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Abstract. The accuracy of thermal conductivity measurements is even more requested for materials charac-
terization in energy-efficient buildings field. ENEA-UTTMATF and CertiMaC research group, as national
institute and private laboratory respectively, cooperate in development of new measurement and analysis
methods applied to buildings materials and their performances. For what concerns this kind of measure-
ments, an Heat Flow-meter Transducer (HFT) is used. In order to give to both customers and other
research institutes involved in the same field (e.g. International Comparison or International Round Robin
Tests) the most exhaustive evaluation of the tested material thermal conductivity, a complete uncertainty
analysis is implemented on the HFT measures. This uncertainty analysis, developed accordingly to the
international standards and with the contribution of INRiM Institute, is described in this paper.

Keywords: Energy efficiency; building materials;
uncertainty budget; thermal conductivity.

1 Introduction

In this article, a brief description of the Unitherm™ 2022
Heat Flow-meter Transducer (HFT) and an uncertainty
analysis of its thermal conductivity measurements are re-
ported (Refs. [1-3]). The analysis was performed taking
into account the following three phases:

— calibration of the HF T by means of reference materials
whose thermal properties are certified;

— construction of the HFT calibration curve by means of
the Ordinary Least Squares method (OLS);

— use of the calibration curve to determine thermal con-
ductivity of unknown materials under test.

The results, obtained by a collaboration among CertiMaC,
ENEA-UTTMATF and INRiM, have to be considered as
an important development to fully evaluate the uncer-
tainty budget associated to thermal conductivity measure-
ments performed by CertiMaC. This work has been devel-
oped in order to improve the metrological knowledge on
thermal conductivity measurements for materials charac-
terization in energy-efficient buildings field. In this appli-
cation field such metrological characterisation is strongly
requested by most recent European standards [4, 5], even
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heat flow meter; calibration; regression analysis;

if actually it’s not still implemented as a typical data anal-
ysis routine.

2 Unitherm™ 2022 heat flow meter

Thermal conductivity in the Unitherm™ 2022 HFT
(Figs. 1, 2) is measured by the guarded heat flow meter
method (Refs. [1,2]). This test method covers a steady-
state technique for the determination of the resistance
to thermal transmission (thermal resistance) of materials
whose specimen thicknesses is less than 25 mm. A speci-
men and an HFT are sandwiched between two flat plates
controlled at different temperatures to produce a heat flow
through the test stack. The lower contact surface (with
the sample) is part of a calibrated heat flux transducer. A
reproducible load is applied to the test stack by a pneu-
matic cylinder, to ensure that there is a reproducible con-
tact resistance between the specimen and plate surfaces.
A guard surrounding the test stack is maintained at a
uniform mean temperature of the two plates, in order to
minimize lateral heat flow to and from the stack. More-
over, the guard is replaced by an insulating ring when the
test mean temperature is under 20 °C, in cryogenic con-
ditions. As heat flows from the upper surface through the
sample to the lower surface, an axial temperature gradient
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Fig. 1. (Color online) HFT laboratory at CertiMaC — ENEA, in Faenza. (1) Command and Control Panel in order to supervise
the temperatures along the stack and the cylinder pressure. (2) Chiller with temperature automatic controller. (3) Stack section
with HFT and Guard Heater. (4) Personal Computer with software and acquisition system. (5) Control and Command Panel
for air and nitrogen system.
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Fig. 2. (Color online) Test section schematic — temperature setting for 10 °C measurement.



L. Laghi et al.: Uncertainty analysis of thermal conductivity measurements in materials for energy-efficient buildings 143

is established in the stack and at steady state, the differ-
ence in temperature between the surfaces contacting the
specimen is measured with temperature sensors embedded
in the surfaces, together with the electrical output of the
HFT (Fig. 2).

This output (voltage) is proportional to the heat flow
through the specimen, the HF'T and the interfaces between
the specimen and the apparatus. The proportionality is
obtained through prior calibration of the system with six
specimens of known and certificated thermal resistance
measured under the same conditions, so that contact re-
sistance at the surfaces is made reproducible.

At thermal equilibrium, the Fourier heat flow equation
applied to the test sample becomes equation (1):

Rs = [(Tu - Tm)/Q] — Rint (1)
where:
Rs = thermal resistance of the test sample (m? K/W);
T, = upper plate surface temperature (°C);
T, = lower plate surface temperature (°C);
Q = heat flux through the test sample (W/m?);
R;,: = total interface resistance between sample and sur-
face plates (m? K/W).

