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1. Introduction

This report presents the results of the first CCAUV comparison in the area of low
intensity shock, which in this case means low intensity linear shock acceleration.

The participants have reached consensus and considered the weighted mean as the most
appropriate method for this particular comparison to compute the key comparison
reference values (KCRVs) and the degrees of equivalence (DoEs). Detailed analysis and
application of the method for use of the weighted mean in comparisons in the field of
vibration, is documented in the CCAUV.V-K1 report [1]. The calculation of the KCRVs
Is also in accordance with the Guidelines for CIPM key comparisons [2].

The Technical Protocol, published in 2016 [3], specifies in detail the aim, the task of the
comparison, the conditions for the measurements, the transfer standard used,
measurement instructions, time schedule and other items. A brief survey of the
Technical Protocol is given in the following sections. Refer to Annex A for details of
the TP.

2.  Participants

Nine metrology institutes (NMIs) from five Regional Metrology Organizations (RMQOs)
participated in the comparison. They are listed in chronological order of measurement in
Table 2.1.

Table 2.1: List of participants and schedule of CCAUV.V-K4

No. Participant Acronym | Country RMO Calibration period
Laboratory (week/year)

. . 12/2017

1 N&g‘;’gﬁ:}'mtgﬁi;f NIM China APMP o
9y: 14/2017
Instituto Nacional de 17/2017

2 Metrologia, Qualidadee | INMETRO Brazil SIM to
Tecnologia 19/2017
. 22/2017

3 Ce”tl\rﬂoe{\r'glcgo?;' de CENAM | Mexico SIM to
g 24/2017
. . 27/2017

4 National I\(/)I:tjr;lggy Institute NMIJ Japan APMP o
P 29/2017
. . 12/2017

5 D.l. Meni;z!;;r/gl\g Institute for VNIIM FeF;g?;;iaon COOMET fo
9y 14/2017
. . 07/2018

g | National Metrology Institute | -\ nica | South Africa| AFRIMETS o
of South Africa 09/2018
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. . 12/2018
7 Phys'éﬂr'fdcehs';es‘t’;rt"“he PTB Germany | EURAMET to
14/2018
17/2018

g | National Measurement NMIA | Australia | APMP to
Institute of Australia

19/2018
Korea Research Institute of Republic of 2212018

9 . KRISS APMP to
Standards and Science Korea 24/2018

3. Task and purpose of the comparison

According to the rules set up by the CIPM MRA [4], the consultative committees of the
CIPM have the responsibility to establish Degrees of Equivalence (DoEs) between the
different measurement standards operated by the NMIs. This is done by conducting key
comparisons (KCs) on different levels of the international metrological infrastructure.

However, in the sub-field of shock, there has been no formal key or supplementary
comparison either at Consultative Committee (CC) level or Regional Metrology
Organization Technical Committee (RMO TC) level at the time of this proposed
comparison. Therefore during the 10™ meeting of CCAUV in November 2015, the
decision was taken to make preparations for a further key comparison targeted at low
shock acceleration.

In the field of accelerometer shock calibration, this key comparison is organized in
order to compare primary measurements of Gaussian, half-sine or half-sine squared
linear shock accelerations in the range from 500 m/s* to 5 000 m/s2. It is the task of the
comparison to measure the voltage shock sensitivity of an accelerometer measuring
chain including a standard accelerometer (of back-to-back type) with a charge amplifier
and the charge shock sensitivity of an accelerometer (of single-ended type) at different
peak acceleration values with associated pulse durations as specified in section 3. The
results of this key comparison will, after approval of equivalence, serve as the
foundation at low intensity shock for the registration of ‘calibration and measurement
capabilities’ (CMCs) in the framework of the CIPM MRA [4].

The results of this comparison are expected to provide direct support to CMCs related to
the primary calibration of voltage shock sensitivity of acceleration measuring chains
and charge shock sensitivity of accelerometers at low intensity acceleration.

For the calibration of the accelerometer chain and the accelerometer, laser
interferometry in compliance with a method described in the international standard 1SO
16063-13:2001 has to be applied. Specifically, the voltage shock sensitivity shall be
given in milli-volt per meter per second squared (mV/(m/s?)) and the charge shock
sensitivity shall be given in pico-coulomb per meter per second squared (pC/(m/s?)) for
the different measurement conditions specified in section 4.

The reported shock sensitivities and associated uncertainties are then supposed to be

used for the calculation of the weighted mean as the key comparison reference value
(KCRV) and the DoE between the participating NMI and the KCRV.
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4. Transfer standard as artefacts

For the purpose of the comparison the pilot laboratory selected one accelerometer
measuring chain and one accelerometer of which monitoring data for six months were
available and not included in any published international cooperation work.

e One transfer standard Accelerometer Chain of a standard accelerometer of back-to-
back type, ENDEVCO 2270, S/N 14155 and a charge amplifier, Briel & Kjeer
2692, S/N 2752215.

e One transfer standard accelerometer (single-ended), PCB 357B03, S/N LW50432.

The investigation of the long-term stability was continued throughout the circulation
period. The results of the NIM stability measurements and other individual data of the
transfer standards are given in Section 6.

5. Circulation of the artefacts

The artefacts were circulated in two loops with a measurement period of three weeks
provided for each participating laboratory. At the beginning and the end of the
circulation as well as between certain subsequent measurements of participating
laboratories, the artefacts were measured by the pilot laboratory in order to monitor the
stability of the transfer standard.

6. Results of the monitoring measurements

Starting with calibration data in November 2016, the artefacts were monitored during
the preparation period and the intervals of the comparison when they were back at the
pilot laboratory. The measurements at all peak acceleration values are presented in
Figure 6.1 and Figure 6.2. These figures depict the stability of the artefacts over time for
the duration of the comparison.

Figure 6.1 Monitoring of the voltage shock sensitivity over the comparison period
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Figure 6.2 Monitoring of the charge shock sensitivity over the comparison period
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4 000 m/s?
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A visual inspection of the above results indicates that the artefacts were sufficiently
stable during the whole period of the comparison.
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7. Results of the participants

The following sections report the results submitted by the participants for the
comparison to the pilot laboratory using the mandatory report spreadsheet. The results
presented are in mV/(m/s?) for the voltage shock sensitivity and and in pC/(m/s?) for

the charge shock sensitivity.

Note that PTB did not submit its results for charge shock sensitivity.

7.1

Results for the voltage shock sensitivity

Table 7.1.a: Reported participants' results for the voltage shock sensitivity of the accelerometer

chain with relative expanded uncertainties (k = 2)

HIM INMETRO CENAM HMIJ VHIIM
a'DDHFI:’;bH "mt%mk rel. exp. Une. Wf:r?;:;w rel. exp. Unc. Vfﬂi;ﬁw rel. exp. Unc. Vﬁ,—;ﬁtmﬂ rel. exp. Une. wﬁi:ﬁ rel. exp. Une.
in mis® m{rmis?) ] m\i{mJs%) ] Vi sF ) ] m\{m's?) T mA{my 7}
500 2.140 0.4 2.1399 0.40 21388 0.8 2138 0.2 0.2154 5
1000 2.138 0.4 213580 0.40 21387 06 2137 0.2 0.2130
2000 2.138 0.4 213 0.40 21387 06 2136 0.2 0.2122
3000 0.6756 0.4 0.67582 0.40 2.130 0.5 0.6753 0.2 0.2158
4000 0.6759 0.4 0.67556 0.40 2.1383 0.5 0.6746 0.2 0.2158 5
5000 0.6759 0.4 0.67531 0.40 0.21384 0.8 0.6738 0.2 0.2120 k-
NMISA PTB NMIA KRISS
et | e e e U | R S, . Un| o o U e | .
in mfs* mVi{m/s?) Y% mV/{m/s*) % mV//(m/fs*) % mVi{m/s®) %
500 21377 1.0 2.1382 0.25 2.1363 0.5 2.150 1.1
1000 21383 1.0 21362 0.25 2.1352 0.5 2.145 1.1
2000 21323 10 21359 0.25 21348 05 2141 11
3000 06755 1.1 0.6750 0.25 0.6744 0.5 0.6780 1.1
4000 06754 1.1 0.6749 0.25 0.6743 0.5 0.6768 1.1
5000 06754 1.1 0.6750 0.25 0.6737 0.5 0.6783 1.1

In table 7.1.a, it should be noted that the results marked using a yellow background are
reported measurement values of VNIIM and CENAM using different gain settings from
specifications of the mandatory report spreadsheet. Refer to Annex B for detailed
information.

