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1. Introduction

This report presents the results of the bilatetdREMET comparison between MIKES (Finland)
and SP (Sweden) in the area of acceleration andtiob. This comparison was organised in order
to confirm the measurement capabilities of MIKE&eTtcomparison was registered as EURAMET
project ref. 1142, title “Bilateral Comparison otéelerometer Calibration”. MIKES acted as the
pilot laboratory of the comparison.

MIKES has been building a vibration transducerbration facility on a secondary level. Now,
when the calibration facility is ready to be us®KES is motivated to carry out a bilateral
comparison to validate it. The results of compariadll be used as an evidence for MIKES CMCs
for secondary calibration of vibration transducers.

The participants agreed to use weighted mean topotamthe degrees of equivalencies of the
comparison. The results at 19 specified frequeremesthe respective degrees of equivalencies are
presented.

The technical protocol (Appendix 1) specifies inagdethe aim and the task of the comparison, the
conditions of measurement, the transfer standasdd,uneasurement instructions and other items.
A brief survey is given in the following sections.

The calibrations were performed from September 201December 2010. After the measurements
were done it was discovered that accelerometeridglésended type) has higher temperature
sensitivity that was expected. This caused problsinse the measurements protocol did not
specify the method of measuring the temperaturésenficcelerometers during calibrations clearly
enough.

2. Task and purpose of the comparison

The task was to compare measurements of sinusdiitedr accelerations and piezoelectric

accelerometer calibration in the frequency rangenfd0 Hz to 10 kHz. Two accelerometers, one
provided by each laboratory, were used during thraparison. One of the accelerometers was a
single-ended type and the other was a back-to-bguk- The calibration was accomplished by

primary method according to ISO 16063-11 or by sdaoy method according to ISO 16063-21.

The result of the calibration was the magnitude phadse shift of the complex charge sensitivity

and the associated uncertainty. In this compar&Braccomplished its measurements by primary
and MIKES by secondary method. The traceabilitMdKES reference accelerometer comes from

PTB (The Physikalisch-Technische Bundesanstal)

The main purpose of this comparison was to prowatie objective evidence of the current
measurement capabilities of MIKES against SP, whiel taken part in the key comparison
EUROMET.AUV.V- K1.

3. Conditions of measurement

The conditions of the measurement specified intdodnical protocol were fulfilled to a large
extent:

* Frequencies in Hz: 10, 12.5, 16, 20, 40, 80, 184G, $30, 800, 1250, 2000, 2500, 3150,
4000, 5000, 6300, 8000 and 10000 Hz
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=  Amplitudes: preferred value 10 m/s2. A range of /82no 200 m/s2? should be complied
with. If needed, up to 300 m/s2 will be accepted

= Ambient temperature and accelerometer temperaturegd the calibration: 23°G 1°C
(actual values to be stated within tolerances@5°C).

= Relative humidity: max. 75%.

= Mounting torque of the accelerometer+9.1) Nm.

4. Transfer standards

As transfer standards, two types of piezoelectiekerometers were used: standard accelerometer
(single-ended), type 4366, manufacturer Briel & Kj@\ccelerometer A), and standard
accelerometer (back-to-back), type 2270, manufactindevcoAccelerometer B).

Accelerometer A is provided by SP and acceleromBtéry MIKES. Both accelerometers have
been measured over a longer period for stabilitg.da

In addition a dummy mass for calibrating acceler@mB by laser interferometry was provided by
MIKES.

Specifications of Accelerometer A: Accelerometer (single ended) type 4366, serial mam
716185, manufacturer Briel & Kjeer. Weight: 28 grarhength: 19 mm. Width over flats of
hexagonal faces: 16 mm. Mounting thread: 10-32 UBIEctrical connector: coaxial 10-32 UNF.
Accelerometer capacitancel.l nF. Sensitivity 5 pC/(m/s?). Max. transverse sensitiviy2%.

Specifications of Accelerometer B: Accelerometer (back-to-back) type 2270, serial ben0050,
manufacturer Endevco. Weight: 40 grams. Lengthn28. Width over flats of hexagonal faces:
16 mm. Mounting thread: 1/4-28 UNF. Electrical ceator: coaxial 10— 32. Accelerometer
capacitances 1.6 nF. Sensitivity= 0.22 pC/(m/s?). Max. transverse sensitivi\38%.

Specifications of Dummy mass: Dummy mass made of steel. Weight: 50 grams. Dummiass has
three equally spaced longitudinal holes on itsuciiference and one center hole for mounting it on
top of an accelerometer.

5. Measurement instructions
Themeasurand is the magnitude and phase shift of the complexgehsensitivity.
= Calibration of Accelerometer A by laser interferometry:

The reference surface for acceleration measuremdn definition the base or mounting
surface of the accelerometer. If this surface \eoed during the calibration, the motion is
to be sensed on the moving part close to the accedder. Alternatively, the motion can be
sensed at the mounting surface of the accelerom&dongitudinal holes in the moving

part of the vibration exciter. ISO 16063-11:199%ide observed.

= Calibration of Accelerometer B by laser interferometry:

A dummy mass provided by the pilot laboratory shallmounted on the top surface of the
accelerometer B. The reference surface for act¢elarmeasurement is by definition the top
surface of the back-to-back accelerometer B. Theamads to be sensed at the polished top
surface of accelerometer B via longitudinal hofethe dummy mass. ISO 16063-11:1999 is
to be observed.
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o In order to suppress the effect of any non-re&dm motion in laser-
interferometric calibrations, the displacement dtiobe measured at a
minimum of three different points. These pointswdtidbe equally spaced on
the mounting surface of the accelerometer.

