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Abstract

This report gives the result of a CCM (Comté Consultatif pour la
Masse et |es grandeurs apparentéeés) key conparison for pressure
measurenents in gas nedia, gauge node, from 80 kPa to 7 MPa. A
pressure balance wth two piston-cylinder wunits wth nom nal
effective area of 84 and 8,4 mt was sel ected and nade avail abl e by
NI ST as transfer standards. The purpose of this exercise is to
determine and conpare the transfer standards’ effective areas,
with their wvariation wth pressure, as determned by the
participants through a pressure cross float against their primry
standards. The conparison is divided in two pressure ranges:

- 79,4 kPa to 896,4 kPa with the unit named C 415 (84 mmf);
- 621,7 kPa to 6792,4 kPa with the unit named V 762 (8,4 mf)
The results are presented for both pressure ranges.

They show an agreenent of all the participating |aboratories in
this conparisons (IM3C-CNR, BNMLNE, PTB, N ST and NRLM fully
within the estinmated expanded uncertainties, expressed with a
coverage factor k = 2. The full agreement is within an expanded
uncertainty, variable from |aboratory to l|aboratory, from 7 to
about 30 ppm.

Over 95 average experinental determ nations of the effective area
of the transfer standards, only 9 average results show a A’p’
difference in respect of the reference value greater than the
standard uncertainty assigned by the |aboratories to each A’p’
det erm nati on.

The data contained in this report, approved by all participants,
will be included in the BIPM dat abase of key conparison, follow ng
the rules of the CCM
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1) Introduction

In the 6'" Meeting of the Conité Consultatif pour la Masse et les
grandeurs apparentées (CCMin 1996 it was decided that a key
conpari son should be organised for pressure neasurenents in gas
medi a, gauge node, from 80 kPa to 7 MPa. Pressure balances wth
two piston-cylinder units made from tungsten carbide with nom na
effective areas of 84 and 8,4 nnt were sel ected and made avail abl e
by NI ST as transfer standards. The purpose of this exercise is the
determ nation and conparison of the transfer standards effective
areas, with their variation wth pressure, as determned by the
participants by pressure cross floating against their primry
st andar ds.

The participants are all national netrology |aboratories having
primary pressure standards directly linked to base SI wunits. The
pilot |aboratories were I MSC-CNR for the preparation of procedures
and results analysis and NI ST for prelimnary studies on transfer

st andar ds, including the stability evaluation during the
conparison period. The route of the conparison was N ST (transfer
standards initial evaluation), |IM3-CNR (pressure balances and

transfer standards evaluation, procedure preparation), BNMLNE
PTB, NRLM NI ST (transfer standards final evaluation).

The follow ng time schedul e was observed:

ACTIONS PERIODS

Prelimnary studies at N ST During 1997

First set of nmeasurenments at |August to Septenber 1997
NI ST

Prelimnary studies at | MGC-CNR |Cctober to Decenber 1997

Measurenents by | MGC- CNR Decenber 1997 to February 1998
Procedure as in [1l] approved February 1998

Measur enents by BNM LNE February 1998 to April 1998
Measurenments by PTB April 1998 to June 1998
Measurenents by NRLM August 1998 to COct ober 1998
Measurenents by NI ST end of 1998 till April 1999

Al'l conparison data at I|MC-CNR |May 1999, blind presentation at
the I'11'" CCM Conference, Torino

Draft A report distributed to participants in
March 2000
Final Draft B report, planned end of 2000

The neasurenent results are analysed as specified by the
“Quidelines for Kkey conparison carried out by Consultative
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Conmi ttees” docunent, up to the consensus on the final report of
t he conparison (Draft B).

A witten procedure [1] was prepared, approved and followed by all
partici pants; the conparison started in Novenber 1997 and ended in
spring of 1999.

In the last CCM neeting (May 1999) this conparison was accepted

and | abelled as CCM.P-Kl.c conparison and inserted in the BIPM
dat abase.

The present report will describe the results of this conparison by
a presentation of data obtained by each participating | aboratory.

The best way of identifying an effective area reference value and
its associated uncertainty for the two piston-cylinder units used
as transfer standards is discussed.

The results of each participating |laboratory, in terns of
effective area of the transfer standards, wll be conpared wth
respect to the reference value for each unit as well as the
differences in respect of each conbination of the five
participants will be calculated. The |evel of agreenment reached by
each participant, as a base for the nutual recognition of nationa

pressure standards, in the pressure range under consideration wll

be di scussed.

2) Transfer standards description (tests and stability during the
comparison)

The transfer standards used are fully described in the Guidelines
for the conparison [1] that are to be considered an integral part
of this report.

Wt hout repeating the prepared procedures, let us just nention few
poi nt s.

The piston-cylinder wunits are two (naned C 415 for a piston
cylinder nonminal effective area of 84 mf to be used in the
conparison from 80 kPa to 900 kPa and V-762 for a piston-cylinder
of 8,4 mt nominal effective area to be used in the conparison from
0,6 MPa to 7 MPa) and nust be nounted on a Ruska base type 2465,
fully equipped with weight set, tenperature probe, mneasurenment of
pi ston position, fall rate, .., t hr ough appropriate
i nstrunment ati ons.

The measurenment points were defined in the procedure [1]:

- for the C- 415 assenbly, 10 nominal pressure points were to be
repeated 10 tines

- for the V-762 assenbly, 9 nomnal pressure points were to be
repeated 10 tines

In Table 1 the main characteristics of the transfer standards are
briefly described.
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For the prelimnary tests, done according to the procedures, the
foll owi ng concl usi ons can be drawn:

- during all neasurenents in the five |aboratories no surface
magneti sation higher than 2 Gauss was found and pistons and
cylinders have not been denagneti sed;

- cleaning of piston-cylinders was found to be an inportant point.
It was made by usual |aboratory practice;

- fall rates of pistons were found to be in agreement wth
indications in the procedures (typically 0,4 mimn for C 415
unit at 1 MPa and typically 0,9 mmmn for V-762 unit at 7 Mra,
all values for tenperatures close to 20 °C

- piston rotation rate versus tinme neasurenents confirned that
this is a good test to evaluate cleaning of piston-cylinder and
levelling, also in this case values were found close to the ones
indicated in the procedure [1];

- effect of rotation direction of piston (CWor CCW was found to
be negligible, one laboratory reported a systematic shift of
about 3 ppm of the obtained effective areas of the transfer
standard C 415 when the notor inposed rotation (either CW and
CCW was used instead of the free rotation and when neasurenents
were carried out with the bell-jar on the bal ance.