Table 7.1.b: Corrected participants' results for the voltage shock sensitivity of the accelerometer

chain with relative expanded uncertainties (k = 2)

NIM INMETRO CENAM NMIJ VNIIM

I i e o e o T el e el
in m/s* mV/(m/s*) % mV/(m/s®) % mV/(m/s*) % mV/{m/s?) Yo mVi{mis*) %

500 2.140 04 2.1399 0.40 2.1388 0.8 2.138 0.2 2.154 15
1000 2139 0.4 2.1390 0.40 2.1387 06 2137 0.2 2.130 15
2000 2138 04 2.1381 0.40 2.1387 06 2136 0.2 2.122 15
3000 06756 0.4 0.67582 0.40 0.67596 06 0.6753 0.2 06819 15
4000 06759 04 0.67556 0.40 0.67570 0.6 0.6746 0.2 06819 1.5
5000 06759 04 067531 0.40 0.67573 0.8 0.6738 0.2 06699 1.5
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NMISA PTB NMIA KRISS
in m/s® mV//(m/s?) % mV/(m/s?) % m\/f(m/s2) % mV{m/s?) %
500 21377 1.0 2.1362 0.25 2.1363 05 2.150 1.1
1000 21383 1.0 2.1362 0.25 2.1352 05 2.145 1.1
2000 21323 1.0 2.1359 0.25 2.1348 05 2141 1.1
3000 06755 1.1 0.6750 0.25 0.6744 05 0.6780 1.1
4000 06754 1.1 0.6749 0.25 0.6743 05 0.6768 1.1
5000 06754 1.1 0.6750 0.25 0.6737 05 0.6783 1.1

Table 7.1.b presents the corrected results for the subsequent calculation of DoE and
KCRVs. In this table, the corrections for different gain settings were applied as follows:

Corrected measurement values of CENAM at 3 000 and 4 000 m/s* were
multiplied by the factor of 0.316.

Corrected measurement values of CENAM at 5 000 m/s? was multiplied by the
factor of 3.16.

Corrected measurement values of VNIIM at 500, 1 000 and 2 000 m/s? were
multiplied by the factor of 10.

Corrected measurement values of VNIIM at 3 000, 4 000 and 5 000 m/s® were
multiplied by the factor of 3.16.
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1.2

Results for the charge shock sensitivity

2019

Table 7.2: Reported participants' results for the charge shock sensitivity of the accelerometer

with relative expanded uncertainties (k = 2)

12 /59

NIM INMETRO CENAM NMIJ VNIIM
e | e | oo tne| Toeec | rp Une| T e o Une |t 1o n | g | o . e
in mis® pCl{mis*®) Y% pCl{mis®) Yo pCim/is?) % pCi{m/s*) % pCl{m/is®) Y%
500 0.9860 05 0.98734 0.45 0.99101 08 0.9885 0.4 1.0022 15
1000 0.9845 05 0.98460 0.45 0.98844 06 0.9868 0.4 1.0032 15
2000 0.9835 05 0.98270 0.45 0.98742 06 0.9843 0.4 1.0031 15
3000 0.9804 05 0.98193 0.45 0.98360 06 0.9808 0.4 1.0017 15
4000 0.9828 05 0.98160 0.45 0.98323 06 0.9813 0.4 0.9974 15
5000 0.9862 05 0.97994 0.45 0.97998 08 0.9852 0.4 0.9894 15
NMISA PTB NMIA KRISS
N i ) el e ol R gl e
in m/s? pCl{m/s?) % pCAmls?) % pC/{mls?) % pCl{mlis®) %
500 0.9897 1.1 0.9858 0.6 0.9886 1.1
1000 0.9888 1.1 0.9823 0.6 0.0884 1.1
2000 0.9878 1.1 0.9810 0.6 0.9853 1.1
3000 0.9759 1.2 09785 06 09838 1.1
4000 0.9768 1.2 0.9773 0.6 0.9838 1.1
5000 0.9761 1.2 0.9746 (%) 0.6(%) 0.9840 1.1
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8. Degrees of equivalence with respect to the weighted mean

The evaluation of the results was performed using a weighted mean computed with the
following equations:
Xi(a)

(@) = T2 (3 1)” @

(@) = (S ) @

where the WM was calculated using the results of the participants according to [1]. In
the equations above the following symbols were used:

xi(a) result of participant i at peak acceleration a

ui(a) absolute standard uncertainty of participant i at peak acceleration a

xwwm(a) best estimate of the weighted mean (WM) sensitivity at peak
acceleration a

uwm(a ) estimated absolute standard uncertainty for the weighted mean (WM)
at peak acceleration a

Consistency checks were performed for the voltage and charge shock sensitivities. The
test defined by Cox in [5, 6] was applied in order to determine the participants that are
members of the largest consistent subset (LCS).

The key comparison reference values (KCRVs) were finally determined by the WM
using the participants that are members of the largest consistent subset (MoCS):

Xkcrv(@)  best estimate of the KCRV at peak acceleration a
Ukcrv(d)  estimated absolute standard uncertainty of the KCRV at peak
acceleration a

Table 8.1, 8.2, 8.3 and 8.4 present the results of the consistency test for the voltage and
charge shock sensitivity results. Cell is highlighted in yellow when X2obs > X2(nu).

Table 8.1: Results of the consistency test applied to all the results
reported by the participants for shock voltage sensitivities

Acceleration | numberof | Mumberof | X<(nu) with
inm/ss | participants | 9e9reesof | X%obs P <0.05
freedom
200 3 5 799 1551
000 3 3 1% 15 51
2000 g 3 1.70 15.51
3000 9 8 4.53 15.51
2000 g 3 5.65 15.51
5000 2] g T3 15.51
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Table 8.2: Results of the consistency test applied to all the results
reported by the participants for shock charge sensitivities

reported by the largest consistent subset for shock voltage sensitivities

Acceleration | numberof | Mumber of i X{nu) with
inm/s | participants | 989reesof | Xobs P <0.05
freedom
= 5 7 551 407
1000 3 7 551 T4.07
2000 5 7 9.7 14.07
2500 5 7 935 14.07
2000 5 7 734 14,07
=000 5 7 415 14.07

Table 8.3: Results of the consistency test applied to all the results

Acceleration | number of number of . X nu) with
inm/ss | participants | 4e9reesof | X%obs P <0.05
freedom
500 g g 2.99 15.51
1000 g g 1.35 15.51
2000 g g 1.70 15.51
3000 9 g 4.53 15.51
4000 g g 5.65 15.51
5000 9 8 737 15.51

Table 8.4: Results of the consistency test applied to all the results
reported by the largest consistent subset for shock charge sensitivities

Acceleration | number of LLlEi . XA nu) with
inmis | participants | 9égreesof | Xbs P <0.05
freedom
500 g 7 5.61 14.07
1000 g 7 8.61 14.07
2000 g 7 927 14.07
2000 g i 9.35 14.07
4000 g8 7 7.3 14.07
5000 [ G 6.05 12.53

The results presented in tables 7.2 marked with an asterisk (*) were considered as not
within the LCS and were excluded from the calculation of the KCRV.