= Calibration of Accelerometer A by comparison:

The accelerometer is to be calibrated accordindS©©® 16063-21 by comparison to a
reference accelerometer calibrated by laser imarfetry in accordance with ISO 16063-
11:1999. The reference accelerometer of the céiigrdaboratory may be of the so-called
back-to-back type meant for direct mounting of tihensducer to be calibrated (i.e.
accelerometer Apn top of it in a so-called back-to-back configioat It may also be a
reference accelerometer with normal mounting prous used underneath a fixture in line
with accelerometer A. It is not recommendednount the two transducers side by side as
rocking motion will often be present, causing lageors in many circumstances. For
calibrators, the reference transducer may be agralk part of a moving element.

= Calibration of Accelerometer B by comparison:

Accelerometer B is calibrated by using a singleeshdransfer standard accelerometer
mounted on top of it as a reference. The trandferdsrd accelerometer is to be calibrated
according to ISO 16063-21 by comparison to a refe¥eaccelerometer calibrated by laser
interferometry in accordance with 1ISO 16063-11:19B8e weight of the transfer standard
accelerometer should be the same as the weigheaummy mass.

= The charge amplifier used in the laboratory should be calibrated. THéoredion of the
charge amplifier should be carried out using valokshe electrical quantities similar to
those occurring in the accelerometer calibration.

= The mounting surfaces of the accelerometer andribeng part of the vibration exciter
shall slightly be lubricated before mounting.

= For each of the two accelerometers, carry out #iibration in accordance with the usual
procedure of your laboratory.

6. Communication of the results to the pilot labora tory

MIKES and SP calibrated both accelerometers witlamyt information from the other participant.
Both participants sent the calibration results he TC-AUV SC Acceleration and vibration
convenor Thomas Bruns independently. After bothigipants had performed their calibrations and
Thomas Bruns had received both calibration reshisent the calibration results to MIKES.

The calibration results had to be submitted to Th®MBruns within 6 weeks after performing the
calibration. The calibration report was asked totam detailed descriptions of:

= the calibration equipment

= the calibration method(s) used
= the ambient conditions

= the mounting technique

= the calibration results

= the uncertainty budget(s)

In addition to the calibration report, the measugetresults were asked to be submitted to the pilot
laboratory by electronic mail, with the dataBrcelor ASCII text format.
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For reporting the calibration results, clause 10S 16063-11:1999 and clause 7 of ISO 16063-
21, respectively, were asked to be taken into adcdtor uncertainty, the following instructions
were given:

The list(s) of the principal components of the utaiaty budget shall be in accordance with 1ISO
16063-11:1999, Annex A for the primary calibratioylaser interferometry according to method 1
("fringe-counting method"), method 2 ("minimum-pbimethod”) and/or method 3 ("sine-
approximation method"). For vibration calibratioy bomparison to a reference accelerometer,
Annex A of ISO 16063-21 shall be taken into accounteach case, the uncertainties shall be
determined in accordance with the Guide to theesgon of uncertainty in measurement, which is
adapted to the calibration of vibration and sh@akdducers in ISO 16063-1:1998, Annex A.

Clause 10 and Annex A of ISO 16063-11:1999 and Amkef ISO 16063-21 are formal parts of
clause 6 of the technical protocol.

7. Circulation type
Only one link between SP and MIKES existed.

SP sent the accelerometer A to MIKES. MIKES calédahe accelerometer and sent it back to SP,
which performed its own calibration of accelerométe

MIKES sent the accelerometer B to SP. SP calibritediccelerometer and sent it back to MIKES,
which performed its own calibration of accelerom&e

8. Calculation of the degree of equivalence

The data reported by each laboratofyr accelerometers A and B were as follows:
= X : the best estimate of sensitivity at frequeh@nd
* u(xf) : the associated standard uncertainty of sentgit frequency.

The degree of equivalence between MIKES and SPdessmined at each frequency by using
eqguations:

X —X;

Dij =X ~X (1a) Dij rel = i X [100%, (1b)
uZ +u?
U, =kyu? +u? (2a) Uy =k (100% (2b)

Dj is the difference between the measurement restilisboratories andj at each frequency for
the magnitude and phase shift of the sensitivity @ is the associated expanded uncertainty with
a coverage factok. Dje and Ui are the degree of equivalence and its associatpdanded
uncertainty in relative form (in percent, %).

9. Results

Calibration of accelerometer B (back-to-back tygl@ws an agreement within 0.3 % from 10 Hz to
4 kHz and within 0.8 % from 5 kHz to 10 kHz in s#ingy magnitude and better than 0.8° in phase
shift in the whole frequency range. Results froiibecation of accelerometer A (single-ended) show
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an agreement within 1 % from 10 Hz to 5 kHz andhimit2.8 % from 6.3 kHz to 10 kHz in
sensitivity magnitude and better than 0.8° in plsdst in the whole frequency range

As mentioned, accelerometer A had high temperaemnsitivity (0.4 %/K relative to accelerometer
B, in which it was less than 0.1 %/K). This was taken into account in calculation of degrees of
equivalencies and associated uncertainties.

The results presented in tables 1a and 1b areitiaé dalibration results of complex charge
sensitivity of accelerometer A (single-ended) sutediby the participating laboratories.

Accordingly in tables 2a and 2b are presented ithed measurement results of accelerometer B
(back-to-back).

These final results are calculated as the aritttmmatan of multiple measurements obtained on
different days.

Tables 1a, 1b, 2a and 2b include:

= The complex charge sensitivity calibration resyiteagnitude and phase shift) from each
laboratory

*= The degrees of equivalences between laboratbyjegith associated expanded uncertainties
(k=2).

Figure 1 presents the magnitude and phase shifbroplex charge sensitivity of accelerometers A
and B of both laboratories.

Figure 2 presents the degrees of equivalence betthedaboratories for accelerometers A and B.

10. Conclusions

The results from calibration of accelerometer Bvglibat MIKES has good agreement with SP
within the stated uncertainties. However the mesaments with accelerometer A show much bigger
deviation and at two frequencies the deviation dKEB's calibration result from SP value exceeds
the stated uncertainty.