Stability tests of the two transfer standard units were perforned
by NIST at the beginning of the conparison during the preparatory
work (August to Septenmber 1997) and at the conclusion of
measur enent | oop (begi nning of 1999).

In Figure 1 the values of effective area A’p’ (20°C, p’)/mf versus
pressure p’/kPa for the transfer standard C-415 piston-cylinder
unit obtained by NIST in 1997 (serie 1 and 2) and in 1999 (serie
3) are reported. In all neasurenents the sensitivity of the
pressure equilibriumduring the cross floating was of the order of
less than 1 ppm The standard deviation of the values of A’p’,
referred to the average values of A’p’” are 8 ppm 0,7 ppm 4,6
ppm 2,5 ppm 4,8 ppm 1,6 ppm 2,3 ppm 2,9 ppm 2,1 ppmand 2,6
ppm respectively at the pressures of (79,4 - 137,8 — 196 - 254,5
- 312,8 - 429,5 - 546,2 - 663 - 779,7 - 896,4) kPa.

In Figure 2 the values of effective area A’p’ (20°C, p’)/mf versus
pressure p’/kPa for the transfer standard Vv-762 piston-cylinder
unit obtained by NIST in 1997 (serie 1 and 2) and in 1999 (serie
3) are reported. In all neasurenents the sensitivity of the
pressure equilibriumduring the cross floating was of the order of
less than 1,2 ppm The standard deviation of the values of A’p’,
referred to the average values of A’p’ are 6,5 ppm 5,0 ppm 4,5
ppm 2,7 ppm 1,9 ppm 2,0 ppm 2,9 ppm 1,6 ppm and 1,1 ppm
respectively at the pressures of (622 - 738 — 1077 - 1767 - 2936
- 4104 - 5273 — 6442 - 6792) kPa.

Measurenents by NIST in 1997 (serie 1 and 2) were made before the
procedure [1] preparation, following the practice of N ST
| aboratory as well as during the process of transfer standard
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eval uation, while the second set of data nmade in 1999 (serie 3)
was done strictly referring to the procedures.

Results appear to be typical for apparatus of this type, in that
the standard devi ation values of the effective area are |arger at
| oner rather than at higher pressure.

It has also to be pointed out that the data on serie 1 and 2 used
different mass set on N ST standard and transfer standard in
i nterchangeable order. N ST pilot |aboratory corrected the nass
value of one nmass set, in that sense Figure 1 and 2 are
representative of data before the ~corrections. After the
correction the data between serie 1 and 2 can be substituted with
their average value; in such a case conparing this result with the
ones of serie 3 an estimate of transfer standard stability is 2
ppm and 3 ppm for C- 415 and V-762 piston-cylinder respectively.

It is proposed to take account of such contributions, based on the
above reported values of the 3 repeated tests made at N ST in
about 15 nonths tine, to account for possible instability of the
units, being such information useful in the evaluation of the
uncertainty of the degree of equival ence between the participants.

3) Participants standards

In Table 1 essential information of the main characteristics of
the primary standards used by the different |aboratories in this
conparison are given. As it can be seen from Table 1 the
| aboratories minly used pressure balances of different kind,
manuf act urer and type.

In two cases (IM3C-CNR and NI ST) the |aboratory primary standards
were al nost of the same type as the transfer standard.

Sone | aboratories also nade tests with nercury colum nmanoneters.

Al'l piston and cylinder materials of the primary pressure bal ances
used by participants, except the case of the NRLM system were in
tungst en car bi de.

All primary standards wused in this conparison have Dbeen
i ndependently characterised wunder the responsibility of each
participant. In this sense the five participants to this exercise
are not traceable to each other so that the neasurenents made at
one |aboratory are not correlated with the neasurenents nade by
t he ot her | aboratories.

The effective area of the primary standards are derived either
from di nensional neasurenents or from liquid colum conparisons
and are fully referenced in the literature of each | aboratory.

The procedures [1] required that all information concerning the
uncertainty of nmeasurand, should be expressed as a standard
uncertainty (k=1). Li kew se, al | characteristics quantities

connected to the primary standards of the |aboratories should be
expressed as standard uncertainty (K=1) so the analysis of data of
t he conparison will be nmade in the sane way.
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4) Results obtained by participants for C-415 piston-cylinder unit

Table 2 gives the followng data for each of the participating
| aboratory :

- the average value of the effective area of the transfer standard
A’p’ (20°C, p’)/mf, in which each value is the arithnetic
average of 10 experinmental determ nations obtained by each
partici pant;

- the standard deviation of the average value, s(A’p’)/A’p’,
expressed in ppm

- the standard uncertainty u(a’p’) as deri ved by each
participating |aboratory according to the procedure [1] and the
standard uncertainty of pressure p’ neasured by the primry
standard of the | aboratory.

As can be seen from Tabl e 2:

- the standard deviation of the average value, s(A’p’)/A’p’,
ranges from 3,9 ppm (higher values are normally obtained in each
| aboratory at |ow pressures) to 0,1 ppm

- the standard uncertainty of the effective area of the transfer
st andar d, u(a’p’), is also different from |aboratory to
| aboratory and ranges from3 ppmto 12 ppm

In Figure 3 the average values of the effective area of the
transfer standard A’p’ (20°C, p’)/mf versus the pressure p’/kPa
are given for all 5 laboratories. Note that in Figure 3 one
graduation on the A’p’ ordinate scale corresponds to 2,4 ppm and
that the |argest deviation between two |aboratories (at 896 kPa)
is 9,6 ppm

5) Reference value selection for C-415 piston-cylinder unit and
estimate of its uncertainty

To obtain a reference value, all the transfer standard data in
Table 2 were fit by the linear function

A’p’ (20°C, p’)=f(p’)= a’0 ( 1 + 1’ p’) where A’o is the effective
area at atnospheric pressure and 20 °C and |’ is the distortion
coefficient.