For the further evaluation of the comparison, the unilateral degrees of equivalence with
respect to the KCRVs were calculated according to:

d; kcrv(@) = x;(a) — xgcry (@) (3)

for results within the LCS
for results not within the LCS

uzl-(a) - uZKCRV(a)
u?;(a) + u®kcry(a)

(4)

u? i,KCRV (a) = {

These formulas were applied for both voltage and charge shock sensitivity results. In
the subsequent tables 8.5 and 8.6, U; = 2u; and the results are marked using a light
brown background where |d; kcrv(2)| > 2-Ui kcrv (8).

Unilateral DoEs obtained from results which were excluded from the largest consistent
subset and which therefore did not contribute to the calculation of the KCRV are
marked with an asterisk (*) in table 8.6.
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Note that :

e PTB presented differences higher than 10 % of the recommended pulse durations for all
peak accelerations.

e NMISA presented differences higher than 10 % of the recommended pulse durations for
all peak accelerations except 500 m/s®.

e NMIA presented differences higher than 10 % of the recommended pulse durations for
the peak accelerations of 4 000 m/s* and 5 000 m/s>.

e VNIIM presented a 10% difference of the recommended pulse duration at peak
acceleration of 500 m/s’.

Refer to Annex B for detailed information.
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8.1 Results for the voltage shock sensitivity

Table 8.5: Unilateral degrees of equivalence for the voltage shock sensitivity with absolute
expanded uncertainties (k = 2)

KCRV HIM INMETRO CENAM NI VHNIIM
pesk
actalaration xKCR\l' | u KCRY dI.KCR‘J' | UI.K.CR\I' dI.KCR‘J' UI.K.CR\I' dI.K.CR‘J' UI.K.CR\!' dI.K.CR\I' UI.K.CR\!' dI.K.CR\l' UI.KCR‘J’
in m/s* mVi[m/'sT) mV/[m/s%) mV/[m/s%) mVi[mJs%) mV{m/s") mV mis")
500 2.13810 0.00273 0.00180 0.00811 0.00180 0.00811 0.00070 0.01688%2 | -0.00010 | 0.00328 0.01580 0.03213

1000 213723 0.00270 0.00177 0.00512 0.00177 0.00812 0.00147 0.01254 | -000022 | 0.00221 -000722 | 0.02184

2000 2.13833 0.00270 0.00167 0.00511 0.00177 0.00811 0.00227 0.01254 | -000022 | 0.00221 -001432 | 0072

2000 0.87538 0.00088 0.00022 0.00258 0.00048 0.00255 0.00059 0.0022& | -000008 | 0.00105 0.00857 0.01019

4000 0.87502 0.00085 0.000&2 0.00258 0.00054 0.00256 0.00088 0.00386 | -0.00042 | 0.00104 0.00580 0.01012

5000 0.87458 0.00088 0.00132 0.00258 0.00073 0.00255 0.00118 0.00524 | -000078 | 0.00104 | -000455 | 0.01001

KCRV NIMILSA PTB HIIA KRISS
peak
accedaration xKCH\l’ | u KCRV dI.KCR’\I' UI.KER’\J’ dI.KCR‘J' UI.KCR‘J’ dI.KER’\J' UI.K.CR\!' dI.KCR‘J' UI.KI:IW
in mis® mVi[mJsT) mWi{misT) mV/{m/s7) mVi{mJ/s7) mVim/s%)
500 2.13810 0.00273 -0.00040 0.02120 -0.00180 0.00452 -0.00180 0.01033 0.01180 0.02348
1000 2.13723 0.00270 0.00107 0.0212 -0.00103 0.00481 -0.00203 0.01033 0.00777F 0.02344

2000 2.13833 0.00270 -0.00402 | 002115 | -0.00042 | 0.0048&4 0.00152 | 0.01022 0.00487 0.02340
2000 0.67528 0.00088 0.00014 0.00v38 | 0.00036 | 0.00145 | 0.00096 | 0.00326 0.00284 0.0074H
4000 087502 0.00085 0.00038 000738 | -0.00012 | 0.00145 | -0.00072 | 0.00326 0.00178 0.00740
5000 0.67458 0.00088 0.00082 0.00732 0.00042 0.00145 | -0.00088 | 0.003226 0.00372 0.00741

Figure 8.1 : Deviation of the voltage shock sensitivity from the KCRV for all peak accelerations
of the comparison with expanded uncertainties Ui kcrv (K = 2)
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8.2

Results for the charge shock sensitivity

Table 8.6: Unilateral degrees of equivalence for the charge shock sensitivity with absolute

expanded uncertainties (k = 2)
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KCRV HIM INMETRO CENAM NN VHIIM
atx:gl:ar;ﬁm xKCH\l’ | UI".CR‘J’ dI.KCR\J' | UI.K.CR’\J' dI.KCR\J' UI.KER’\I’ dI.K.CR\J' UI.KI:HV dI.K.CR’\J' UI.KI:RV dl.mﬁ.\l’ UI.KCR\I’
in m/s* pCAmJs™) pCAm/s™) pmdsT) pCimisT) pCimisT) pCJ{misT)
500 028722 | 0.00212 | -0.001%2 | 0.00445 | -0.0005% | 0.002%0 0.00208 0.0074 | 0.00057 | O.00232 0.01427 | 0.01488
1000 0.28600 0.00206 | 000150 | 0.00447 | -0.00140 | 0.00382 | 0.00244 | 0.00556 | 0.00080 0.00337 0.01720 0.01481
2000 098430 0.00208 -0.00080 0.00447 -0.00180 0.0033 0.00312 0.00558 0.00000 0.00338 0.01880 0.014280
3000 0.98138 0.00208 -0.00028 0.00445 0.00055 0.0033 0.00222 0.00553 | -000058 0.00324 0.02032 0.01488
4000 0.28162 | 0.00208 0.00117 000446 | -0.00002 | 0.002 0.00180 0.00552 | -000022 | D.00224 0.01577 | 0.01482
5000 0.88328 0.00227 0.00282 0.00438 -0.00334 0.00378 -0.00330 0.00750 0.001892 0.00322 0.00812 0.01487
KCRV Tl SA P1B TIA KRISS
3@55.;3;;135“ xKCﬁ\l' | UK.CR‘J' dl.KCﬁf\J’ UI.K.CR‘J' dl.KCﬁf\J’ UI.K.CR‘J' dl.mﬁf‘f I"II.I‘LC'.H.‘\!I dI.KCRV l"ll.lll.t'.ﬁ‘\lI
in mis® pCim/'s) pCim/'s) pCimi'sT) pCimisT) pCimisT)
500 0.95793 0.00212 0.00177 0.01088 -0.00213 | 0.00882 0.00087 0.01087
1000 0.95800 0.00208 0.00280 0.01088 -0.00270 | 0.00882 0.00240 0.01087
2000 0.98420 0.00208 0.00280 0.01067 -0.00220 | 0.00851 0.00100 0.01084
3000 0.98138 0.00206 | -D.00548 0.01153 -0.00288 | 0.00580 0.00242 0.01082
4000 0.551583 0.00206 | 000483 | 001154 -0.00433 | 0.00548 0.00H7 0.01062
5000 0.98228 0.00227 | -0D.00718 0.01149 -0.00868 (=) 0.00827 (*}] 0.00072 0.01058
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Figure 8.2 : Deviation of the charge shock sensitivity from the KCRV for all peak accelerations

of the comparison with expanded uncertainties U; xcry (K = 2)
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9. Conclusion

The first low intensity shock CIPM key comparison CCAUV.V-K4 revealed the current
calibration capabilities of the 9 participants of five RMOs.

All the participating laboratories provided their calibration results, which were all
consistent within their declared expanded uncertainties for the voltage shock sensitivity
results. All participants contributed to the KCRVs calculated for six peak acceleration
comparison values.