A probable reason for the deviation is the factt thecelerometer A had bigger temperature
sensitivity than was expected - 0.4 %/K - and thah high probability the temperature of the
transducers may have deviated by as much as 2%eéetlaboratories. This is due to heating
effect from the shaker and that the temperaturth@faccelerometer itself was not measured and
reported carefully enough during the calibrations.

Figure 3 shows the relative difference betweeniseitns magnitude of MIKES and SP results for
accelerometer A and the relative difference in Bcagon sensitivity with another B&K 4366-type
accelerometer in two different temperatures. It Yoasd that the relative differences match when
the temperature is varied by 1.4 °C.

In conclusion, the degrees of equivalence calcdl&tem the data submitted by the laboratories
support well the measurement uncertainties repoogedhe laboratories for the calibration of
complex acceleration sensitivity of accelerometardrequencies from 10 Hz to 10 kHz in case of
accelerometer B.

In case of accelerometer A the results supporthiiened uncertainties up to 5 kHz. However, the
previously described temperature effects causedatimvs not accounted for in the uncertainty
budget. Further measurements with more appropseatsors will be performed in the future in
order to get more support for MIKES’s measuremapibilities.
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Table 1a: Accelerometer A; results of sensitivitggnitude reported by the laboratories and caladldégrees of equivalence. Uncertainties are
reported fokk=2.

SP MIKES Degrees of equivalence (Magnitude)

Frequency | Sensitivity magnitude U Sensitivity magnitude U Dsp-MiKEs, rel Usp-MIKES rel
[Hz] [pC/(m/s?)] (%] [(pC/(m/s%)] [%0] [%0] (%]
10 4,790 0.50 4,747 1.00 0.903 1.11
12.5 4,783 0.50 4,736 1.00 0.992 1.11
16 4778 0.50 4,729 1.00 1.018 1.11
20 4,770 0.50 4,724 1.00 0.961 1.11
40 4,746 0.51 4,710 1.00 0.751 1.12
80 4722 0.51 4,695 1.00 0.581 1.12
160 4.697 0.51 4.660 1.00 0.793 1.12
315 4,674 0.51 4,651 1.00 0.482 1.12
630 4.655 0.52 4,633 1.00 0.470 1.12
800 4.648 0.52 4,628 1.00 0.431 1.12
1250 4.643 0.60 4.620 1.50 0.494 1.61
2000 4,653 0.60 4,639 1.50 0.299 1.61
2500 4,666 0.71 4,639 1.50 0.572 1.65
3150 4.686 0.70 4,674 1.50 0.259 1.65
4000 4,745 0.89 4718 1.50 0.562 1.74
5000 4.840 0.87 4.824 2.00 0.323 2.18
6300 4,991 0.94 4.875 2.00 2.338 2.18
8000 5.318 1.30 5.218 2.00 1.888 2.37
10000 5.756 1.49 5.600 2.00 2.734 2.48
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Table 1b: Accelerometer A; results of phase shkifiorted by the laboratories and calculated degreeguivalence. Uncertainties are reported
for k=2.

SP MIKES Degrees of equivalence (Phase shift)

Frequency Phase shift U, Phase shift Uc Dsp.-mikes Usp.mikes
[Hz] [°] [°] [°] [°] [°] [°]
10 -0.6 0.3 -0.5 1.2 -0.1 1.2
12.5 -0.6 0.3 -0.5 1.2 -0.1 1.2
16 -0.6 0.3 -0.5 1.2 -0.1 1.2
20 -0.6 0.3 -0.4 1.2 -0.2 1.2
40 -0.7 0.3 -0.5 1.2 -0.3 1.2
80 -0.7 0.3 -0.5 1.2 -0.2 1.2
160 -0.6 0.3 -0.6 1.2 0.0 1.2
315 -0.7 0.3 -0.7 1.2 0.0 1.2
630 -0.7 0.3 -0.7 1.2 0.0 1.2
800 -0.8 0.3 -0.7 1.2 -0.1 1.2
1250 -0.8 0.6 -0.8 1.8 0.0 1.9
2000 -0.6 0.6 -0.7 1.8 0.1 1.9
2500 -0.8 0.6 -1.1 1.8 0.3 1.9
3150 -0.9 0.6 -0.9 1.8 0.0 1.9
4000 -0.8 0.6 -1.1 1.8 0.3 1.9
5000 -0.9 0.6 -1.3 2.4 0.5 25
6300 -0.9 0.6 -1.7 2.4 0.8 25
8000 -1.3 0.6 -1.2 2.4 -0.1 25
10000 -1.5 0.6 -1.9 2.4 0.4 2.5
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reported fokk=2.

10/26

SP MIKES Degrees of equivalence (Magnitude)

Frequency | Sensitivity magnitude U Sensitivity magnitude U Dsp-MIKES rel Usp-MIKES rel
[Hz] [pC/(m/s?)] (%] [(pC/(m/s%)] [%0] [%0] (%]
10 0.2046 0.39 0.2051 1.2 -0.22 1.24
12.5 0.2045 0.39 0.2049 1.2 -0.20 1.25
16 0.2046 0.39 0.2049 1.2 -0.17 1.24
20 0.2045 0.39 0.2049 1.2 -0.20 1.25
40 0.2046 0.39 0.2048 1.2 -0.12 1.24
80 0.2044 0.39 0.2049 1.2 -0.23 1.25
160 0.2044 0.39 0.2047 1.2 -0.16 1.24
315 0.2044 0.39 0.2047 1.2 -0.15 1.24
630 0.2043 0.39 0.2046 1.2 -0.16 1.24
800 0.2043 0.39 0.2047 1.2 -0.18 1.25
1250 0.2043 0.49 0.2048 1.9 -0.23 1.97
2000 0.2045 0.49 0.2048 1.9 -0.13 1.96
2500 0.2046 0.49 0.2050 1.9 -0.21 1.97
3150 0.2049 0.49 0.2048 1.9 0.04 1.96
4000 0.2052 0.73 0.2052 1.9 0.01 2.04
5000 0.2059 0.73 0.2051 2.3 0.39 2.40
6300 0.2065 0.73 0.2065 2.3 0.01 2.41
8000 0.2077 0.96 0.2074 2.3 0.14 2.49
10000 0.2093 0.96 0.2077 2.3 0.75 2.48
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Table 2b: Accelerometer B; results of phase shfbrted by the laboratories and calculated degreeguivalence. Uncertainties are reported
for k=2.