The resulting value is:
A’p’/mm® = 84,00489 + 2,962 10"’ p’/kPa

which is equivalent to A’o = 84,00489 mf and a distortion
coefficient 17 = 3,52 10°° kPa'?

with a standard deviation of the linear fit of 0,000214 nmmt
equivalent to 2,5 ppm
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The reference value was calculated in several ways in order to
decide its appropriate selection. For each pressure it was
cal cul at ed:

- the aA’p’ reference val ue obtained by the above linear fit;

- the A’p’” reference value obtained as the arithnmetic average of
t he experinental points as in Table 2;

- the A’p’” reference value obtained as the nedian of the
experinmental points as in Table 2;

- the differences, expressed in ppm between the results obtained
by linear fitting and the arithnmetic average or the nedi an

and are all reported in the follow ng table.

p’ nom/ Ref. value by Ref. value by| Ref. value by|Diff. (fit — arith. |Diff. (fit —
kPa linear fit / mm? | arith. average| median / mm?|average) / ppm |median) / ppm
79,4 84,00491 84,004{9n71m 84,00496 -0,6 -0,6
137,8 84,00493 84,00499 84,00485 -0,7 1,0
196 84,00495 84,00492 84,00495 0,3 0,0
2545 84,00497 84,00486 84,00493 1,3 0,4
312,8 84,00498 84,00501 84,00506 -0,3 -0,9
429,5 84,00502 84,00503 84,00502 -0,1 0,0
546,2 84,00505 84,00504 84,00493 0,2 1,4
663 84,00509 84,00512 84,0052 -0,4 -14
779,7 84,00512 84,00514 84,00513 -0,2 -0,1
896,4 84,00516 84,00516 84,00514 0,0 0,2

As can be seen from the above table the use of a linear fit is
equi valent to the use of the arithnetic average or the nedian for
each single pressure point with a maxi numdi fference of 1,4 ppm

According to Miller [2], the standard uncertainty associated wth
the nedian is:

s(medi an) = 1,858 MAD/ (n-1) Y2

where MAD is the nedian of the absolute deviations, in our case
n=5. W can calculate the estimte uncertainty associated with the
medi an for each single pressure val ue as
u( medi an) =s(nmedi an)/ nedi an expressed in ppm:
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p’ nom/ u(median) /
kPa ppm
79,4 1,7
137,8 11
196 11
2545 0,6
312,8 1,3
429,5 1,2
546,2 11
663 2,2
779,7 2,0
896,4 2,3

As can be seen from the above table, the use of the uncertainty
associated with the nedian is alnost equivalent to the use of the
standard deviation of the linear fit that was equal to 2,5 ppm

For the above reasons and in accordance with the normal practice
of using a linear fit for the characterisation of a piston-
cylinder of a pressure balance, we propose that a reference val ue
of the effective area of the transfer standard froma fit fromthe
above function be used.

From pilot |aboratory tests, an instability of +the transfer
standard of 2 ppm was evaluated for the entire pressure range of

the pressure balance; this contribution will be used only in the
determnation of the degree of equivalence between pair of
| aboratories but will not be included in the evaluation of the

uncertainty of the reference val ue.

As an uncertainty to be associated with the reference wvalue, we
propose to use the standard deviation of the linear fit (2,5 ppm).

According to this choice we have the follow ng situation:
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p’ nom/ instability of |Re-evaluated (std. dev.of |u (A’p’ ref.
kPa tr. std. / ppm |instability tr. |linear fit / value) / ppm
Std-, U tr.std. / Ppm
Ppm
79,4 8 2 2,5 25
137,8 0,7 2 2,5 2,5
196 4,6 2 2,5 2,5
2545 2,5 2 2,5 25
312,8 4.8 2 2,5 2,5
429,5 1,6 2 2,5 25
546,2 2,3 2 2,5 25
663 2,9 2 2,5 25
779,7 2,1 2 2,5 2,5
896,4 2,6 2 2,5 2,5

In Table 4, and fromFigure 4 to Figure 9, data of each |aboratory
are conpared to the reference value; see the discussion in
par agraph 8.1

6) Results obtained by participants for V-762 piston-cylinder unit

Table 3 gives the followng data for each of the participating
| aboratory :

- the average value of the effective area of the transfer standard
A’p’ (20°C, p’)/mf, in which each value is the arithnetic
average of 10 experinmental determ nations obtained by each
partici pant;

- the standard deviation of the average value, s(A’p’)/A’p’,
expressed in ppm

- the standard uncertainty u(a’p’) as deri ved by each
participating |aboratory according to the procedure [1] and the
standard uncertainty of pressure p’ neasured by the primry
standard of the | aboratory.

As can be seen from Tabl e 3:

- the standard deviation of the average value, s(A’p’)/A’p’,
ranges from4,5 ppmto 0,2 ppm

- the standard uncertainty of the effective area of the transfer
standard, u(A’p’), is different form |aboratory to |aboratory
and ranges from 3,1 ppmto 15 ppm

In Figure 10 the average values of the effective area of the
transfer standard A’p’ (20°C, p’)/mf versus the pressure p’/kPa
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are given for all 5 laboratories. Note that in Figure 10 one
graduation on the A’p’ ordinate scale correspond to 6 ppm and that
the | argest deviation between two |aboratories (at 6441,8 kPa) is
25 ppm

7) Reference value selection for V-762 piston-cylinder unit and
estimate of its uncertainty

To obtain a reference value, all the transfer standard data in
Table 3 were fit by the linear function

A’p’ (20°C, p’)=f(p’)= a’0 ( 1 + 1’ p’) where A’0 is the effective
area at atnospheric pressure and 20 °C and |’ is the distortion
coefficient.