For charge shock sensitivity, the situation was notably worse. One participant failed to
contribute to the calculation of the KCRV at 5 000 m/s. Two participating laboratories
were not consistent within their declared expanded uncertainties at a total of five peak
acceleration comparison values. Further improvements of their calibration devices and
uncertainty evaluations will provide more accurate and reliable measurement results in
the future.
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Annex A - Technical protocol

Technical Protocol of CIPM Key Comparison CCAUV.V-K4

1 Task and Purpose of the Comparison

According to the rules set up by the CIPM MRA the consultative committees of the
CIPM have the responsibility to establish ‘degrees of equivalence’ (DoE) between the
different measurement standards operated by the national NMIs. This is done by
conducting key comparisons (KC) at different levels of the international metrological
infrastructure.

However, in the sub-field of shock, there has been no formal key or supplementary
comparison either at Consultative Committee (CC) level or Regional Metrology
Organization Technical Committee (RMO TC) level at the time of this proposed
comparison. Therefore during the 10™ meeting of CCAUV in November 2015, the
decision was taken to make preparations for a further key comparison targeted at low
shock acceleration.

In the field of accelerometer shock calibration, this key comparison is organized in
order to compare primary measurements of Gaussian, half-sine or half-sine squared
linear shock accelerations in the range from 500 m/s* to 5 000 m/s2. It is the task of the
comparison to measure the shock sensitivity of an accelerometer measuring chain (a
standard accelerometer (of back-to-back type) with a charge amplifier) (Accelerometer
Chain) and an accelerometer (of single-ended type) at different peak acceleration values
with associated pulse durations as specified in section 3. The results of this key
comparison will, after approval of equivalence, serve as the foundation at low intensity
shock for the registration of ‘calibration and measurement capabilities’ (CMC) in the
framework of the CIPM MRA.

The voltage sensitivity shall be calculated as the ratio of the peak value of the
Accelerometer Chain output voltage to the peak value of the input acceleration at its
reference surface. The shock voltage sensitivity shall be given in milli-volt per meter
per second squared (mV/(m/s?)) for the different measurement conditions specified in
section 4. In addition, the charge sensitivity shall be calculated as the ratio of the peak
value of the accelerometer output charge to the peak value of the input acceleration at
its reference surface. The shock charge sensitivity shall be given in pico-coulomb per
meter per second squared (pC/(m/s?)) for the different measurement conditions specified
in section 4.

For the calibration of the accelerometer chain and the accelerometer, laser
interferometry in compliance with method of the international standard 1SO 16063-
13:2001 has to be applied.

The reported shock sensitivities and associated uncertainties are then supposed to be

used for the calculation of the weighted mean as the key comparison reference value
(KCRV) and the DoE between the participating NMI and the KCRV.
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2 Pilot Laboratory
Pilot laboratory for this key comparison is

Vibration and Gravity Section

Mechanics and Acoustics Metrology Division

National Institute of Metrology, P.R. China

BeiSanHuanDongLu 18, ChaoYang District, 100029 Beijing, P.R. China

This is the delivery address for the artefacts.

Contact Persons are

SUN Qiao HU Hongbo
Tel.: +86 10 64524623 Tel.: +86 10 64524607
e-mail: sung@nim.ac.cn e-mail: huhb@nim.ac.cn
Fax: +86 10 64218628

Co-Pilot laboratory for this key comparison is

Vibration and Hardness Standards Group

Research Institute for Engineering Measurement

National Metrology Institute of Japan

Tukuba Central 3, 1-1 Umezono, Tsukuba, Ibaraki 305-8563 Japan

Contact Persons are

Akihiro Ota Hideaki Nozato
Tel.: +81 29 8614366 Tel.: +81 298614329
e-mail: a-oota@aist.go.jp | e-mail: hideaki.nozato@aist.go.jp
Fax: +81 29 8614047

3 Devices under Test and Measurement Conditions

For the calibration task of this comparison, one Accelerometer Chain and one
accelerometer will be circulated between the participating laboratories. The
Accelerometer Chain is a ‘back-to-back’ (BB) type, namely an ENDEVCO 2270 (SN:
to be confirmed in the ‘spreadsheet BB’), with a charge amplifier, namely Briel & Kjaer
2692 (SN: to be confirmed in the ‘spreadsheet BB’). The accelerometer is a ‘single-
ended’ (SE) type, namely a PCB 357B03 (SN: to be confirmed in the ‘spreadsheet SE").

The voltage sensitivity of the accelerometer chain as compulsory of the measurement
and the charge sensitivity of the accelerometer as optional of the measurement are to be
calibrated according to those procedures and conditions implemented by the laboratory
in conformance with ISO 16063-13 which provides sensitivity information of the
accelerometer. The voltage sensitivities reported shall be for the accelerometer chain,
including all effects from the signal conditioner. The charge sensitivities reported shall
be for the accelerometer, without any effect from the signal conditioner.

24159
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The peak acceleration range of the measurements was agreed to be from 500 m/s* to
5000 m/s2. Specifically, the laboratories are supposed to measure at the following
acceleration levels (all values in m/s?) and pulse duration (time width between rising
edge point and falling edge point at 10 % level of peak acceleration). These are nominal
values and should be met by participants’ best calibration capability.

500@3ms,1000@ 2ms,2000@ 1.5ms, 3000 @ 1 ms, 4000 @ 0.8 ms, 5000 @
0.5 ms.

The frequency contents of the calibration signals should be limited to below 10 kHz by
low pass filtering or peak fitting in conformance with 1SO 16063-13. The applied filter
cut-off frequency shall be noted in the calibration report.

The measurement conditions should be kept according to the laboratory's standard
conditions for calibration of customers’ accelerometers for claiming their CMC where
applicable. This presumes that these conditions comply with those defined by the
applicable 1SO documentary standards [1,2,3], simultaneously.

Specific conditions for the measurements of this comparison are:

e ambient temperature and accelerometer temperature during the calibration:
(23 £ 3) °C (actual values to be stated within tolerances of + 0.3 °C).

e relative humidity: max. 75 % RH

e mounting torque of the accelerometer: (2.0 £ 0.1) N-m

4 Circulation Type, Schedule and Transportation

The artifacts are circulated in a two-loop fashion with a measurement period of three
weeks provided for each participating laboratory. At the beginning and the end of the
circulation as well as between certain subsequent measurements of participating
laboratories, the accelerometer chain and the accelerometer are measured at the pilot
laboratory in order to monitor their stability.

The schedule is planned as follows:

Participant Measurement Transportation
(calendar week) (calendar week)
NIM 12-14/2017 15-16/2017
INMETRO 17-19/2017 20-21/2017
CENAM 22-24/2017 25-26/2017
NMIJ 27-29/2017 30-31/2017
VNIIM 32-34/2017 35-36/2017
NIM 37-39/2017 05-06/2018
NMISA 07-09/2018 10-11/2018
PTB 12-14/2018 15-16/2018
NMIA 17-19/2018 20-21/2018
KRISS 22-24/2018 25-26/2018
NIM 27-29/2018

* 12/2017 refers to the period from March 20™ to 26", 2017.
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* 05/2018 refers to the period from January 29" to February 4", 2018.

The cost of transportation to the next laboratory shall be covered by the participating
laboratory. The artifacts are recommended to be sent hand-carried with great caution. In
case the artifacts get damaged or lost during transportation, the participating laboratory
for delivery should pay USD 5 000 to pilot laboratory.