The thermal resistance of the test sample is defined by
equation (2):

Ry =d/A (2)

where:

d = samples thickness (m);

A = thermal conductivity (W/(m K)).

The interface thermal resistance R;,; must be included
in equation (1) because the HFT does not measure the
actual temperature drop in the sample itself, but rather
the temperature difference between the upper and lower
surface plates in contact with the sample. The heat flux
through the sample is measured with a transducer located
just below the sample (HFT). The heat flux is determined
by measuring the temperature difference across the refer-
ence calorimeter (see Eq. (3)):

Q= N(Tp —TL) (3)

where:

N = reference
cient (W/(m? K));
T, = lower plate surface temperature (°C);

T, = bottom heater temperature (°C);

Combining equations (2) and (3) yields the following
expression for the sample thermal resistance (Eqs. (4)
and (5)):

calorimeter heat transfer coeffi-

Ry =F|(Ty — Tpn)/ (T, — T1)] — Rins (4)

or

Rs = F(ATQ/AT;) - Rint = FTRA - Rint (5)

where:
F = proportionality constant (m? K/W);
AT, = temperature difference across the sample (°C);

AT, = temperature difference across the reference
calorimeter (°C);

Tra = AT /AT, (°C/°C).

Under ideal conditions, when there is no heat loss or gain
along the outer surface of the test stack, the factor F is
the inverse of the reference calorimeter heat transfer co-
efficient, N. Such conditions are closely approximated in
the Model 2022 because the guard heater surrounding the
test stack is actively controlled. Its temperature, compa-
rable to the sample mean temperature, is controlled by
means of thermocouples in order to avoid circumferential
heat flow distortions and to guarantee a mono-dimensional
flux.

To determine F and R;y: in equation (5), the Model
2022 must be calibrated first. Equation (5) shows that
there is a linear relationship between R and Tr4 which
can be estimated by means of a linear regression obtained
with OLS Method. After the temperature ratios T4 are
measured for several samples of known thermal resistance
and the results are plotted on a graph, a straight line
fitting the data points can be found (Fig. 3). The slope of
the line is F' and the y-axis intersection is Rjp;.

These points represent the various calibration samples
with certified thermal properties (by a producer by means
of Technical Certificates) and thickness (see Eq. (2)):
Vespel 6.35 mm, Vespel 3.125 mm Vesple 9.525 mm,
Pirex 12.7 mm, Pirex 6.35 mm, Stainless Steel 19.05 mm.
This set is suitably chosen in order to sweep completely
the thermal resistance range of the instrument, from
0.002 m?2 K/W to 0.02 m? K/W.

Finally, although R;,: is accounted for in the analy-
sis, it is important for obtaining high test accuracy that
it is made as small as possible. This is achieved by using
highly polished metal surfaces in contact with the sample,
by clamping the sample with a reproducible force, and by
applying heat transfer compound to the contacting sur-
faces.

The thermal conductivity determination of an un-
known specimen shall only be conducted at a tempera-
ture within a range and under applied load conditions for
which valid calibration data exist. Under the same condi-
tions and after thermal equilibrium is attained, it is possi-
ble to measure Tra by calculating the mean temperature
values on the sample and the reference material in a fixed
temporal range (Ref. [1]). Moreover, it will be possible
to estimate thermal resistance on the basis of the cali-
bration linear fit (Fig. 4). Finally, thermal conductivity is
estimated from thermal resistance value by measuring the
sample thickness.

3 Evaluation of the uncertainty budget
associated to the heat flow meter

A procedure to evaluate the uncertainties associated to the
measures obtained from HFT is described (Refs. [3,6-10]).