The resulting value is:
A’p’/mm®* = 8,3885165 + 3,947 10°° p’/kPa

which is equivalent to 4’0o = 8,3885165 mmf and a distortion
coefficient 17 = 4,71 10°° kPa'!

with a standard deviation of the linear fit of 6,075 10° mmf
equivalent to 7,2 ppm

The reference value was calculated in several ways in order to
decide its appropriate selection. For each pressure it was
cal cul at ed:

- the aA’p’ reference val ue obtained by the above linear fit;

- the A’p’” reference value obtained as the arithmetic average of
t he experinental points as in Table 3;

- the A’p’” reference value obtained as the nedian of the
experinmental points as in Table 3;

- the differences, expressed in ppm between the result obtained
by linear fitting and the arithnmetic average or the nedi an

and are reported in the follow ng table.
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p’ nom/ Ref. value by Ref. value by| Ref. value by/|Diff. (fit — arith. |Diff. (fit —
kPa linear fit / mm? | arith. average| median / mm?®|average) / ppm |median) / ppm
621,7 8,38854 8,3ggn5rgl 8,388533 -1,1 1,0
738,5 8,38855 8,388534 8,388534 1,3 1,4
1077,5 8,38856 8,388545 8,388535 1,7 2,9
1767 8,38859 8,388585 8,388547 0,1 4.7
2935,7 8,38863 8,388648 8,388619 -1,8 1,6
4104.,4 8,38868 8,388691 8,388668 -1,5 1,3
52731 8,38872 8,388726 8,388708 -0,1 2,0
6441,8 8,38877 8,388769 8,388747 0,2 2,8
6792,4 8,38878 8,388774 8,388758 1,3 3,2

As can be seen from the above table the use of a linear fit is
equi valent to the use of the arithnetic average or the nedian for
each single pressure point with a maxi numdi fference of 4,7 ppm

According to Miller [2], the standard uncertainty associated wth
the nedian is:

s(medi an) = 1,858 MAD/ (n-1) Y2

where MAD is the nedian of the absolute deviations, in our case
n=5. W can calculate the estimte uncertainty associated with the
medi an for each single pressure val ue as
u( medi an) =s(nmedi an)/ nedi an expressed in ppm:

p’ nom/ u(median) /

kPa ppm
621,7 0,9
738,5 3,9
1077,5 3
1767 1
2935,7 4,3
4104,4 6,4
5273,1 6,6
6441,8 6
6792,4 5,9
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As can be seen from the above table the use of the uncertainty
associated with the nedian is alnost equivalent to the use of the
standard deviation of the linear fit that was equal to 7,2 ppm

For the above reasons and in accordance with the normal practice
of using a linear fit for the characterisation of a piston-
cylinder of a pressure balance, we propose that a reference val ue
of the effective area of the transfer standard froma fit fromthe
above function be used.

From pilot |aboratory tests, an instability of +the transfer
standard of 3 ppm was evaluated for the entire pressure range of

the pressure balance; this contribution will be used only in the
determnation of the degree of equivalence between pair of
| aboratories but will not be included in the evaluation of the

uncertainty of the reference val ue.

As an uncertainty to be associated with the reference wvalue, we
propose to use the standard deviation of the linear fit (7,2 ppm).

According to this choice we have the follow ng situation:

p’ nom/ instability of |Re-evaluated (std. dev.of |u (A’p’ ref.
kPa tr. std. / ppm |instability tr. |linaer fit / value) / ppm
Std-, U tr.std. / Ppm
Ppm
621,7 6,5 3 7,2 7,2
738,5 5,0 3 7,2 7,2
1077,5 4,5 3 7,2 7,2
1767 2,7 3 7,2 7,2
2935,7 1,9 3 7,2 7,2
41044 2,0 3 7,2 7,2
5273,1 2,9 3 7,2 7,2
6441,8 1,6 3 7,2 7,2
6792,4 1,1 3 7,2 7,2

In Table 5, and from Figure 11 to Figure 16, data of each
| aboratory are conpared to the reference val ue; see the discussion
in paragraph 8.2
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8) Discussion of results compared to the reference value

8.1) C-415 piston-cylinder unit

In Table 4 the average values of the effective area of the
transfer standard A’p’ (20°C, p’)/mt and standard uncertainty of
A’p’ obtained by each l|aboratory (in ppm) are given. It is also
reported the A’p’z:r reference value with its uncertainty (in ppm,
and the differences between |aboratory values and reference val ues
(A’p’ps — A’p’rer) ! A’p’rer (in ppn) and the standard uncertainty of
the difference (in ppnm. The standard uncertainty of the
difference is calculated as the root nean square of the squares of
the standard uncertainty of A’p’ obtained by the |aboratory and
the standard uncertainty of the reference val ue.

In Figures 4 to 8 (respectively for |IM3CCNR BNWLNE, PTB, N ST
and NRLM the following results versus pressure p’ are given.

I n ordi nate scal es:

1-Difference between |aboratory values and reference values
(A’p’as — A’p’rer) | A’p’rer (I N ppm;

2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by each laboratory, in ppm

3- Standard uncertainty of the difference (A’p’tas — A’p’rer), 1IN
ppm

As it can be seen from Figures 4 to 8, only in one case (BNMLNE
as in Figure 5) the difference (for pressures higher than 500 kPa)
is higher than the A’p’ laboratory standard uncertainty, but also
in this case the difference is close to the standard uncertainty
of the difference (A’p’tas — A’p’rer). AlSO in this case there are
no problenms if the agreenent is considered in ternms of expanded
uncertainty with a coverage factor k=2 (in such a case, for BNM

LNE, the A’p’ | aboratory expanded uncertainty will be from®6 to 7
ppm .

In Figure 9, for all the 5 |aboratories, the difference between
| aboratory values and reference values (A’p’ias — A’p’rer)! A’DP’Rer

(in ppm versus pressure p’ is given.

Anal ysis of the difference between | aboratory val ues and
reference values (A’p’iag — A’p’rer)! A’p’rer (iNn ppm
| MGC- CNR — the maxi num di fference is 6,3 ppmat 137,8 kPa
[ al ways | ower than the standard | aboratory uncertainty of
A’p’” (from 10 ppmto 12 ppm]
BNM LNE — the maximum difference is 4,7 ppmat 896,4 kPa |
hi gher than the standard | aboratory uncertainty of A’p” (2,8
to 3,4 ppm and al so higher than the standard uncertainty of
the difference at the highest pressures ]
PTB — the maximum difference is 2,5 ppmat 663 kPa [ al ways
| ower than the standard | aboratory uncertainty of A’p’ (from

3,9 ppmto 4,9 ppm]
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NI ST — the maximum di fference is 2,2 ppmat 137,8 kPa [al ways
| ower than the standard | aboratory uncertainty of A’p’ (from
9 ppmto 11 ppm]

NRLM — the maxi mnum di fference is 4,3 ppmat 79,4 kPa [ al ways

| ower than the standard | aboratory uncertainty of A’p’ (from

8,2 ppmto 8,6 ppm]

The followng table is useful to evidence the results:

Lab. Highest diff. Highest std. Agreement Comments
(*) / ppm unc. of A’p’ | within / ppm
(°)/ ppm
| MGC- 6,3 12,1 12,1 | nsi de std.
CNR | ab. unc.
BNM LNE 4,7 3,4 5 For sone

poi nts al so
out si de std.
unc. of the
di fference

(8)
PTB 2,5 4,9 4,9 | nsi de std.
| ab. unc.
NI ST - 2,2 11,1 11,1 | nsi de std.
| ab. unc.
NRLM - 4,3 8,6 8,6 | nsi de std.
| ab. unc.