5 Measurement and Analysis Instructions

The participating laboratories have to observe the following instructions:

e The motion of the BB accelerometer should be measured at the center of the top
surface of the dummy mass applied for BB type. The motion of the SE
accelerometer should be measured close to the accelerometer's mounting surface,
since the mounting (reference) surface is usually not directly accessible.

e The mounting surface of the accelerometer and the end surface of the airborne anvil
must be slightly lubricated before mounting.

e The cable between accelerometer and signal conditioner should be taken from the
delivery to the laboratory.

e The dummy mass should be taken from the delivery to the laboratory. It is 20 g and
the mounting torque applied is (2.0 £ 0.1) N-m. The mounting surface of the
dummy mass and the end surface of the accelerometer must be slightly lubricated
before mounting.

e |t is advised that the measurement results should be compiled from complete
measurement series carried out at different days under nominally the same
conditions, except that the accelerometer is remounted and the cable re-attached.
The standard deviation of the subsequent measurements should be included in the
report.

6 Communication of the Results to Pilot Laboratory

Each participating laboratory will submit a scanned version of the printed and signed

calibration report(s) to the pilot laboratory including the following:

e adescription of the calibration system used for the comparison with photo(s) of the
system, preferably when the accelerometer is installed,

e a description of the calibration method used and the mounting techniques for the
accelerometer,

e documented records of the ambient conditions during measurements,

e calibration results, including the relative expanded measurement uncertainty, and
the applied coverage factor for each value,

e a detailed uncertainty budget for the system covering all components of
measurement uncertainty (calculated according to GUM [4,5]). Including, among
others, information on the type of uncertainty (A or B), assumed distribution
function and repeatability component [6].

In addition, the use of the electronic spreadsheets named as ‘spreadsheet SE’ and
‘spreadsheet BB’ for reporting is mandatory. The spreadsheets include serial numbers
of the comparison artefacts and setting information of the charge amplifier. The
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spreadsheets should be circulated to all the participants before week 17 of 2017. The
consistency between the results in electronic form and a scanned version of the printed
and signed calibration report(s) is the responsibility of the participating laboratories.
The data submitted in the electronic spreadsheet shall be deemed as official results
submitted for the comparison.

The results have to be submitted to the pilot laboratory within four weeks after the
measurements have been completed.
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Results sheet for CCAUV.V-K4

‘Spreadsheet BB’ for BB 2270(14155)+2692(2752215)

Results sheet for CCAUWV NS

WA

Comtact Person
emal

m|

chached aguine: ha Salm repsre i the M

oarficn i | Tne Nt ook M rEion T e nen g cmn

Plezse netum e completed fom 0 sun

nimacan

Recommended conditions for comparison

Actual conditions for calibration

Calibration results

- Comments
Ho. Peak Acceleration | PubeDuration | Transducersetup | GaimSetting | Peak Acceleration | Fulse Duration Cain Setting 5;1"::;% R&iﬁﬁﬁd [Filter s etting,etc)
in mA” in s in pCim's™) in m¥ {m/'s”) in m/'s” i my in mV,/{ms") in mV/ A" m LE=1)

500 0 1.0 10
2 1000 2.0 1.0 10
3 ZD00 1.5 1.0 10
4 2000 1.0 1.0 316
5 4000 B 1.0 R
6 ] 0.5 1.0 316

Meots1: Pesk Accelemion and PuEs Curslon win devEion B than =1 0% 3 = recommended

Meoba2: Lower Freg Limk of 0.1 Hzand Unoer Freg Limtof 100 kHza e recommended Sr CRange am nilfler 2692
Meobect: Volage sensiivty Wit 4 dighs sallbe provibied
Meobad: The estimzed pesk '.ID'B? 31 peEk accekeration of 2000 "I'I-’S-'. E 30wt 4 W under e messunemen | oondRion 35 e abve-specied transducer se-up and -;ah S-E':h;
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‘Spreadsheet SE’ for SE 357B03(LW50432)

Results sheet for CCAUV V-K4

May 2019

M 0
Contact Person Credcas agalnsT The dana repored N e B
arral carTiicane Issued for T 00 Bromeader
Please return the completed formte sungf@nimac o
Recommended conditions for comparison Actual conditions for calibration Calibration results c .
omments
No. Peak: Accelaration Pulse Duration Peak Acrelaration Pulse Duration Charge Re Expande {Filter setting,efc)

Sensitivity Unceartainiy

inms’ innm inm/s’ inms in pClim's’) in % (k=2)
1 500 3.0
2 1000 210
3 2000 15
4 3000 1.0
5 4000 0.3
[ 5000 0.5

Note1: Peak Accelkration and Pulse Duration with deviation less than =107t are recommended.

Note?: Lower Freq. Limit of 0.1 Hz and Upper Freg. Limit of 30 kHz are recommended for charge ampliier.

Noted: Charge sensitivitywith 4 digits shall be providad.
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Annex B : Measurement conditions and results

1-NIM

Voltage shock sensitivity

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting Vol‘tafg‘e Rdl. Exp a-nded
Sensitivity Uncertain tv
in m/s” in ms in mV/(m/sl) in mV/(mls:) in % (k=2)
525 3.11 10 2.140 04
1071 2.08 10 2.139 04
2008 143 10 2.138 04
3206 1.07 3.16 0.6756 04
4085 0.81 3.16 0.6759 04
5151 0.53 3.16 0.6759 04
Charge shock sensitivity
Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Si:?;ffw RS;cE;[::i[:::d
in m/s’ in ms in pC/(m/s) in % (k=2)
490 2.86 0.9860 05
1017 1.97 0.9845 05
2082 1.52 0.9835 05
3150 1.04 0.9804 05
4140 0.81 0.9828 05
5247 0.52 0.9862 05
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2 -INMETRO

Voltage shock sensitivity

May 2019

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting Vol'tsfg'e Rd. Exp a.nded
Sensitivity Uncertain tv
in m/s” in ms in mV/(m/s’) in mV/(m/s") in % (k=2)
509 3.1 10 2.1399 0.40
1037 2.1 10 2.1390 0.40
2002 1.5 10 2.1381 0.40
2975 1.0 3.16 0.67582 0.40
4037 08 3.16 0.67556 0.40
5069 05 3.16 0.67531 0.40

Charge shock sensitivity

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Chin"g‘e Rdl. Exp a.nded
Sensitivity Uncertainty
in m/s’ in ms in pC/(m/s’) in % (k=2)
508 31 0.98734 0.45
1008 21 0.98460 0.45
1896 15 0.98270 0.45
3019 1.0 0.98193 0.45
4056 08 0.98160 0.45
5045 05 0.97994 0.45

31/59




CCAUV.V-K4

3-CENAM

Voltage shock sensitivity

May 2019

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting Vol‘tafg‘e Rdl. Exp a-nded
Sensitivity Uncertain tv
in m/s” in ms in mV/(m/sl) in mV/(mls:) in % (k=2)
524 3.01 10 2.1388 0.8
1001 2.05 10 2.1387 0.6
1886 149 10 2.1387 06
2714 1.02 10 2.1391 06
3783 0.79 10 2.1383 0.6
4875 0.51 1 0.21384 0.8

Charge shock sensitivity

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Charge Rel. Expanded

Sensitivity Uncertainty
in m/s* in ms in pC/(m/s’) in % (k=2)

516 3.03 0.99101 0.8

975 1.98 0.98844 0.6

1890 1.48 0.98742 0.6

2821 1.04 0.98360 0.6

3760 0.81 0.98323 0.6

5214 0.51 0.97998 0.8
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4 -NMIJ

Voltage shock sensitivity

May 2019

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting Vol-t:fg-e Rdl. Exp a‘nded
Sensitivity Uncertainty
in m/s’ in ms in mV/(m/sz) in mV/(m/sz) in % (k=2)
511 3.04 10 2138 0.2
1015 1.91 10 2137 0.2
2039 1.54 10 2136 02
2951 1.05 3.16 0.6753 0.2
3786 0.83 3.16 0.6746 0.2
5041 0.46 3.16 0.6738 0.2