SP MIKES Degrees of equivalence (Phase shift)
Frequency Phase shift U, Phase shift Uc Dsp.mikes Usp-miKES

[Hz] [°] [°] [°] [°] [°] [°]
10 0.0 0.3 0.0 15 0.0 15
12.5 0.0 0.3 0.0 15 0.0 15
16 0.0 0.3 0.0 15 0.0 15
20 0.0 0.3 -0.1 15 0.1 15
40 0.0 0.3 -0.1 15 0.1 15
80 0.0 0.3 -0.1 15 0.1 15
160 0.0 0.3 -0.2 15 0.2 15
315 -0.1 0.3 -0.1 15 0.0 15
630 -0.1 0.3 -0.1 15 0.0 15
800 -0.1 0.3 -0.1 15 0.0 15
1250 -0.2 0.6 -0.2 2.2 0.0 2.3
2000 -0.2 0.6 -0.4 2.2 0.2 2.3
2500 -0.3 0.6 -0.4 2.2 0.1 2.3
3150 -0.3 0.6 -0.6 2.2 0.3 2.3
4000 -0.4 0.6 -0.6 2.2 0.2 2.3
5000 -0.3 0.6 -0.9 2.8 0.6 2.9
6300 -0.5 0.6 -1.0 2.8 0.5 2.9
8000 -1.0 0.6 -1.2 2.8 0.2 2.9
10000 -0.9 0.6 -1.7 2.8 0.8 2.9
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Figure 1: Results of the measured complex sersithalues by the laboratories for accelerometeend B
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Relative differences of B&K 4366 accelerometer sens itivity magnitude at two
different temperatures and calibration results betw een SP and MIKES
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Figure 3: Relative difference of sensitivity magii¢ of accelerometer A between MIKES
and SP and between two different temperaturesidgthtical type of accelerometer measured
at MIKES.
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Appendix 1. Technical protocol of the comparison

MIKES
10.2.2010
Jussi Hamalainen

Technical protocol of the Bilateral EURAMET Compari son
(Vibration & acceleration)

EURAMET Project Ref. - 1142

1 Participants
The following two laboratories will participate in the project:

SP / Sweden Andersson, Hakan: Tel: +46 10 516 5000
E-mail: hakan.andersson@sp.se
MIKES / Finland Hamalainen, Jussi: Tel: +358 10 605 4404

E-mail: jussi.hamalainen@mikes.fi

Contact details of pilot laboratory/coordinator:
MIKES

Jussi Hamalainen

Tekniikantie 1

02150 Espoo

Finland

Phone: + 358 10 6054 404

Fax: + 358 10 6054 299

E-mail: jussi.hamalainen@mikes.fi

2  Aim and task of the comparison

The principal task of the comparison is the measurement of the complex
charge sensitivity of two accelerometer standards (one of single-ended design
and one of back-to-back design) at different frequencies and acceleration
amplitudes specified in clause 3. The charge sensitivity shall be calculated as
the ratio of the amplitude of the output charge of the accelerometer to the
amplitude of the acceleration at its reference surface. The reference surface is
the base or mounting surface of the accelerometer of single-ended design,
and the top surface of the accelerometer of back-to-back design. The
magnitude of complex charge sensitivity shall be given in pico coulombs per
metres per second squared: pC/(m/s?) and the phase shift of complex charge
sensitivity shall be given in degrees: °. Different measurement conditions
specified below.
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To calibrate two accelerometers, Primary vibration calibration by laser
interferometry in accordance with ISO 16063-11:1999 or Secondary vibration
calibration by the comparison method in accordance with 1ISO 16063-21 shall
be used. The latter method shall only be applied if the participating laboratory
is supplied with traceability by primary calibration of reference accelerometers.
To measure the output charge of the accelerometer standards, a calibrated
charge amplifier shall be used. For the calibration of the charge amplifier, see
clause 5.

Recommendation: expanded uncertainty of measurement (coverage factor
k =2) determined by the participating laboratories should be in the
approximate range of

* 0,5%to 1 % or smaller for magnitude, if laser interferometry is used,

* 1% to 3 % or smaller for magnitude, if the comparison method is used,

* 1 °orsmaller for phase shift.
Note: The participating laboratory shall report the measurement results of the complex charge
sensitivity and the associated uncertainties individually as they were calculated for any
specified measurement condition (in particular, for a given frequency), without applying any

curve fitting procedure which is frequently used to suppress deviations from a "flat" frequency
response.

3 Conditions of measurement

» frequencies in Hz: 10, 12.5, 16, 20, 40, 80, 160, 315, 630, 800, 1250, 2000,
2500, 3150, 4000, 5000, 6300, 8000 and 10000 Hz

« amplitudes: preferred value 10 m/s2. A range of 5 m/s2 to 200 m/s? should
be complied with. If needed, up to 300 m/s2 will be accepted.

* ambient temperature and accelerometer temperature during the
calibration:

23°C = 1 K (actual values to be stated within tolerances of +0,5 K).
» relative humidity: max. 75%.

e mounting torque of the accelerometer: (2 = 0,1) NIh.

4 Transfer standards

As transfer standards, two types of piezoelectric accelerometers are used:
standard accelerometer (single-ended), type 4366, manufacturer Bruel & Kjeer
(Accelerometer A ), and standard accelerometer (back-to-back), type 2270,
manufacturer Endevco (Accelerometer B ).