In accordance with the metrological features described
in previous paragraphs, the uncertainty budget is per-
formed on the basis of the following steps. These are
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Fig. 3. (Color online) Straight line through the experimental points obtained during HFT calibration.
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Fig. 4. (Color online) Thermal Conductivity determination for specimens of unknown thermal resistance.

demonstratively applied to a set of calibration data ob- (2) accordingly to the physical model at the basis of the

tained for a characterization of the HFT performed during HFT operation, adoption of a straight line as the
July 2008 (at a mean temperature of the reference sample model for fitting the calibration points: hence, estima-
of about 10 °C): tion of both parameters F' and R;,; and evaluation of

(1) evaluation of the uncertainties associated to the six the associated uncertainties;

couples of values (Tra, Rs) related to the preliminary (3) uncertainty propagation to the thermal resistances of
calibration of the HFT by means of the six reference materials under test estimated by applying the cali-
materials; bration curve to the relevant Tr 4 measures;
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Table 1. Uncertainty budget for one of the six reference materials: VESPEL QREF-962.

pt
1 VESPEL QREF-962 Xj s a Vi u*(x) cj=aflax; | ui(Tra)=c’- uP(x) | u'(Trally,
symbol value notes

Tra=temperature ratio=f(X)) T, 20.22 1.0E-01 50 3.3E-03| 1.2E-01 4.6E-05 4.3E-11
; T -0.56 1.0E-01 50 3.3E-03| -4.1E-01 5.5E-04 6.0E-09
s Tra = 2.44 T -9.06 1.0E-01 50 3.3E-03| 2.9E-01 2.8E-04 1.5E-09

7 W(Tra) 8.69E-04
s u,(Tgra) and actual DOF 0.03 100
: confidence level P 0.95
covering factor k = t (P, DOF) 1.984
expanded uncertainty U(Tga) 0.06)

%; s; a Vi uig) | gEaflax | uiR)=ch vix) [ RN
symbol value notes

Rs=thermal resistance=f(X;) d 0.00635 reproducibility| 2.0E-05 9 4.0E-10 2.7E+00 2.8E-09 8.7E-19|
(: resolution 1.0E-05 50 3.3E-11 2.7E+00 2.4E-10 1.1E-21
d A 0.376) 9.0E-03 s0| 27E-08) -4.56-02 5.5E-08 6.0E-17,

:1 v’ (Ry) 5.8E-08
a uc(Rs) and actual DOF 0.00024| 55
; confidence level P 0.95
covering factor k = t (P, DOF) 2.005
expanded uncertainty U(R;) 0.00048

(4) final evaluation of both thermal conductivity of the
tested materials and the associated standard and ex-
panded uncertainty.

3.1 Calibration: uncertainties associated
to reference data

Six samples of reference materials are used to build a cal-
ibration straight line associated to the HF T, accordingly
to equation (5). For each sample, Ry is well-known and the
values of Tra are measured. The evaluation of the com-
bined uncertainty associated to both Tra and Ry is per-
formed following the scheme illustrated in Table 1, where
data referring to the reference material VESPEL QREF-
962 are reported as an example. Table 1 is a useful way to
express the whole uncertainty budget of a physical quan-
tity, aimed to give evidence to each single contribution. It
should be underlined here that the measurement units of
the various physical quantities are not reported in the ta-
ble, to facilitate its reading. The measurement results are
expressed using the same multiple or sub-multiple, and the
adopted mathematical model is correct for what concerns
the dimensional analysis, so that the values reported are
guaranteed to be homogeneous and dimensionally correct.
The symbols in Table 1 have the following meanings:

— column z;: symbol, value and note related to the jth
independent input variable;

— column s;: standard uncertainty related to type A con-
tributions (estimates of the standard deviation o).
For what concerns temperatures, at the moment it
is not possible to acquire a statistical sample of re-
peated measurements in conditions of thermal equilib-
rium: the instrument in fact acquires the temperature
values and gives their mean values when the steady
state is attained. For what concerns the thickness d of

the sample, the value s is calculated from a set of ten
repeated measurements;

— column a;: semi-amplitude of the variability range,
from which the appropriate type B uncertainty con-
tributions are calculated. For what concerns tempera-
tures, a variability range of 0.2 °C is considered rea-
sonable on the basis of the knowledge of both the
adopted transducers (type K thermocouples) and the
HFT itself: temperature values are considered to be
uniformly distributed in this range (rectangular distri-
bution). For what concerns d and A, a; values are de-
terminated by considering the instrument resolution (a
caliper) and the data sheet information, respectively;

— column v;: degrees of freedom (DOF) associated to
the corresponding uncertainty contribution (the value
of 50 DOF is used when the quality of the information
is considered “very funded”);

— column u?(z;): variances of the independent variables;

— column c¢;: sensitivity coefficients obtained from the
mathematical models by which Tr4 and Rs are ex-
pressed in terms of the input variables;