Charge shock sensitivity

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Chs.u.'g‘e Redl. Exp a.nded
Sensitivity Uncertainty
in m/s’ in ms in pC/(m/s) in % (k=2)
506 3.00 0.9885 04
1006 1.93 0.9868 04
2009 1.53 0.9843 04
2987 1.03 0.9808 04
3869 0.77 0.9813 04
5027 0.48 0.9852 04
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5-VNIIM

Voltage shock sensitivity

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting Vol‘t?g‘e Rdl. Exp a‘nded

Sensitivity Uncertainty

in m/s” in ms in mV/(m/sl) in mVl(m/sz) in % (k=2)
487.0 2.7 10 0.2154 1.5
1123.0 2.1 10 0.2130 1.5
1997.0 1.4 10 0.2122 1.5
3119.0 1.0 3.16 0.2158 1.5
4085.0 0.8 3.16 0.2158 1.5
4870.0 05 3.16 0.2120 1.5

Charge shock sensitivity

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Ch?r_‘g? Rdl. Exp a‘nded
Sensitivity Uncertainty
in m/s’ in ms in pC/(m/s’) in % (k=2)
507.0 29 1.0022 1.5
1040.0 19 1.0032 15
2087.0 1.4 1.0031 1.5
3084.0 0.9 1.0017 1.5
4136.0 0.7 0.9974 1.5
5141.0 0.5 0.9894 1.5
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6 -NMISA

Voltage shock sensitivity

Actual conditions for calibration

Calibration results

35/59

Peak Accderation Pulse Duration Gain Setting Vol.t:?g.e Rel. Exp a.nded
Sensitivity Uncertainty
in m/s° in ms in mV/(m/s’) in mV/(m/s’) in % (k=2)
502.9 3.00 10 21377 1.0
988.6 2.56 10 2.1383 1.0
1985.2 2.02 10 2.1323 1.0
3019.1 0.33 3.16 0.6755 1.1
4041.2 0.31 3.16 0.6754 1.1
5034 .4 0.29 3.16 0.6754 1.1
Charge shock sensitivity
Actual conditions for calibration Calibration results
Peak Accederation Pulse Duration Chfu:g? Rel. Expa.nded
Sensitivity Uncertainty
in m/s” in ms in pC/(m/s’) in % (k=2)
5111 3.0 0.9897 1.1
1014.2 2.5 0.9888 1.1
2000.3 2.0 0.9878 1.1
2984.3 0.3 0.9759 1.2
3986.4 0.3 0.9768 1.2
5027.9 0.2 0.9761 1.2
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7-PTB

Voltage shock sensitivity

Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting Vol't:?g'e Rel. Expa'nded
Sensitivity Uncertainty
in m/s® in ms in mV/(m/s%) in mV/(m/s) in % (k=2)
507 35 10 2.1362 0.25
1026 2.5 10 2.1362 0.25
2008 1.8 10 2.1359 0.25
2990 1.4 3.16 0.6750 0.25
4023 1.2 3.16 0.6749 025
5005 1.1 3.16 0.6750 0.25
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Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting VOI,“,ig? Rel. Exp a'nded
Sensitivity Uncertainty
in m/s’ in ms in mV/(m/s’) in mV/(m/s%) in % (k=2)
506 3.1 10.0 2.1363 0.5
1028 1.9 10.0 2.1352 0.5
1082 1.4 10.0 2.1348 0.5
2923 1.0 3.16 0.6744 0.5
4004 0.7 3.16 0.6743 0.5
5041 0.4 3.16 0.6737 0.5
Charge shock sensitivity
Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration S:i:?ﬂ’:ff“_ Rg.; f;‘:;;::d

in m/s° in ms in pC/(m/s:) in % (k=2)

503 3.0 0.9858 0.6

1000 1.9 0.9823 0.6

2009 1.4 0.9810 0.6

3004 0.9 0.9785 0.6

30009 0.7 0.9773 0.6

4993 0.4 0.9746 0.6
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Actual conditions for calibration Calibration results
Peak Acceleration Pulse Duration Gain Setting Vol'te}g'e Rd. Exp a'nded
Sensitivity Uncertain ty
in m/s° in ms in mV/(m/s%) in mV/(m/s5) in % (k=2)
510 3.08 10 2.150 1.1
1003 1.99 10 2.145 1.1
1991 149 10 2.141 1.1
2903 0.96 3.16 0.6780 1.1
3977 079 3.16 0.6768 1.1
4918 0.50 3.16 0.6783 1.1
Charge shock sensitivity

Actual conditions for calibration

Calibration results

Peak Acceleration Pulse Duration Charge Rd. Expanded
Sensitivity Uncertainty
in m/s’ in ms in pC/(m/s") in % (k=2)
501 2.96 0.9886 1.1
1008 2.01 0.9884 1.1
1966 1.48 0.9853 1.1
2990 0.99 0.9838 1.1
4009 0.79 0.9838 1.1
4995 0.51 0.9840 1.1
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Annex C : Measurement uncertainty Budget (MUB)

1-NIM

Source of
Uncertainty

Accelerometer output
voltage peak value
measurement
Voltage filtering effect
on accelerometer
output voltage peak
value
Effect of voltage
disturbance on
accelerometer output
voltage peak value
Influence of resonant
vibration on anvil for
accelerometer
Effect of transverse,
rocking and bending
acceleration on
accelerometer output
voltage peak value
Zero voltage
Uncertainty
Effect of
interferometer
guadrature output
signal disturbance on
acceleration peak
value
Effect of
interferometer
guadrature output
signal disturbance on
acceleration peak
value
Influence of resonant
vibration on anvil for
acceleration
Interferometer signal
filtering effect on
acceleration peak
value
Effect of voltage
disturbance on
acceleration peak
value
Effect of motion
disturbance on
acceleration peak
value

Symbol

U,

U or (semi-
range)%

0.06

0.10

0.05

0.15

0.05

0.10

0.05

0.10

0.15

0.10

0.05

0.08
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Probability
distribution
model

Rectangular

Normal

Normal

Rectangular

Normal

Normal

Normal

Rectangular

Rectangular

Rectangular

Normal

Normal

k
factor

N

Type

Standard
uncertainty
%

0.04

0.05

0.03

0.09

0.03

0.05

0.03

0.06

0.09

0.06

0.03

0.04
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Residual
interferometric effects
on acceleration peak Y e Nl 2 o
value
Effect of errors
associated with zero u, 0.10 Normal 2 0.05
acceleration
Calibration of charge
amplifier and cable
(only for charge Uy, 0.15 Rectangular /3 0.09
sensitivity)
For voltage
. . U sensitivity 0.19
Combined uncertainty
For charge
u, e 0.22
sensitivity
Coverage factor 2
For voltage 038
Expended uncertainty sensitivity '
U, For charge 0.44
sensitivity '
For voltage 0.40
Stated expended sensitivity '
uncertainty For charge
sensitivity e
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_— o Uncertainty Uncertainty
Source of uncertainty Distribution contribution contribution
1. 900E—01
tizati ak
Quantization  pe Normal A 2.308-01 8. 815-03
voltaje
Resolution of data Rectangular 8. 81E-03 1. 482-03
adquisition
Voltage disturbance Rectangular B 1. 48E03 1. O0E-01
Offset voltage Normal A 1. 00E-01
0.19
tizati alc
Quantization pe Nermal A 2. 308-01 1. 482-03
aceleration
Aceleration disturbance Fectangular B 1. 48E-03 1. 58E-05
Lazer wavelength Fectangular B 1. 58E-05 5. 00E—05
Sampling frequency of Rec tangular B 5. 00E-05 5. 00E-02
data adguisition
Charge amplifier Rectangular B 5. 000E-02
8. 000E-02
Rando ffect i t
T STTECT in repea Normal B 2. O00E-01
measurements
: L 0.40 0.30
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Standard
uncertainty

ufupeak V)
ufupeakF}
ufupeak, D)
ufupeakT})
ufapeak,Q)
ufapeakF}
u(apeak VD)
u(apeak,MD)
u(apeak,PD)

u(apeak,RE)

u(ssh,RE)