(*) Difference between |I|aboratory values and reference values
(A’p’iae — A’p’rer)! A’p’rer (1N ppn.

(°) Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by each | aboratory, in ppm

(8) Standard uncertainty of the difference (A’p’tas — A’pP’rer), 1IN
ppm

8.2) V-762 piston-cylinder unit

In Table 5 the average values of the effective area of the
transfer standard A’p’ (20°C, p’)/mt and standard uncertainty of
A’p’ obtained by each l|aboratory (in ppm) are given. It is also
reported the A’p’zzr reference value with its uncertainty (in ppm,
and the differences between |aboratory val ues and reference val ues
(A’p’ps — A’p’rer) ! A7p’rer (1IN ppm) and the standard uncertainty of
the difference (in ppnm. The standard uncertainty of the
difference is calculated as the root nean square of the squares of
the standard uncertainty of A’p’ obtained by the |aboratory and
the standard uncertainty of the reference val ue.

In Figures 11 to 15 (respectively for I M3C-CNR, BNM LNE, PTB, N ST
and NRLM the following results versus pressure p’ are given. In
ordi nate scal es:
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1-Difference between |aboratory values and reference values
(A’p’iae — A’p’rer)! A’p’rer (1N ppm;

2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by each laboratory, in ppm

3- Standard uncertainty of the difference (A’p’tas — A’p’rer), 1IN
ppm

As it can be seen from Figures 11 to 15, in few cases (N ST and
NRLM as in Figures 14 and 15) the differences are higher than the
A’p’ laboratory standard uncertainty, and also for sone points the
differences are higher than the standard uncertainty of the
difference (A’p’tas — A’p’rer). Also in this case there are no
problens if the agreenment is considered in ternms of expanded
uncertainty with a coverage factor k=2

In Figure 16, for all the 5 |aboratories, the difference between
| aboratory values and reference values (A’p’ias — A’p’rer)! A’DP’RerF
(in ppm versus pressure p’ is given

Anal ysis of the difference between | aboratory val ues and

reference values (A’p’iag — A’p’rer)! A’p’rer (iNn ppm
| MGC-CNR — the maximum difference is - 5,8 ppmat 1767 kPa
[ al ways | ower than the standard | aboratory uncertainty of
A’p’” (from 11l ppmto 14 ppm]
BNM LNE — the maximum difference is - 4,7 ppmat 1767 kPa |
inside the standard | aboratory uncertainty of aA’p” (3,1 to
4,5 ppn) except in one point, but always within the standard
uncertainty of difference (from7,8 to 8,5 ppm, ful
agreenent within 5 ppnj
PTB — the maximumdifference is 7,3 ppmat 2936 kPa [al ways
| ower than the standard | aboratory uncertainty of A’p’ (from
4,6 ppmto 8,3 ppm]
NI ST — the maximum di fference is 14,2 ppmat 621,7 kPa
[different points outside the standard uncertainty of A’p”’
(from8,7 to 15 ppm, inside the standard uncertainty of the
difference (from1ll ppmto 16,6 ppn) except in three points,
full agreenent within 15 ppni
NRLM — the maxi num difference is - 12,5 ppmat 6792 kPa |
different points shows differences higher than standard
uncertainty of A’p’ (from7,4 to 8,5 ppm, inside the
standard uncertainty of the difference (from10,3 ppmto 11,1
ppn) except the two highest pressure points, full agreenent
within 13 ppm

The followng table is useful to evidence the results:
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Lab. Highest diff. Highest std. Agreement Comments

(*) / ppm unc. of A’p’ | within / ppm
(°)/ ppm
| MGC- - 58 13,9 13,9 I nsi de std.
CNR | ab. unc.
BNM LNE - 4,7 4,5 5 I nsi de std.
| ab. unc.
(cl ose for
one point)

PTB 7,3 8,3 8,3 I nsi de std.
| ab. unc.

NI ST 14, 2 14, 4 15 3 points are
out of std.
unc. of
di fferences
(8)

NRLM - 12,5 8,5 13 2 points out
of std. unc.
of
di fference

(*) Difference between |I|aboratory values and reference values

(A’p’iae — A'p’rer)! A’p’rer (1N ppn.

(°) Standard uncertainty of the effective area of the transfer

standard A’p’ (20°C, p’) as declared by each laboratory, in ppm

(8) Standard uncertainty of the difference (A’p’tas — A’P’rer), 1IN

ppm

9) Discussion of results compared between participating
laboratories

A conplenentary nethod, also useful for the interpretation of the

conparison results, can be based on the analysis of the nutual

di fferences between partici pants.

9.1) C-415 piston-cylinder unit

In Tables 6 to 10 the nutual differences between each of the 5

participating

| aboratories and the

of such differences are given.

relative standard uncertainty

In these Tables the upper values are the relative differences (in
ppm) of effective area a2’p’ (Ae (1) — Ac (J)/ Ac ref) x10°

determ ned by two | aboratories | and J. Lower values, in

parent hesis, are the relative standard uncertainties (in ppm of

t hese differences cal cul ated as

{[ u(A (1)) A2+ u(A (3 ) A (DNI?+[ursdl®}”
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where u are the relative standard uncertainties as decl ared by
the | aboratories | and J and u tr.stq. 1S the stability contribution
of the transfer standard, evaluated by the pilot |aboratory, and
equal to 2 ppm

Tabl es are generated for the followng five pressure values: 79,4
kPa (m ni mum val ue of the conparison), 196 kPa, 429,5 kPa, 663 kPa
and 896,4 kPa (maxi mum value of the conparison for the unit C
415). As can be seen from Figure 3 the selected pressure points
cover the typical situation of the |argest differences between the
| aboratori es.