Accelerometer A is provided by SP and accelerometer B by MIKES. Both
accelerometers have been measured over a longer period for stability data.

In addition a dummy mass for calibrating accelerometer B by laser
interferometry is provided by MIKES.

Specifications of Accelerometer A: Accelerometer (single ended) type
4366, manufacturer Briel & Kjaer. Weight: 28 grams. Length: 19 mm. Width
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over flats of hexagonal faces: 16 mm. Mounting thread: 10-32 UNF. Electrical
connector: coaxial 10-32 UNF. Accelerometer capacitance: = 1.1 nF.
Sensitivity:= 5 pC/(m/s?). Max. transverse sensitivity: < 2%.

Specifications of Accelerometer B:  Accelerometer (back-to-back) type 2270
(manufacturer Endevco). Weight: 40 grams. Length: 28 mm. Width over flats
of hexagonal faces: 16 mm. Mounting thread: 1/4-28 UNF. Electrical
connector: coaxial 10-32. Accelerometer capacitance:=1.6 nF.
Sensitivity: = 0.22 pC/(m/s2). Max. transverse sensitivity: < 3%.

Specifications of Dummy mass: Dummy mass made of steel. Weight: 50
grams. Dummy mass has three equally spaced longitudinal holes on its
circumference and one center hole for mounting it on top of an accelerometer.
5 Measurement instructions

* The measurand is the magnitude and phase shift of the complex
charge sensitivity.

o Calibration of Accelerometer A by laser interferometry:

The reference surface for acceleration measurement is by
definition the base or mounting surface of the accelerometer. If
this surface is covered during the calibration, the motion is to be
sensed on the moving part close to the accelerometer.
Alternatively, the motion can be sensed at the mounting surface
of the accelerometer via longitudinal holes in the moving part of
the vibration exciter. ISO 16063-11:1999 is to be observed.

o Calibration of Accelerometer B by laser interferometry:

A dummy mass provided by the pilot laboratory shall be
mounted on the top surface of the accelerometer B. The
reference surface for acceleration measurement is by definition
the top surface of the back-to-back accelerometer B. The motion
is to be sensed at the polished top surface of accelerometer B
via longitudinal holes in the dummy mass. ISO 16063-11:1999 is
to be observed.

o In order to suppress the effect of any non-rectilinear motion in
laser-interferometric calibrations, the displacement should be
measured at a minimum of three different points. These points
should be equally spaced on the mounting surface of the
accelerometer.

o Calibration of Accelerometer A by comparison:

The accelerometer is to be calibrated according to ISO 16063-
21 by comparison to a reference accelerometer calibrated by
laser interferometry in accordance with ISO 16063-11:1999. The
reference accelerometer of the calibrating laboratory may be of
the so-called back-to-back type meant for direct mounting of the
transducer to be calibrated (i.e. accelerometer A) on top of it in a
so-called back-to-back configuration. It may also be a reference
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accelerometer with normal mounting provisions used
underneath a fixture in line with accelerometer A. It is not
recommended to mount the two transducers side by side as
rocking motion will often be present, causing large errors in
many circumstances. For calibrators, the reference transducer
may be an integral part of a moving element.

o Calibration of Accelerometer B by comparison:

Accelerometer B is calibrated by using a single-ended transfer
standard accelerometer mounted on top of it as a reference. The
transfer standard accelerometer is to be calibrated according to
ISO 16063-21 by comparison to a reference accelerometer
calibrated by laser interferometry in accordance with ISO 16063-
11:1999. The weight of the transfer standard accelerometer
should be the same as the weight of the dummy mass.

 The charge amplifier used in the laboratory should be calibrated. The
calibration of the charge amplifier should be carried out using values of the
electrical quantities similar to those occurring in the accelerometer
calibration.

* The mounting surfaces of the accelerometer and the moving part of the
vibration exciter shall slightly be lubricated before mounting.

» For each of the two accelerometers, carry out the calibration in accordance
with the usual procedure of your laboratory.

6 Communication of the results to the pilot laborat ory

MIKES and SP will calibrate both accelerometers without any information from
the other participant. Both participants will send the calibration results to the
TC-AUV SC Acceleration and vibration convenor Thomas Bruns
independently. After both participants have performed their calibrations and
Thomas Bruns has received both calibration results, he will send the
calibration results to MIKES.

The calibration results will be submitted to Thomas Bruns within 6 weeks after
performing the calibration. The calibration report will contain detailed
descriptions of:

« the calibration equipment
 the calibration method(s) used
» the ambient conditions

» the mounting technique

« the calibration results

« the uncertainty budget(s)

In addition to the calibration report, the measurement results should be
submitted to the pilot laboratory by electronic mail, with the data in Excel or
ASCII text format.
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For reporting the calibration results, clause 10 of ISO 16063-11:1999 and
clause 7 of ISO 16063-21, respectively, shall be taken into account. For
uncertainty, the following instructions are given:

The list(s) of the principal components of the uncertainty budget shall be in
accordance with 1ISO 16063-11:1999, Annex A for the primary calibration by
laser interferometry according to method 1 ("fringe-counting method"), method
2 ("minimum-point method") and/or method 3 ("sine-approximation method").
For vibration calibration by comparison to a reference accelerometer, Annex A
of ISO 16063-21 shall be taken into account. In each case, the uncertainties
shall be determined in accordance with the Guide to the expression of
uncertainty in measurement, which is adapted to the calibration of vibration
and shock transducers in ISO 16063-1:1998, Annex A.

Clause 10 and Annex A of ISO 16063-11:1999 and Annex A of ISO 16063-21
are formal parts of clause 6 of the technical protocol.

7 Circulation type
Only one link between SP and MIKES exists.

SP will send the accelerometer A to MIKES. MIKES calibrates the
accelerometer and sends it back to SP, which will perform its own calibration
of accelerometer A.