Source of uncertainty

accelerometer output voltage peak value measurement (waveform recorder,
e.g. ADC-resolution)

voltage fitering effect on accelerometer output voltage peak value
(frequency band limitation)

effect of voltage disturbance on accelerometer output voltage peak value
(e.g. hum and noise)

effect of transv erse, rocking and bending acceleration on accelerometer
output voltage peak value (transverse sensitivity)

effect of interfferometer quadrature output signal disturbance on acceleration
peak value (e.g. offsets, votage amplitude deviation, deviation from 90
interferometer signal filtering effect on acceleration peak value (frequency
band limitation)

effect of voltage disturbance on acceleration peak value (e.g. random noise
in the photoelectric measuring chain)

effect of motion disturbance on acceleration peak value (e.g. drift, relative
motion between the accelerometer reference surface and the spot sensed
effect of phase disturbance on acceleration peak value (e.g. phase noise of
the interferometer signal)

residual interferometric effects on acceleration peak value (interferometer
function)

residual effects on shock sensitivity measurement (e.g. effect of resonance
ex citation in the transducer or shock machine, random effect in repeat
measurements; experimental standard deviation of arithmetic mean)

Standard uncertainty
The relative expanded uncertainty of measurement of the shock sensitiv
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Probability
distribution

rectangular
rectangular
rectangular
Mormal
rectangular
rectangular
rectangular
rectangular
rectangular

Mormal

Mormal

Factor

1.732

1.732

1.732

2.000

1.732

1.732

1.732

1.732

1.732

2.000

2.000

Type of
uncertainty

B

B

May 2019

Relative standard
uncertainty, %

0.1

0.25

0.1

0.25

0.2

0.2

0.2

0.2

0.2

0.2

0.4

0.74
1.48
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7-PTB

Voltage shock sensitivity

Uncertainty Budget for Shock Sensitivity of accelerometer measurement chain at PTB Schock NME 5 km/s®

Unit: mV/(m/s?)

i Component value distribution k u ut
1 Voltage measurement, calibration uncertainty , long term drift 0,01%) rec 0,58 2 2,89E-05 8,33E-10)
2 Woltage measurement , noise,hum 0,02%) norm 1 2 1,00E-04] 1,00E-08|
3 Dual channel LDV acceleration measurement 0,03%) norm 1 1 3,00E-04] 9,00E-08)
4 Filter and peak fitting to peak sensitivity (acceleration, voltage jointly) 0,02%) rec 0,58 1 1,15E-04} 1,33E-08
s effect of transverse, rocking and ber\d\!ﬂg acceleration on accelerometer output 0,03 norm n . 3,006-04 9,00E-08
lvoltage peak value (transverse sensitivity)
effect of transverse, rocking and bending acceleration and laser locations on LDV
& 0,04%) rec 0,58 1 2,31E-04 5,33E-08)
peak value
7 ufS ;) Jeffect of pulse shape variation on sensitivity (after 10kHz LP-filter) 0,10%) rec 0,58 1 5,77E-04] 3,33E-07|
residual effects on shock sensitivity measurement (e.g. effect of resonance excitation|
8 uf5. w)  |in the transducer or shock machine, random effect in repeated measurements; 0,09%| norm 1 1 9,00E-04] 8,10E-07|
lexperimental standard deviation of arithmetic mean)
Relative Combined Uncertainty 0,12%
Relative Expanded Uncertainty (k=2) 0,24%
Stated Expanded Uncertainty (k=2) 0,25%
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8 -NMIA

Voltage shock sensitivity

U or semi- - Relative
Probability s R
range . k Sensitivity | contribution,
Source of Unceriainty Symbol {maximum) distribution factor | eoefficient w DOF
9 mudel 8
AcceLerL:;:;n;‘tfr output voltage peak value uy 0.06 Rectangular | 1.73 1 0.04 30
Yoluge iterefeton esclrometsr |, o1 | Nomal | 200 | 006 | 30
Effect of residual non-linarites in
determination of peak acoeleration us 0.10 Normal | 2.00 E 0.05 10
amplitude due to anvil and pulse ; ’ '
characteristics.
Effect of voltage disturbance on
accelerometer output voltage peak value e 0.04 Narmal 200 ! 0.02 30
Effect of transverse, rocking, and bending
acceleration on accelerometer output peak s 0.05 Rectangular { 1,73 I 0.03 e
value
Effect of interferometer quadrature output
signal disturbance on acceleration peak s 0.05 Nomnal 2.00 1 0.03 30
value
i‘:f;%g;g LDVs, and accuracy of laser u7 0.05 Nommal | 2.00 1 0.05 30
Effect of errors associated with baseline a 0.15 Normal | 200 [ 0.08 10
;‘;gf;z‘t?;;‘;;;fﬁﬁ“’”“g effect on w 0.19 | Rectangular [ 1.73 | 0.11 30
fﬁééﬁiﬁ'ﬁéﬁ?‘!ﬁﬁi’m on o 0.10 Nomal | 2.00 1 0.05 30
if:f;:gﬁ‘:‘;g;fiﬁ‘;’ewce on un 0.10 Nomal | 2.00 1 0.05 30
fgﬁ:r‘;{iﬁg?wﬁ:ﬁ:““ on W2 0.01 Rectangular | 1.73 I 0.01 30
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U or semi- g Relative
Probability Saace Spa
- range . k Sensitivity | contribution,
Source of Uncertainty Symbol (maximom) dnstr::lutlion Sictor | ‘coemelent @ ' | DOF
% . %
f::;;i‘ﬁ:;‘;‘p’:‘;’f?:lt:f ol on s 0.01 Rectangular | 1.73 ! 0.01 30
Effect of resonance excited in - 0.01 Noemisl 2.00 1 0.01 30

accelerometer or SE-201

Residual effects on shock sensitivity
measurement including variation in us 0.10 Normal 2.00 1 0.05 30
repeated measurements

Rounding error ule 0.05 Rectangular | 1.73 1 0.03 30
Combined uncertainty e 0.19
Effective degrees of freedom 131
Coverage or k factor 20
Expanded uncertainty of voltage 0.4

sensitivity, Ue (round up of Us)

Stated expanded uncertainty in 0.5
mV / (m-s?) value. ’
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Charge shock sensitivity

U or semi- Relative
Probability e o
. range F— k Sensitivity | contribution
Source of Uncertainty Symbol {maximum) distribution factor | coefficient % ' | DOF
P model o
Accelerometer output voltage peak value | 0.06 | Rectangular | 1.73 i 0.04 30
r%ﬁfigﬁef;:; on accelerometer w2 0.11 Normal | 2.00 1 0.06 30
Effect of residual non-linarites in
determination of peak acceleration
amplitude due to anvil and pulse s 0.10 Normal 2.00 I 0.05 1
characteristics.
Effect of voltage disturbance on
accelerometer output voltage peak value "" 0.04 Notmal 2.00 ] 0.02 30
Effect of transverse, rocking, and bending
acceleration on accelerometer output peak its 0.05 Rectangular | 1,73 1 0.03 30
value
Effect of interferometer quadrature output
signal disturbance on acceleration peak s 0.03 Normal 2,00 1 0.03 30
value
fyf\l:;::gomeDVs, and accuracy of laser wr 0.05 Normal 2,00 I 0.05 10
Bffect of erors associated with baseline s 0.15 Normal | 2.00 1 0.08 10
L:mi?;m?;kg:::ﬁming effect on g 0.19 Rectangular | 1.73 I 011 30
iﬁfgﬂﬁ;‘ﬁd‘:;z?m on uin 0.10 Normal | 2.00 ! 005 30
Eﬁf;ﬁi’;‘:‘;g&";ﬁ?m“ e ” 0.10 Nomal | 2,00 ! 005 30
fgi'f;r‘;fig’:’;:aﬁ:ﬁ:““ m un 001 | Rectangular | 173 ! 0.01 30
i‘fe'fe“r‘il‘('l‘mmgf effects on un 001 | Rectangular | 173 1 0.01 30
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e | rma | e | i
Source of Uncertainty Symbol (maximum) distribution | oo | coefMicient u oy
model o,
% %
Effect of resonance excited in i 0.01 Normal 2.00 1 0.01 30

accelerometer or SE-201

Residual effects on shock sensitivity
measurement including variation in s 0.10 Normal 2.00 1 0.05 30
repeated measurements

