt u(f) Vh u(vh) q="f-V, u(a)
temp. heat flux
[°cl | [C] oyl | Wimmv]| o [mv] [mV] wimz | Iwim?]
[oC] [W/mZ] M/m m ] [ ]
20 10 19.24 | 0.1005 31.014 0.02177 0.316148 | 0.003161 9.805 0.09829
30 10 30.24 | 0.1044 30.805 0.03191 0.328973 | 0.003290 10.134 0.10188
20 50 18.54 | 0.1005 31.028 0.02115 1.739042 | 0.017390 53.959 0.54084
30 50 28.29 | 0.1044 30.842 0.03007 1.597205 | 0.015972 49.261 0.49495
20 100 17.04 | 0.1005 31.056 0.01985 3.333333 | 0.033333 103.52 1.03731
30 100 25.48 | 0.1044 30.896 0.02744 | 3.258027 | 0.032580 100.66 1.01056
Nominal | Nominal Vs u(Vvs) S V, u(s) u(sS) u(s)
temp. | heat flux g -
P V| V] T mvewg | k2 [%]
[°C] [Wim?] LV m¥W] [uV m?W]
20 10 1679.20 | 3.61801 171.26 1.7560 3.5120 2.0507
30 10 1758.54 | 3.61801 173.53 1.7807 3.5615 2.0524
20 50 9357.26 | 3.61801 173.41 1.7395 3.4789 2.0062
30 50 8426.26 | 3.61801 171.19 1.7202 3.4404 2.0097
20 100 17887.23 | 3.61801 172.79 1.7318 3.4636 2.0045
30 100 17270.53 | 3.61801 171.57 1.7229 3.4457 2.0083
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Sensor “HU”

Nominal | Nominal ta u(ta) f=f,+m-t u(f) Vh u(Vvh) q=f-V, u(q)
temp. heat flux [°C] [°C] " Wimz.mv|| [mV] [mV] [W/m?] [Wim?]
[°C] [Wim?]
20 10 18.96 | 0.1005 31.020 0.02152 0.348259 | 0.003483 10.803 0.10829
30 10 29.15 | 0.1044 30.826 0.03088 0.426945 | 0.004269 13.161 0.13227
20 50 17.39 | 0.1005 31.050 0.02015 1.631143 | 0.016311 50.647 0.50754
30 50 26.93 | 0.1044 30.868 0.02880 1.681515 | 0.016815 51.905 0.52130
20 100 15.02 | 0.1005 31.095 0.01815 3.229555 | 0.032296 100.42 1.00594
30 100 24.74 | 0.1044 30.910 0.02676 3.238078 | 0.032381 100.09 1.00463
Nominal | Nominal Vs u(Vs) S Vs u(s) u(s) u(s)
temp. heat flux [1V] [1V] q [V m?W] k=2 [%]
[°C] [W/m?] [LV m%W] [wV m?/W]
20 10 66.66 | 1.08628 6.171 0.1181 0.2361 3.8261
30 10 7841 | 1.08628 5.958 0.1020 0.2039 3.4229
20 50 302.13 | 1.08628 5.965 0.0635 0.1270 2.1294
30 50 317.23 | 1.08628 6.112 0.0649 0.1297 2.1221
20 100 604.34 | 1.08628 6.018 0.0612 0.1225 2.0354
30 100 600.77 | 1.08628 6.002 0.0612 0.1224 2.0399
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3. SABS
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4. BTU

Kalibrierung eines Warmestromdichtesensors (BTU) -
Kalibrierung eines Warmestromdichtesensors (BTU)
Modellgleichung:
cSensor=(|:,0":)v'PSpalt'pZ'PRand)/ (USensor*A);
A=r(di (140" (T, Tp))) 2/4;
Po=Uy"2/Ry;;
P =c;*AUy,
Pspait=(Aspatt “Aspart AT)/(2*d);
Liste der GroRen:
GroBe | Einheit |Definition
Csensor |W / (mV'mz) Empfindlichkeit (Kalibrierwert) des Warmestromdichtesensors
Po w Heizleistung
P, w Ringverstimmungskorrektion
Pspatt w Spaltkorrektion
P2 w Zuleitungskorrektion
PRrand w Randverluste (Bode)
Usensor mV Thermospannung des Sensors
T A m? Flache der Heizplatte
s
d; m Durchmesser der Heizplatte
o K! thermischer Ausdehnungskoeffizient des Heizplattenmaterials
i °C Heizplattentemperatur
To °C 23,0°C
Uy \% Heizspannung
Ry Ohm Heizwiderstand
Cq W/pV  [s. Ringverstimmungskorrektion
AUy, uv Thermospannung der Thermosaule zur Differenztemperaturmessung
zwischen Heizplatte und Heizring
Aspat | W/ (m*K) [Warmeleitfahigkeit des Spaltmaterials
Aspat m? Spaltfliache
AT K Temperaturdifferenz (Spaltkorrektion)
d m "Probendicke" (Spaltkorrektion)
CSansoi Ergebnis
P,: Zwischenergebnis
Datum: 12.10.2000 |  Datei: EUROMET426 Seite 1von 5
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Kalibrierung eines Warmestromdichtesensors (BTU)

PRand:

USensor:

Zwischenergebnis
Zwischenergebnis

Typ B Rechteckverteilung
Wert: 0 W
Halbbreite der Grenzen: 0.039 W

Typ B Normalverteilung

Wert: 0 W

Erweiterte Messunsicherheit: 6.5-10% W
Erweiterungsfaktor: 2

Typ B Rechteckverteilung
Wert: 18.1487 mV
Halbbreite der Grenzen: 0.01 mV

Zwischenergebnis

Konstante
Wert: 3.14159265358979323846

Typ B Normalverteilung

Wert: 0.1156 m

Erweiterte Messunsicherheit: 0.0007 m
Erweiterungsfaktor: 1

Typ B Rechteckverteilung
Wert: 2.4-10° K
Halbbreite der Grenzen: 2:10° K

Typ B Rechteckverteilung
Wert: 29.0 °C .
Halbbreite der Grenzen: 0.3 °C

Typ B Rechteckverteilung
Wert: 23 °C
Halbbreite der Grenzen: 0.5 °C

Typ B Rechteckverteilung
Wert: 8.73037 V
Halbbreite der Grenzen: 0.005 V

Typ B Normalverteilung

Wert: 69.918 Ohm

Erweiterte Messunsicherheit: 0.093 Ohm
Erweiterungsfaktor: 1

Datum: 12.10.2000

Datei: EUROMET426

Seite 2 von 5

Report Draft

MKEH

45/52



Kalibrierung eines Warmestromdichtesensors (BTU)

[

AUtp:

A'Spalt:

ASpaIt:

AT:

Typ B Rechteckverteilung
Wert: 4.9-10°% W / pv
Halbbreite der Grenzen: 5-10° W / uv

Typ B Rechteckverteilung
Wert: 0.4 yv
Halbbreite der Grenzen: 20 Vv

Typ B Normalverteilung

Wert: 0.062 W / (m*K)

Erweiterte Messunsicherheit: 3.1-10° W / (m*K)
Erweiterungsfaktor: 2

Typ B Normalverteilung

Wert: 1.81-10* m?

Erweiterte Messunsicherheit: 3.6:105 m?
Erweiterungsfaktor: 2

Typ B Rechteckverteilung
Wert: 12.0 K
Halbbreite der Grenzen: 0.1 K

Typ B Rechteckverteilung
Wert: 6.7-10° m
Halbbreite der Grenzen: 0.1:10° m

Datum: 12.10.2000

Datei: EUROMET426
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Kalibrierung eines Warmestromdichtesensors (BTU)

Messunsicherheits-Budget:

GroRe Wert Std.-Mess- | Freiheits- | Sensitivitits-| Unsicher-
unsicherheit grad koeffizient | heitsbeitrag
Po 1.09013 W 1.62:10° W
P, 200-10° W 5.66-10° W
Pspat 0.01005 W 1.04-10° W ,
Py 0.0W 0.0225W | unendlich 5.2 0.12W/
(mV'mz)
Prand 0.0W 325-10°w 50 5.2 -1.7-10°wW/
(mV*m?)
Usensor| 18.14870mV | 5.77-10°mV | unendlich -0.31 -1.810° W/
(mV*m?)
A 0.010499 m? 127-10° m?
n | 3.1415926535898
d; 0.115600 m 700-10% m 50 -98 -0.069 W /
(mV*m?)
a 24.0010°K" | 1.1510°K™" | unendiich -68 -79-10°w/
(mV*m?)
T 29.000 °C 0:173°C unendlich | -270:10°% | 47-10%w/
(mV*m?)
T 23.000 °C 0.289 °C unendlich 270-10° 79-10° W/
(mV*m?)
T 8.73037 V 2.89-10°V | unendiich 1.3 3.810°wW/
(mV'mz)
Ry 69.9180 Ohm | 0.0930 Ohm 50 -0.082 7.610° W/
(mV*m?)
c; |490.010°W/pv | 289108 W/ | unendiich 21 61-10°wW/
uv (mV"‘mz)
AUy, 0.4 pv 11.5 pv unendlich 26103 -0.030 W/
(mV*m?)
Aspar |0.06200 W / (m*K) | 1.55:10° W / 50 -0.85 -1.310° W/
(m*K) (mV*m?)
Aspat | 181.0-10°m? | 18.0-10° m? 50 -290 -5.2-10° W/
(mV*m?)
AT 12.0000 K 0.0577K | unendlich -4.410° | -250-10°wW/
(mV*m?)
d 6.7000-10°m | 57.7-10°m | unendlich 7.9 450-10°w /
(mV*mz)
Csensor | 567 W/ (mV*m?) | 0.140 W/ 870
(mV*mz)
Datum: 12.10.2000 Datei: EUROMET426 Seite 4 von 5
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Kalibrierung eines Warmestromdichtesensors (BTU)

Ergebnis:

MessgroRe: cSe,,so,
Wert: 5.67 W / (mV*m?)

Erweiterte Messunsicherheit: £0.28 W / (mV'm )
Erweiterungsfaktor: 2.0
Uberdeckung: t-Tabelle 95%

Brandenburgische /‘ ;

Technische Universitit Cottbus
Lehrstuhl fiir Angewandte Physik
Prof. Dr. H. Rogal}

Postfach 10 13 44
03013 Cottbus

Datum: 12.10.2000

Datei: EUROMET426
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