As can be seen fromthe tables 6 to 10:

- all differences, for all laboratories and for all pressures, are
wi thin the conbined standard uncertainty of the effective area
A’p’ of the transfer standard calculated starting from the
standard uncertainty of A’p’ as declared by each participating
| abor at ori es;

- the largest differences are — 8,6 ppm (at 79,4 kPa), + 3,3 ppm
(at 196 kPa), - 4,9 ppm (at 429,5 kPa), + 7,4 ppm (at 663 kPa)
and + 9,6 ppm (at 896, 4 kPa);

- the systematic differences observed between the participants at
hi gher pressures (and particularly close to 1 MPa) are not
observed at | ower pressures.

9.2) V-762 piston-cylinder unit

In Tables 11 to 13 the nutual differences between each of the 5
participating |aboratories and the relative standard uncertainty
of such differences are given.

Tables are generated only for three pressures (621,7 kPa the
m ni mum pressure of the V 762 conparison, 4104,4 kPa and 6792, 4
kPa the maxi mum pressure of the V 762 conparison). As can be seen
from Figure 10 the selected pressure points cover the typical
situation of the largest differences between the | aboratories.

Tables 11 to 13 show t hat:

- the differences between the |aboratories are in sone cases
outside the conbined standard uncertainties (at 621,7 kPa the
maxi mum di fference between NIST and NRLM is — 19 ppm while the
conbi ned standard uncertainty is 11,8 ppm at 4104,4 kPa there
are 4 cases where the differences are higher than the conbi ned
standard uncertainties and the maxi mum difference between NRLM
and NI ST anmpbunt to - 20,3 ppm while the conbined standard
uncertainty is 13,8 ppm at 6792,4 kPa there are 3 cases where
the differences are higher than the conbined standard
uncertainties and the maxi num difference between NRLM and NI ST
anount to — 22,6 ppm while the conbined standard uncertainty is

17,5 ppm ;
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- there is a clear evidence of a systematic shift between the
results;

- the maxinmum difference at low pressures is — 19 ppm and at
hi gher pressure is - 22,6 ppm In such cases the maxinum
differences are greater than the conbined standard uncertainty
(11,8 ppmand 17,5 ppm;

- for all laboratories, at all pressures the maxi mum differences
are always smaller than the conbined expanded uncertainties
(k=2).

10)Conclusions

10.1) Comparison in the pressure range 79,4 kPa to 896,4 kPa, unit
C-415, gas media, gauge mode

- the standard deviation of the average value , s(A’p’)/A’p’,
obtained by the participating |aboratories ranges from 3,9 ppm
to 0,1 ppm

- the standard uncertainty of the effective area of the transfer
standard, u(A’p’),is different fromlaboratory to | aboratory and
ranges from3 ppmto 12 ppm

- the reference value is selected as the result of linear fit
based on all average data of participants:

A’p’/ mf = 84,00489 + 2,962 107 p’/ kPa
which is equivalent to A’o = 84,00489 nmnt and a distortion
coefficient 17 = 3,52 10°° kPa'?
The linear fit has a standard deviation of 0,000214 mf
equivalent to 2,5 ppm

- the standard uncertainty associated with this reference value, is
t he standard deviation of the linear fit (2,5 ppm

- for all the laboratories the differences in respect to the
reference values are always |ower than the standard uncertainty
of this difference;

- over 50 experinental determ nations of the effective area, A’p’,
of the transfer standard only 4 average results show a
difference in respect of the reference value greater than the
standard uncertainty assigned by the l|aboratories to each A’p”’
det erm nation

- conparing the differences between each pair of |aboratories, it
can be shown that all differences, for all |aboratories and for
all pressures, are within the conbined standard uncertainty of
the effective area A’p’ of the transfer standard declared by
each | aboratory;
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a full agreenent exists in ternms of expanded uncertainty with a
coverage factor k=2 (in such a case, the expanded uncertainty
wi |l change from |l aboratory to |aboratory from?7,6 to 24,8 ppn

the conparison results can be considered fully satisfactory as
the differences from the reference values never exceeded 6,3
ppm this result is fully consistent with simlar results
obtained in another CCM pressure conparison in gas nedia from 50
kPa to 1 MPa, Phase A2 [3].

10.2) Comparison in the pressure range 621,7 kPa to 6792,4 kPa,

unitv-762, gas media, gauge mode

the standard deviation of the average value , s(Aa’p’)/ A’p’,
obtained by the participating |aboratories ranges from 4,5 ppm
to 0,2 ppm

the standard uncertainty of the effective area of the transfer
standard , u(A’p’), is different from | aboratory to |aboratory
and ranges from3 ppmto 15 ppm

the reference value is selected as the result of linear fit
based on all average data of participants:

A’p’/mt = 8,3885165 + 3,947 108 p’/ kPa
which is equivalent to A’o = 8,3885165 mf and a distortion
coefficient 17 = 4,71 10°° kPa'!
with a standard deviation of the linear fit of 6,075 10°° mf
equivalent to 7,2 ppm

the standard uncertainty associated with this reference value, is
t he standard deviation of the linear fit (7,2 ppm

over 45 average experinental determnations of the effective
area A’p’ for all the |aboratories, only in 5 cases we obtain
differences in respect to the reference values higher than the
standard uncertainty of this difference;

conparing the differences between each pair of |aboratories, it
can be shown that there is evidence of systematic shift of
results. Difference between |aboratories are sonetine outside
their conbined standard uncertainty. The mnmaxinmum differences
ranges from — 19 ppm at |ower pressures to —22,6 ppm at higher
pressures, while the conbined standard uncertainties in such
cases range from 11,8 ppmto 17,5 ppm

a full agreenent exists in terns of expanded uncertainty with a
coverage factor k=2 (in such a case, the expanded uncertainty
wi |l change fromlaboratory to |aboratory from9,2 to 30 ppn

the conparison results can be considered satisfactory as the
differences from the reference values never exceeded 14,2 ppm
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the results are fully consistent if conpared in ternms of
expanded uncertainty (k=2 coverage factor).

Figure captions

Figure 1 - Values of effective area A’p’ (20°C, p’)/mmf versus
pressure p’/kPa for the transfer standard C- 415 piston-cylinder
unit obtained by NIST in 1997 (serie 1 and 2) and in 1999 (serie
3).

Figure 2 - Values of effective area A’p’ (20°C, p’)/mmf versus
pressure p’/kPa for the transfer standard V-762 piston-cylinder
unit obtained by NIST in 1997 (serie 1 and 2) and in 1999 (serie
3).