Rounding error ui6 0.05 Rectangular | 1.73 1 0.03 30
Combined uncertainty Ue 0.19
Effective degrees of freedom 131
Coverage or k factor 20
Expanded uncertainty of voltage 04

sensitivity, Uy (round up of Ug)

Stated expanded uncertainty in

mV / (m-s?) value. 05

Uncertainty with calibration of charge
amplifier, including effects of
accelerometer cable on reference wir 0.14 Normal 2.00 1 0.07 30
capacitance and broad-band
characteristics of shock pulse.

Expanded uncertainty of charge 0.5
sensitivity, Us (round up of Uc) o
Stated expanded uncertainty in 0.6

pC/ (m-s7%) value.
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9 -KRISS

Voltage shock sensitivity

- : Type e
Uncertainty Component (AorB) Distribution
u1 | Violtage correction of digitizer B Normal
uy | Zero voltage uncertainty A t
uz | Quantization error of peak voltage B Rectangular

Influence of resonant vibration on anvil
14 B Rectangular
(for accelerometer)

us | Sampling time uncertainty of digitizer B Rectangular
us | Laser wavelength instability B Rectangular
w7 | Quantization error of phase displacement B Rectangular
ug | Zero acceleration uncertainty B Rectangular

Influence of resonant vibration on anvil
1y : B Rectangular
(for acceleration)

uie | Transverse sensitivity effect B Rectangular
y Relative motion between exciter and laser B Rectangular
" | interferometer
u1z | Measurement repeatability A t
u1; | Subsequent measurement repeatability B Rectangular
Residual effects
14 B Rectangular

(long-term stability, reproducibility)

| Calibration of charge amplifier and cable
s {only for SE type accelerometer) B Rectangular
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Type 500 1,000 2,000 3.000 4.000 5,000 | Probability |Degree of
m/s? m's? m/'s? m/'s? m/s? m/s’ | distribution | freedom
u1 B | 6.0x107| 6.0x107 | 6.0x10% | 6.0x107 | 6.0x107 | 6.0x10% | Normal infinite
0 A [50x107| 5.0x107 | 5.0x107 | 5.0x107 | 5.0%1072 | 5.0x107? t infinite
us B [43x107|43x107 | 43x10° | 43x107 | 43x107% | 43x107 | Rectangular | infinite
14 B |2.0x107|2.0x10% | 2.0x101 | 2.0x10°! | 2.0x107 | 2.0x10! | Rectangular | infinite
s B [1.5x107]1.5x10 | 151071 | 1,510 | 1.5x10°1 | 1.5x10" | Rectangular | infinite
s B | 1.5x107%*| 1.5x10% | 15104 | 1.5x10* | 1.5x10* [ 1.5x10* | Rectangular | infinite
7 B | 1.0x107 | 1.0x107 | 1.0x1071 | 1.0x10°! | 1.0x107! | 1.0x107! | Rectangular | infinite
i B 1.0x107 | 1.0x107 | 1.0x107 | 1.0x1077 | 1.0x107" | 1.0x10" | Rectangular | infinite
up B | 2.0x107 | 2.0x107 | 2.0x107 | 2.0x107 | 2.0x107 | 2.0x 10" | Rectangular | infinite
U1 B |4.2x107 | 4.2x107 | 4.2x10? | 4.2x107 | 4.2x10? | 4.2x107 | Rectangular | infinite
un B |1.0x107|1.0x107 | 1.0x107 | 1.0x107 | 1.0x107 | 1.0x10™ | Rectangular | infinite
1 A | 4.1x10% | 67107 | 2.8x107F | 3.6x107 | 2,410 | 1.9x104 t 16
13 B 1.5x107%| 582107 | 2.0%10* | 2.8%107% | 1.6x107* | 1.2x10™* | Rectangular | infinite
14 B | 45x107[4.5x107 | 4.5x107 | 45x10 | 4.5x107" | 4.5x10" | Rectangular | infinite
Relative combined
SHn&Fd 0.55 0.55 0.55 0.55 0.55 0.55
uncertainty
Ef:‘:_;‘;ilflﬁi‘;‘;d 1.1 1.1 11 1.1 1.1 1.1
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Charge shock sensitivity

Acceler?nou Relative standard uncertainty. % v % U.%
ws? *=2)
uy wm uz N2 us s u ug g Ui ul iz u3 s
500 6.0x10% | 5.0x107 | 43x10° | 2.0x107 1.5x10% | LOx107 | 1.0x107 | 2.0x107 | 42x107 | 1.0x107 | 4.1x10% | 1.5x10% | 4.5x10° 0.55 11
1.000 6.0x10% | 5.0x107 | 4.3x10° | 2.0x107 152101 | 1.0x107 | 1.0x107 | 20x107 | 42107 | 1.0x107 | 6.7x107% | 5.8x10* | 4.5x107 0.55 11
2.000 60x10% | 5.0x107 | 43x10° | 20x107 1510 | 1021070 | 102107 | 20x107 | 42x107 | 1.0x107 | 282107 | 20x10* | 45x10° 055 11
3.000 60x10° | 5.0x107 | 43x10° | 20x107 15x10 | L0x1070 | 10x107 | 20x107 | 42x107 | 1LOx107 | 36x10% | 28x10% | 45x107 0.55 11
4.000 6.0x107% | 50107 | 43x10° | 2.0x107 | 15x10°10 [ 15x10°0 | 1.0x100 | 1.0x100 | 20x1070 | 42x107 | 1.0x107 | 24x10% | 1.6x10* | 4.5x1071 0.55 11
5.000 6.0x107% | 50107 | 43x10° | 20107 | 13%1010 [ 15x10°1 | 1.0x100 | 1.0x100 | 20x1070 | 42x107 | 1.0x102 | 19x10% | 12x10% | 45x1071 0.55 11
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Annex D — Frequency response of comparison artefacts

Frequency response of accelerometer chain with a dummy mass of 20 g used in voltage
shock sensitivity

0.218
£
S o216 .
E
2
=
B 0214 /\—\ |
c
<5
(%]
(5]
g
£ o212 .
>
0.21 L L Lol L L Lol L L Lol i
10° 10" 102 108 10%

Frequency /Hz

Note: Uniformity in the frequency response of Accelerometer Chain with a dummy
mass of 20 g (ENDEVCO 2270, S/N 14155 and Briiel & Kjer 2692, S/N 2752215)
from 5 Hz to 5 kHz reveals insignificant influence of shock pulse width on voltage
shock sensitivity measurement.

Frequency response of accelerometer used in charge shock sensitivity

1.1

\/ |

O_gL i L ool L i ool L L ool
10° 10’ 102 103 104
Frequency /Hz

Charge Sensitivity /pC/(mis?)
T

Note: Non-uniformity in the frequency response of accelerometer PCB 357B03 (S/N
LW50432) from 5 Hz to 5 kHz reveals significant influence of shock pulse width on
charge shock sensitivity measurement.
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