— column u3(Tra or R,) = c3u*(x;): contributions to
the variance of Tra or Rs due to the different consid-
ered independent variables;

— column u?(TRA or R,)/v;: jth contributions in the
Welch-Satterthwaite formula, used to estimate the ac-
tual DOF;

— u?(Tra or Ry): combined variance of Tra or R, cal-
culated as Eu?(TRA or Ry);

— uc(Tra or Ry): standard uncertainty of Tra or R,
calculated as the square root of u2(Tra or Ry);

— actual DOF for Thr4 or R, calculated by applying the
Welch-Satterthwaite formula;

— coverage factor k, calculated by the Student’s
t-distribution on the basis of both the chosen confi-
dence level and the actual DOF;
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Table 2. Synthesis of the calibration data obtained in correspondence to the reference materials.
sample d Tra U(Tra) u(Tra) U(Tra) R, u(R,) u(R.) UR.)
[m] [°C/°C] [°crec] [%] rrcre] | mPKwg | [m2Kwg [%] [m2KIW]
SS QREF-941 0.01905 0.255 0.004 1.7 0.01 0.0013 1.5E-06 0.1 3.3E-06
PIREX QREF-952 0.00635 0.946 0.009 1.0 0.02 0.0059 3.4E-05 0.6 6.9E-05
VESPEL QREF-963 0.00318 1.239 0.012 1.0 0.02 0.0084 1.3E-04 1.5 2.6E-04
PIREX QREF-951 0.01270 1.901 0.021 1.1 0.04 0.0118 6.1E-05 0.5 1.2E-04
VESPEL QREF-962 0.00635 2.445 0.029 1.2 0.06 0.0169 2.4E-04 1.4 4.8E-04
VESPEL QREF-969 0.00953 3.640 0.056 1.5 0.11 0.0253 3.6E-04 1.4 7.1E-04

— expanded uncertainty: calculated as the product be-
tween k and u.(Tra or Rs).

A synthesis of the calibration data obtained in correspon-
dence to the reference materials is reported in Table 2.

3.2 Statistical method used to estimate the calibration
curve of the heat flow meter

The six couples of values (Tra, Rs), obtained during the
calibration phase by means of the reference materials, have
been plotted on a corresponding x-y graph. In order to
determine a straight line fitting the data points, the slope
F of the line and the y-axis intercept R;,: have to be
estimated (see Sect. 2). It is here necessary to make the
following considerations:

— as described in the previous paragraph, the calibration
points in the x-y graph are characterized by uncertain-
ties on both the abscissa and ordinate, that are com-
parable in relative terms. The statistical method that
should be formally used to fit this data set is known as
the Total Least Square (TLS) method. Generally, HF'T
metrology commonly uses OLS method, so the adop-
tion of TLS method in treating this type of calibration
curve is something relatively “new”. Therefore, some
further analysis and considerations will be taken into
consideration before validating its adoption;

in the following, OLS will be implemented to fit the cal-

ibration data accordingly to the linear model (Fourier’s

Law). It should be considered that this method needs

to be applied under the hypothesis that all the exper-

imental points have no uncertainties on abscissa and
equal uncertainties on ordinate; it is obvious that both
these hypothesis are not appropriate to describe the
experimental situation under test here. In spite of this
fact, OLS method is applied in order to guarantee the
continuity with the previous way of data elaboration.

The novelty in this approach, in comparison with the

usual approach implemented up to now, can be sum-

marized in these two points:

(1) the goodness of the method was tested and proved
at the desired confidence level, taking into consid-
eration in a proper way the expanded uncertainties
of the experimental points determined in Sect. 3.1,
Table 2;

(2) the covariance of the estimated parameters (slope
F and intercept R;,:, respectively) was calculated
and considered in the subsequent uncertainty prop-
agation on the values of thermal resistance of un-
known materials.

The calculations were performed by applying the formu-
las reported in reference [3] and checked by comparison
versus the statistical tool provided by Excel. The term
$(F, Rint) indicates the covariance between the statisti-
cal estimates. The goodness of the OLS method in fitting
the experimental data was verified by building around the
regression line the uncertainty bands at the confidence
level of 95%, and checking if they overlap the expanded
uncertainties of the experimental values. The confidence
bands were estimated by combining in a proper way the
uncertainties of both slope and intercept, and taking into
account the actual DOF (by which the appropriate cov-
erage factor was calculated). The results can be seen in
the graph reported in Figure 5. It can be concluded that
there is a reasonable accordance between the OLS fit and
the expanded uncertainties of the calibration data: that
justifies the use of OLS method as the fitting standard
method in this type of applications.