Figure 3 - Average values of the effective area of the transfer
standard C-415, A’p’ (20°C, p’)/mt versus the pressure p’/kPa
for the 5 participating |aboratories.

Figure 4 — C- 415 piston cylinder unit. IM3C-CNR results versus
pressure p’. In ordinate scale: 1- Difference between |aboratory
val ues and reference values (A’p’1ms — A’p’rer)! A’p’rer (I N ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by IMC-CNR, in ppm 3-
Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN
ppm

Figure 5 — G415 piston cylinder unit. BNMLNE results versus
pressure p’. In ordinate scale: 1- Difference between | aboratory
values and reference values (A’p’1ms — A’p’rer)! A’p’rer (1IN ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p” (20°C, p’) as declared by BNMLNE, in ppm 3-

Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN
ppm
Figure 6 — G415 piston cylinder wunit. PTB results versus

pressure p’. In ordinate scale: 1- Difference between | aboratory
val ues and reference values (A’p’1ms — A’p’rer)! A’p’rer (1IN ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by PTB, in ppm 3- Standard
uncertainty of the difference (A’p’tas — A’p’rer), 1N ppm

Figure 7 — G415 piston cylinder wunit. NST results versus
pressure p’. In ordinate scale: 1- Difference between | aboratory
val ues and reference values (A’p’1ms — A’p’rer)! A’p’rer (1IN ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p” (20°C, p’) as declared by NST, in ppm 3-

Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN
ppm
Figure 8 — G415 piston cylinder unit. NRLM results versus

pressure p’. In ordinate scale: 1- Difference between |aboratory
val ues and reference values (A’p’1ms — A’p’rer)! A’p’rer (1IN ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by NRLM in ppm 3-
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Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN
ppm

- Figure 9 - GC 415 piston cylinder wunit. D fference between

| aboratory values and reference values (A’p’ias — A’p’rer)! A’p’Rer
(in ppm versus pressure p’ for all 5 participating |aboratories

- Figure 10 - Average values of the effective area of the transfer
standard V-762, A’p’ (20°C, p’)/mf versus the pressure p’/kPa
for the 5 participating |aboratories.

- Figure 11 - V-762 piston cylinder unit. |IM3C-CNR results versus
pressure p’. In ordinate scale: 1- Difference between | aboratory
values and reference values (A’p’1ms — A’p’rer)! A’p’rer (1IN ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by IMGC-CNR, in ppm 3-
Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN

ppm

- Figure 12 — V-762 piston cylinder unit. BNMLNE results versus
pressure p’. In ordinate scale: 1- Difference between |aboratory
values and reference values (A’p’1ms — A’p’rer)! A’p’rer (I N ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p” (20°C, p’) as declared by BNMLNE, in ppm 3-

Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN
ppm
- Figure 13 - V-762 piston cylinder unit. PTB results versus

pressure p’. In ordinate scale: 1- Difference between |aboratory
val ues and reference values (A’p’1ms — A’p’rer)! A’p’rer (I N ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by PTB, in ppm 3- Standard
uncertainty of the difference (A’p’tas — A’p’rer), 1N ppm

- Figure 14 - V-762 piston cylinder wunit. N ST results versus
pressure p’. In ordinate scale: 1- Difference between | aboratory
val ues and reference values (A’p’1ms — A’p’rer)! A’p’rer (1IN ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by NST, in ppm 3-
Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN

ppm

- Figure 15 - V-762 piston cylinder wunit. NRLM results versus
pressure p’. In ordinate scale: 1- Difference between |aboratory
val ues and reference values (A’p’1ms — A’p’rer)! A’p’rer (1IN ppm
2- Standard uncertainty of the effective area of the transfer
standard A’p’ (20°C, p’) as declared by NRLM in ppm 3-
Standard uncertainty of the difference (A’p’Las — A’p’rer), 1IN

ppm

- Figure 16 - V-762 piston cylinder wunit. D fference between
| aboratory values and reference values (A’p’ias — A’p’rer)! A’p’Rrer
(in  ppm versus pressure p’ for al | 5 participating
| abor at ori es.
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Table captions

Table 1 - Primary standards, alnost all pressure bal ances, used
by the participating |aboratories in the CCM Conparison (Phase
B) in gas nedia, gauge node up to 7 MPa

Table 2 — C 415 piston cylinder unit. Average values of the
effective area of the transfer standard A’p’ (20°C, p’)/mmft,
standard deviation of the average value , s(A’p’)/ A’p’, in ppm
and standard wuncertainty , u(A’p’), as obtained by each
participating | aboratory.

Table 3 — V-762 piston cylinder unit. Average values of the
effective area of the transfer standard A’p’ (20°C, p’)/mmf,
standard deviation of the average value , s(A’p’)/ A’p’, in ppm
and standard uncertainty , u(A’p’), as obtained by each
participating | aboratory.

Table 4 — C 415 piston cylinder unit. Average values of the
effective area of the transfer standard A’p’ (20°C, p’)/mf and
standard uncertainty of A’p’ for each |aboratory. A’p’ reference
value wth its wuncertainty, differences between |aboratory
values and reference values (A’p’Las — A’p’rer), and standard
uncertainty of the difference.

Table 5 — V-762 piston cylinder unit. Average values of the
effective area of the transfer standard A’p’ (20°C, p’)/mf and
standard uncertainty of A’p’ for each |aboratory. A’p’ reference
value wth its wuncertainty, differences between |aboratory
values and reference values (A’p’Las — A’p’rer), and standard
uncertainty of the difference.