MIKES will send the accelerometer B to SP. SP calibrates the accelerometer
and sends it back to MIKES, which will perform its own calibration of
accelerometer B.

8 Time schedule

e Calibration and transportation time period:

A total time period of 6 weeks is allocated for each laboratory covering both
calibration and transportation.

» Total circulation period:
3 months

» Start of the circulation period:
March 2010

* End of the circulation period:
May 2010 (or earlier if possible)

» Draft report:
July 2010 (or earlier if possible)

* Final report:
2010

9  Transportation
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The transfer standards will be transported in a closed box by an international

transportation agency (e.g. UPS) or directly from one laboratory to another by
a car.

10 Financial aspects

Each participating laboratory is responsible for its own costs for the
measurements as well as any damage that may occur within its country. Pilot
laboratory is responsible for transportation, any customs charges and overall
costs of the organization of the comparison.

11. Insurance of transfer devices

Insurance of transfer devices is decided by agreement among the participants
taking account of the responsibility of each participant for any damage in its
country.
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ANNEX A: Agreed EUROMET Project Ref.-No 1142

EURAMET Project Form "Proposal” ELIR A@T

SremEs ge ar de 0 e kbl Pl s

Status:[] proposed E agreed \.. :

1. Ref. No.: 2. Subject Field:
(please leave blank) Acoustics, ultrasound and vibration
3. Type of collaboration:
Comparison of measurement standards
3A.  In the case of a comparison:
Registered as Key comparison (KC) or Supplementary Comparison (SC) in the KCDB:
no []ves If yes: Mo. of KC/SC:
4. Participating Partners:

4a EURAMET members or associates (Institute’s standard acronym with country code in
brackets) as registered on EURAMET website.
SP (SE), MIKES(FI)

4B Institutes not being EURAMET members or associates (Institute’s full name and name
the of country in brackets)

5. Title:
Bilateral Comparison of Accelerometer Calibration

6. Crescription:

MIKES has been building a vibration transducer calibration facility on a secondary leval. Now,
when the calibration facility is ready to be used, MIKES is motivated to carry out a bilateral
comparison to validate it

The task is to compare measurements of sinusoidal linear accelerations and piezoelectric
accelerometer calibration in the frequency range from 10 Hz to 10 kHz. Two accelerometers,
one provided by each laboratory, will be used during the comparison. The calibration is
accomplished by primary methed according to IS0 16063-11 or by secondary method according
to IS0 16053-21, The result of the calibration is the magnitude and phase shift of the complex
charge sensitivity.

The results of comparison will be used as an evidence for MIKES CMCs for secondary calibration
of vibration transducers.

MIKES will act as a pilot in the comparison.

7. Additional remarks: (e.g. external funding available etc.)
8. Proposer s name:lussi Hdméldinen
Address: MIKES, Tekniikantie 1, 02150 Espoo, Finland
Telephone: +358 10 6054 404 Fax:
E-mail: jussi.hamalainen@mikeas.fi
ER Date: 10. Proposed starting date:
29.1.2010 -
Only for agreed projects:
11. Date project agreed:---—--—- 12. Starting Date: 12, Expected complation date:
2010
Ref.No. of proposal:  ----—-- 1.2.2010 Only for parmanent agreements:
|:| On-Going

Notes for completion of the form overieal
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Appendix 2. Uncertainty budgets of SP

Amendment to certificate ETa5100-1 and ETa5100-2
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The uncertainty budgets for the measurement results given in SP calibration certificate
ETa5100-1 and ETa5100-2 are given in the tables below.

The uncertainty components are numbered according to IS0 16063-11, table A 3 and A4 In
the calibration certificates, the combined uncertainty is rounded up to a “comfortable™ stated

unoeTtainty.
Freq. Relative standard uncertamty component (%)
(Fiz) 1 2 3 4 5 ] 7 3 9 10 11 12 | Combined
10 | 009|000 | 001|002 004 (001|001 [001]001]005)001]|0,07 0,13
125 (0,09 001 | 001 ]002) 004|001 | 001|000 [001]005([001 0,03 0.11
16 |o09|opol |001 002 {004 00l [001 {001 ]001]005] 001003 0,12
20 |oo9|ool |00l |o002 {004 (00l 001|001 ]|001]005]001)0,03 011
40 1009000 | 001 002 004 [ 001 {001 002 ]001]005) 001003 012
B0 1009|000 | 001002 004 (001|001 [0.03]001]005) 001 )0.04 012
160 [ 009001 | 001 ) 002 ) 0.04 ) 001 | 001 | 003 [ 001 ] 005001 |0.03 012
315 (009001 | 001 ) 005] 0.04 ) 001 | 001 ) 003 [ 001 ] 005001 |0.03 0.13
630 [ 009001 | 001 ) 005 0.04 | 001 | 001 | 003 [ 001 ] 005001 |0.03 0.13
800 [ 009001001 005] 004001 | 001 | 003|001 ] 005001003 0.13
125k | 009 [ 001 | 001 | 0059 ] 0.04 | 0.01 | 001 | 0.06 | 0.01 | 006 | 0.01 | 0.03 016
2k |o09| ool | 000 008|016 |00l | 001|006 001007001003 0,23
25k oo fool o0l fonsols |00l |00l |00e|00l|007] 000|003 0.24
315k oo (ool ool fops]ols|ool Joor o130l 009|000 004 0,25
4k |ope|opol ool |ooefo020 (ool {001 [ol13]001]008]001]0,10 029
5k |opg|opl |ool|o14f{o020 (ool foo01 {ol4]001]010]001]0,10 0.33
63k oo [ool foolfolsjo20 (o0l ool |ol4]|001|013] 001|013 037
B |opo|opl |ool|oz24f{020 (o0l [oo01f{ols]001|011]001]0,11 039
10k (009|001 001024020001 001|016 [001 015001024 045