3.3 Measurement of thermal resistance
of unknown materials

Now, using the calibration curve of the HFT, it will be
possible to estimate the thermal resistance of unknown
materials. The procedure can be divided in the following
two steps (see Sect. 2):

(1) measurement of Tra, and evaluation of its associated
combined uncertainty w(Tr4) and DOF, for the mate-
rial under test;

use of the parameter F and R;,; to estimate the
thermal resistance R of the material under test; the
associated combined uncertainty u(Rs) is calculated
propagating the contributions due to all the involved
variables (Tra, F and R;,; with their standard uncer-
tainties and covariances).

(2)

As an example, this procedure was applied to experimen-
tal measures of Tra obtained during the thermal char-
acterization of four different materials (Tab. 3). The ob-
tained results, related to one of considered materials, are
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OLS method used to fit a set of calibration data
(data set measured at the mean calibration temperature of 10 °C - July 2008)
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Fig. 5. (Color online) Fit of the calibration data by OLS method and construction of the confidence bands.

Table 3. Synthesis of thermal resistances, and associated uncertainties, determined for different materials by using the regression

parameters estimated by OLS.

label CertiMaC Tra u(Tra) R u(Rs) U(TRra) U(Rs)
P1-B exp. point. 1 0.76 0.01 4.65E-03 3.1E-04 1.5E-02 8.5E-04
CLT0376 exp. point. 2 1.81 0.02 1.21E-02 2.6E-04 3.8E-02 6.2E-04
CMT0379 exp. point. 3 3.09 0.04 2.12E-02 4.6E-04 8.3E-02 1.0E-03
CMT0396 exp. point. 4 414 0.07 2.87E-02 7.2E-04 1.3E-01 1.6E-03

reported in Tables 4 and 5, respectively. The tables are
based on the same uncertainty analysis described in Sec-
tion 3.1. A synthesis of the obtained results is reported in
Figure 6.

3.4 Measurement of thermal conductivity
of unknown materials

The final step consists in the determination of the thermal
conductivity of the tested materials, by applying equa-
tion (2) and the usual rules for the uncertainty propaga-
tion. As an example, the values of A\ were calculated for
the experimental data considered in Section 3.3. The ex-
ample takes into consideration a measurement at 10 °C in

dry state, that represents a reference condition for anal-
ysis on building materials (Fig. 2 — temperature setting)
as requested from European standards [4, 5]. Moreover,
the operative temperature span is related to the sample
mean temperature in the instrument range from 0 °C to
300 °C. In this specific case, for analysis at 10 °C on build-
ing materials, T;, and T}, are controlled at about 20 °C
and 0 °C respectively, in accordance with the instrument
specification (Fig. 2).

3.5 Uncertainty analysis implemented on a customized
LabVIEW executable

The whole uncertainty analysis was implemented in a
proper executable by means of LabVIEW software. Some
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OLS method used to estimate experimental values of thermal resistance
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Fig. 6. (Color online) Thermal resistances determined by applying OLS method.

Table 4. Measures of Tra and R, and associated combined uncertainties u(Tra), u(Rs) and DOF, for materials under test.