Table 1. Uncertainty budger for sensitivity determination af Endevea 2270,
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Fraq. Relztive standard uncertamty component (%
(Hz) 1 2 3 4 5 6 7 3 9 10 11 12 | Combined
10 009|001 {001 ] 002004 (001|001 001001 ]005]([001]0]13 0,17
125 | 009 (001 | 001|002 004001 (001 ) 001|001 |005)001 (012 0.1a
16 009 | 001 {001 ] 002004 (001 ) 000|001 )001 0050011012 0.1&
20 009 | 001 {001 ] 002004 (001 ) 000|001 )001 0050011012 0.1&
40 009 | 001 {001 ] 002004 (001000 |002] 0010050011012 0.1&
80 009 | 001 {001 ] 002])004 (001 ] 0,01 [003] 0010050011012 0,17
160 | 009 (001 | 001 ({002 (004001 | 001|003 [001)005]001]012 0,17
315 | 009 (001 | 001 {005 (004|001 | 001|006 [001)005]001]012 0,18
630 | 009 [ 001 | 001 ({005 (004|001 | 001 | 006 [001)005]001]012 0,18
800 (009|001 [001]005) 004 (001000006 001)]005]001]013 0.19
1.25k | 0,09 [ 001 | 001 {005 (004001 (001006 001[006] 001013 0.20
2 | 009 (001]001[005 016001 001007 001[007]001]0]13 0.26
15k | 009001 ]001]009][0.06]001 001 |011]001]|007([001]0.13 028
315k | 009 (001|001 [ 005 016001 [001]014]001[009]001(0.18 0.30
4k | 009001 ]|001]006[020] 001 001 |017]001]|008][001]0.15 0.33
3k | 009[001]|001]014]020] 001 001 |018]001]|010]001]013 0,38
63k | 009001 ]|001]019[020] 001 [001|022]001]|015][001]0.13 0.41
8k |009[001]|001[024 020|001 [001 028 001 [011]001][027 0.52
10k 009|001 [001]024] 020001001033 [001]015]001]0335 0,60
Table 2. Uncertainty budger for sensitivity determination of B&E 4366,
Freq. Standard uncertamnty component (%)
Hey [ 1 2 3 4 3 [ 7 3 1w [ 11 Combined
10 | 007 [001]005]005[010]001[003[001]002]010][002 0.11
125 | 007 | 001 [005] 005 010|001 | 003|001 |002] 010002 0,10
16 |007[001]005]005[010]001[003]|001]002]|010]002 0,10
20 o004 [001]003]005[010] 001 003|001 ]002]010]002 0,10
40 | 004 (001|003 ]005[ 010000 [003 001|002 010]002 0,10
80 | 004 [001]|003]005[ 010000 [003|001]002]010]002 0,10
160 | 004|001 [003]005] 010|001 | 003|001 [002]010]002 0,10
115 | 004|001 [ 003 ] 005] 010 [ 001 | 003|001 [002] 010002 0,10
630 | 001 [ 001 | 001 [ 005|010 001 | 003)001 002 | 010] 002 0,05
00 | 001 [ 001|001 005010001 |003)001|002|010] 002 0,05
125k | 0,01 | 001 | 001 | 007 ] 010 | 0,01 | 003 | 002 | 002 | 020 | 003 0,14
2k 001 | 001|001 ] 007 010|001 003 |002]002]020(003 0,14
25k [ 001 | 001 | 001 008 ] 010|001 | 003 |002]002] 020003 0,14
315k [ 001 | 001 | 001 [ 008 ] 010 [ 001 | 003 | 002|002 ] 020003 0,14
4k 001 | 001|001 ] 008015001003 [012]002]020(010 0,22
5k 001|001 | 001009 015|001 | 003[006]002]020(008 0,18
63k [ 001 | 001 | 001|010 015|001 | 003 |006] 002020011 0,20
Bk 001|001 001013015001 003 [007]002]020(008 0,19
10k | 0001 [ 001|001 (015015001 |003]0,14([002|020]01% 0.2%

Table 3. Uncertainty budger for phase shift determination of Endevee 2270 and B&E 4366

5P Technical Research Institute of Sweden
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Appendix 3. Uncertainty budgets of MIKES

In this appendix are shown the uncertainty budgktslibration of accelerometers A
and B at 10 Hz frequency. All other frequencieduded in the comparison have
same kind of tables with different values in freageyedepended uncertainty
components.

Quantity Description Relative expanded Probability Factor Sensitivity Relative Phase:
uncertainty or bounds distribution x coefficient contribution contribution
of estimated error model, method G Un, (¥) uiy)
P of ion (A % °
% (or °for phase) or B)

[Epr— Calibration of reference transducer set, maonituce [%] 0z novmel (k=2), B 142 1 0400 % Z
s ‘.,:M, Calibration of reference transducer set, phase [ 05" normal (k=2), B 12 1 %////////////////%//////D//{{////%

S, Crift of reference transducer, manufacturer 04 rectanguiar, B 105 1 0231 0965
' specification = 0,2 % per year

Sensitivity of conditioning amplifier

calibration, specification

o “oltage ratio, specification 0. rectangular, B 13 1 0.008 0.0o07

Influence on %y measurement from
tempersture varistion. Retference

I(¥a) transducer sensitivity, (23 £ 1) °C, 02z rectangular, B 1143 1 0128 0148
=01 % per °C
Tranzducer to be calbrated, (23 +1)°C,
= 0.2% per °C
Influence of mounting parameters on

10 5, ) tranzducer to be calibrated, cable, pluy 03 rectangular, B 1083 1 0173 0193
and torgue, maximum 0,3 %
Influgnce an %y messurement from
acceleration cistartion
Difference in frequency slopes between