Heat Flow Meter during working - evaluation of Tga, u(Tga) and DOF
pt| P1-B
1 pt1 % s 3 Vi uix) | o= aflex | ui(Tea=ct uilx) [ u(Tralvy
symbol value notes
Tra=temperature ratio=f(X;) T, 19.85) 1.0E-01 50  3.3E-03 6.2E-02 1.267E-05 3.2E-12
: Tm 7.58 1.0E-01 50  3.3E-03 -1.1E-01 3.909E-05 31E-11
s Tra= 076 T -8.64 1.0E-01 50|  3.3E-03 4.7E-02 7.250E-06 1.1E-12
{ W (Tra) 5.901E-05
s u.(Tra) and actual DOF 0.01 100
: confidence level P 0.95
covering factor k = t (P, DOF) 1.984
expanded uncertainty U(Tga) 0.02
Heat Flow Meter during working - evaluation of R, u(Rs) and DOF
pt| P1-B
1 pt1 X; s 3 Vi u?(x) c; = flax; u?(Ry)=¢? - u?(x)) u!(Ro)lv;
symbol value notes
Rs=thermal resistance=f(X;) F 7.096E-03 | fromOLS | 2.0E-04 4.2E-08 0.0E+00 0.000E+00
Rint -7.134E-04| fromOLS | 4.2E-04 1.8E-07 1.0E+00 1.768E-07
‘r’ S(F,Rin) fomoLs | -7.3E-08 -7.3E-08 0.0E+00 0.000E+00
d 4 1.768E-07 7.8E-15
:. Tra 0.000E+00| measurement | 0.0E+00 100  0.0E+00 7.1E-03 0.000E+00 0.0E+00
2 wo(R,) 1.768E-07
: u(Rs) and actual DOF 4.2E-04 4
confidence level P 0.95|
covering factor k = t (P, DOF) 2.776
expanded uncertainty U(R,) 1.2E-03
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L7003+l 132163 [|sosees [Jaeaes iiezez (1eose J253E2 | Rs[n'zKiw]
START FIRST ANALYSIS ) ) )

Fig. 7. (Color online) Software Snapshot — Sheet 1: calibration part.

snapshots of the software execution are reported in
Figures 7-9.

Heat Flow Meter in use

Fill in ALL the cells in the blue squares, checking
in the meantime the inserted mean values, then press OK

4 Discussion rmeasured temperatures sample thickness [mm]
20770 T [ 2520
7.830
A complete metrological characterisation of thermal con- | 1990  Tm [c] LSS
ductivity measurements requests a deep analysis of the : ) T
. . . . . | -8.390 Tu [°C] 7.821
various uncertainty experimental contributes in order to : f—
give an even more accurate technical support to all build- —
ing materials manufacturers involved in energy efficiency Just check inserted mesures T
. . . . ! L [® :
and thermal insulation field. For these reasons a statistical Mea'jli‘}?%zﬁmp el 7815
method has been implemented to obtain a proper charac- eyl O 7.820
terisation of building materials in terms of their thermal | 782
conductivity uncertainty. Moreover, this uncertainty anal-
ysis has confirmed that OLS method can be considered as -
reasonably appropriate to fit the calibration data for HF'T

measurements of thermal conductivity. Finally, this anal-
ysis has allowed to accurately evaluate the uncertainties

associated to the main physical quantities involved in this Fig. 8. (Color online) Software Snapshot — Sheet 2: measured
experimental process. values.
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Operate ols  Window  Help
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Calibration part | Measurement part: measured values =~ Measurement part: estimated conductivity

Specimen under test

Cuskomer name

Measured temperatures Measured TRA Evaluated Rs Measured thickness d

in the heat Flow meter
. 1809 TRA[*ClC] L2169 Rs[mzkfw] | 7g22  <ds [mm]

20,770  Tu[C]

T L 0019 U_c(TRa) [C/eC] | 2.6E-4 | u_r (Rs) [z Kfw] | 0.006  uid)[mm]

8390 TL[c] 100 DOFcof TrA 8 DoFofRs © DOF of <d>

Evaluated Thermal Conductivity and its combined standard uncertainty

A [W/(m K)] u_c (A) [W/(m K)]
0.6454 + | 0.0140 2 ucemw

DOF and expanded uncertainty

~ DOFof & 2,060 covering Factor k=t (0,95, DOF)

00323 Uil 50 UciW%

tirne: & date
13:57:37
2011-02-23

Fig. 9. (Color online) Software Snapshot — Sheet 2: estimated conductivity.

Table 5. Final results of A with their associated combined uncertainties and DOF.

Heat Flow Meter during working - evaluation of A, u(,) and DOF

pt P1-B
1 pt1 %; s; 3 \ u?(x;) o =aflax | ui(=c?- u'(x) u(Mivy
symbol value notes
A=thermal conductivity=f(X) d 1.72E-03 5.8E-05 9|  3.3E-09 2.1E+02 1.538E-04| 2.6E-09
Ry 4.65E-03| 3.1E-04 4 9.4E-08 -7.9E+01 5.902E-04 8.2E-08
) 7.441E-04

u.(A) and actual DOF 0.027, 7
confidence level P 0.95
covering factor k = t (P, DOF) 2.447

expanded uncertainty U(A) 0.07
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