I(¥,q) transaucer to be callorated (PIT) and 003 rectanguiar, B 103 1 07T 0020
reference transducer (quartz) typically
-2 % per decade of freguency
Dominating 3rd harmonic less than 5 %.
Agguming rectangular distribution
Influence on ¥R measuremert from
transverse acceleration
Tranzwverse vibration a. far vibratar
maximum 10 %

10,1 Transverse senstivity, reference
tranzducer, S, ,, max. 3 %
Tranzverse sensiivity, transducer to he
calibrated, 5, 2, max. 10 %
Influence on ¥R measuremert from

10¥h.e) base strain. Estimated to be less than oS rectanguisr, B 13
Influence on %R measuremert fram

(%5, ) relative motion. Estimated to be less 01 rectangulsr, B 1083 1 0058 0.086
than
Influence on ¥R measuremert from

0 g, 0 nan-linesrity of transducers. Estimatec 003 rectangular, B 103 1 omy 0.020
to be less than
Influence on YR measuremert from

1% 5,1} non-linesrity of amplifiers. Estimsted 003 rectangular, B 1043 1 oy 0.0z20
to be less than
Influence on %R measuremert fram 113

10¥4n,0) gravity. Estimated to be less than 0 rectanguiar, 8

Saca 04 rectangular, B 103 1 0.231 0.265

1.04 special, B 11418 1 0245 0.262

1 0.029 0.033

1 0.000 0.000

Influence on %R measuremert from
I(%'n, 61 magnetic field from exciter. Estimated to 003 rectangular, B 1083 1 oy 0.0z20
be less than
Influence on %R measurement from other
(g, g environmental effects. Estimsted to be 0.03 rectangular, B 13 1 0T 0.020
lezz than
Influence on YR measuremert from
residual effects (e.q. random effect in
repested measurements, experimental
standard deviation of arithmetic mear)

I(¥a, pe) 0.08 normal [k=1), & 1 1 0.080 0.092

Total Type A uncertainty 0.030 0.092
Total Type B uncertainty 0.479% 0.592
Combined standard uncertainty (k=1) 0.436 0.599

Relative uncertainty of magnitude of the complex
sensitivity S; (k=2)

Uncertainty of phase shift of the complex
sensitivity S; (k=2)

Up(Sq) 0.93

ufq)

Figure 1. The uncertainty budget of calibration of accelerometer A at 10 Hz frequency.
Calibration certificate M-11E026.
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Quantity Description Relative expanded Probability Factor Relative Phase:
uncertainty or bounds distribution x contribution contribution
of estimated error | \model, method of € Uy (V) uly)
P (Aor % °
% (or °for phase) B)
51 s Callbration of reterence transducer set [%) 059 normal k=21, B 112 1 0.445 %////////////////ﬁ

S, sph Calibration of reference transducer set [7] 12 normal (k=2), B 112 1 %////////////////% UU‘I 22

S Drift of reference transducer 0z rectangular, B 1043 1 0115
Sensitivity of conclitioning amplifier
calibration, specification
o “oltage ratio, specification om rectangular, B M3 1 0,008 o.oa7
Influence on Vg measurement from
temperature varistion Tranzducer to be calbrated,

Saza 04 rectangular, B 13 1 023 0.265

I p7) (232177, = 0,1 % per °C 02z rectangular, B 113 1 0129 0148
Reference transducer, (23 +1) °C,
= 00.2% per °C
Influence of mounting parameters on

1% 5, 4} tranzducer to be calibrated, cable, plug 03 rectangular, B 1143 1 0173 01938

and targue, maximum 0,3 %
Influence on ¥y measurement from
acceleration distortion
Difference in frequency slopes between

0¥ p,4) transducer o be caliaratedl (PZT) and 0.3 rectangular, B 1448 1 007 0020

: reference transducer (quartz) typically

-2 % pert decade of frequency
Dominating 3rd harmonic less than 5 %
Lzzuming rectangular distribution
Influence on ¥R measurement fram
tranaverse acceleration
Transverse vibration a, for vibrator
maximum 10 %

I0%'n, ) Transverse sensiivity, reference
transducer, 5, ;, max. 5 %
Transwverse sensitivity, transducer to be
calibrated, 5,2, max. 3 %
Influence on VR measurement from

0¥n,c) base strain. Estimated to be less than 005 rectanguisr, B 1
Influence on ¥R messurement from

10 g, relstive motion. Estimated to be less o1 rectangular, B 13 1 0.055 0066
than
Influence on VR measurement from

(%5, ) non-inearity of transducers. Estimated 003 rectangular, B 1143 1 om7 o020
to be less than
Influence on ¥R messurement from

I0%' 5,10 non-linearity of amplifiers. Estimated 003 rectangular, B 13 1 om7 0.0z0
1o be less than
Influence on VR measurement from

10s, o) gravty. Estimsted to be less than 0 rectanguiar, B 1t
Influence on VR measurement from

10 g, 5] magnetic field from exciter. Estimated to 003 rectangular, B 13 1 om7 0020
be less than
Influence aon ¥R measurement fram other

1% g, &) environmental effects. Estimated to be 003 rectangular, B 113 1 om7 o0zo
le=s than
Influence on VR measurement from
residual effects (e.q. random effect in

0% g, ne) repested measurements; experimentsl oo7 normal (k=1], & 1 1 0.07a 0080
standard deviation of arithmetic mean)
Estimated to be less than

n.ss special, B e 1 0137 0157

1 0.029 0033

1 0.000 0.000

Total Type A uncertainty 0.070 0.080
Total Type B uncertainty 0.580 0.736
Combined standard uncertainty (k=1) 0.584 0.740

(S Relative uncertainty of magnitude of the complex 147
(2} sensitivity S, (k=2) -
Uncertainty of phase shift of the complex

utws) sensitivity 5. (k=2) 1.50

Figure 2. The uncertainty budget of calibration of accelerometer B at 10 Hz frequency.
Calibration certificate M-11E040.