Table 6 — C- 415 piston-cylinder unit. Pressure 79,4 kPa. Upper
values are the relative differences (in ppm of effective area
A'p” (A (1) — Ac ()] A ref) x10° deternmined by two

| aboratories I and J. Lower values, in parenthesis, are the
rel ati ve standard uncertainties (in ppn) of these differences
cal cul ated as

{{ u(A (1)) A2+ u(A (3) ) A (NI?+[urrsal®}”

where u are the relative standard uncertainties as decl ared by
the | aboratories | and J and u tr.stq. 1S the stability contribution
of the transfer standard, evaluated by the pilot |aboratory, and
equal to 2 ppm

Table 7 — Simlar information as in Table 6, C-415 piston-
cylinder unit. Pressure 196 kPa

Table 8 — Simlar information as in Table 6, C-415 piston-
cylinder unit. Pressure 429,5 kPa

Table 9 — Simlar information as in Table 6, C-415 piston-
cylinder unit. Pressure 663 kPa

Table 10 — Simlar information as in Table 6, GC 415 piston-
cylinder unit. Pressure 896,4 kPa
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- Table 11-V-762 piston-cylinder unit. Pressure 621,7 kPa. Upper
values are the relative differences (in ppm of effective area
A'p” (A (1) — A (J)] A ref) x10° deternmined by two
| aboratories | and J. Lower values, in parenthesis, are the
rel ative standard uncertainties (in ppn) of these differences
cal cul ated as

{{ u(A (1)) A2+ u(A (3 ) A (DNI?+[urrsal®}”

where u are the relative standard uncertainties as decl ared by
the | aboratories | and J and u tr.stq. 1S the stability contribution
of the transfer standard, evaluated by the pilot |aboratory, and
equal to 3 ppm

- Table 12 — Simlar information as in Table 11, V-762 piston-
cylinder unit. Pressure 4104, 4 kPa

- Table 13 - Simlar information as in Table 11, V-762 piston-
cylinder unit. Pressure 6792,4 kPa
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Tablel/ 1

Laboratory | Name of Pressure |Notes Additional tests Comments Reports

laborat. range

std. Ao/ | /kPa

mm?
Transfer C-415 84 80 - 900 Acceptance tests OK Use of transfer [1]
standard asin guidelines [1] standard was OK
Ruska 2465 |V-762 8,4 600 - 7000 | Acceptance tests OK Use of transfer [1]
asin guidelines [1] standard was OK
IMGC-R-L | 336 7-138 C-415 only ( 79 and 138 kPa) Tests also with HG5 Hg

manometer (29 to 114
kPa), internal checks

IMGC-CNR |IMGC-R-M | 84 12 - 900 C-415 (254 and 896 kPa) and V- Similar designas | IMGC internal reports
762 (from 621 kPato 1 MPa) transfer standard | R467 and R468, June
1998
IMGC-R-H | 8,4 14 -7000 | V762 only from 1,7 to 6,8 MPa Similar design as
transfer standard
BNM-LNE 1MPastd |980 10 - 1000 C 415 only 3 ppm difference (manual
Unit #5 to motor imposed LNE interna reports
rotation) by J.C. Legraset a.,
August 1998
10 MPastd. | 98 200 - 10000 |V 762 only No rotational differences
Unit#1
Hg up to 200 | C415 at 79,4 kPa Other pressures as
manometer interna tests
PTB/DH 490 up to 2000 | C 415 from 138 kPato 896 kPa
6222 V 762 from 621 kPato 1767 kPa
PTB/DH 98 up to 5000 |V 762 from 2935 kPato 5273 kPa | Other pressures as PTB interna report by
PTB 1310 (5/1) interna tests J. Jéger and W.
oil lubr. Schultz, August 1998
PTB/DHI |49 up to 7000 |V 762 from 6441 kPato 6792 kPa | Other pressures as
302 interna tests
PG 37 84 18 - 1300 Used for C 415 comparison in Similar design as
NIST 1997 and 1999 tests transfer standard | Report of calibration
P/8579B-98 and
PG 13 8,4 82 - 6890 Used for V 762 comparison in Similar designas | P/8579C-98 with
1997 and 1999 tests transfer standard | similar information
also for 1997 tests
196 25 - 1750 Used for C 415 comparison Ceramic piston e-mail of 22 April
NRLM re-entrant 1999 (SUM-C415-rep
and SUM-V762-rep)
49 100 - 7000 | Used for V 762 comparison
re-entrant
Tablel

Primary standards, mostly pressure balances, used by the participating laboratoriesin the CCM comparison (Phase B) in gas media, gauge
mode up to 7 MPa.

[1] CCM International Pressure key Comparison in gas media (Gauge mode) in the range from 80 kPato 7 MPa. Guideline for Phase B
pressure measurements and calculations of the effective area of the transfer standards piston-cylinder assemblies. Final Version approved by
all participants, Version 20 February 1998



Figure 1, A'p' vs. p' measurements by NIST in 1997(seriel, 2) and in
1999(serie 3) for C-415 pist-cyl.
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Figure 2, A'p' vs. p' measurements by NIST in 1997(serie 1, 2) and
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TABLE 2

CCM Comparison, Gas media, gauge mode up to 7 MPa

Piston-Cylinder C-415, 27 July 2000

CNR-IMGC data BNM-LNE data PTB data
p' nom/kPa |Av. A'(p’, 20 °C)/ mm* |s (A'p')/A'p' in ppm |u(A'p') K=1 / ppm Av. A'(p', 20 °C) / mm* [s (A'p')/A'p' in ppm Ju(A'p') K=1/ ppm |Av. A'(p’, 20 °C) / mm* |s (A'p')/A'p' in ppm |u(A'p’) K=1/ ppm
79,4 84,00527 3,9 12,1 84,00496 0,5 3,4 84,00511 0,9 3,9
137,8 84,00546 2,6 10,3 84,00485 0,5 3,2 84,00507 1,5 49
196 84,00477 3 12,1 84,00495 0,4 3 84,00498 1,5 4,8
2545 84,00475 3,3 11,8 84,00493 0,3 3 84,00497 1,3 4,7
312,8 84,00494 2 1,4 84,00519 0,1 29 84,00506 1,1 4,6
429,5 84,00491 1,3 1 84,00525 0,2 29 84,00511 11 4,6
546,2 84,00483 1,6 10,9 84,00533 0,2 29 84,00521 0,9 4,6
663 84,00478 1,9 10,7 84,0054 0,1 2,8 84,0053 0,9 4,6
779,7 84,00481 1,8 10,9 84,00549 0,1 2,8 84,0053 1 4,6
896,4 84,00474 1,1 10,7 84,00555 0,2 2,8 84,00535 1,1 4,6
NIST March 1999 data NRLM Aug_just 1998
p' nom/kPa |Av. A'(p’, 20 °C)/ mm* |s (A'p')/A'p' in ppm |u(A'p') K=1 / ppm Av. A'(p', 20 °C) / mm* |s (A'p')/A'p’ in ppm Ju(A'p’) K=1/ ppm
79,4 84,00494 1 8,8 84,00455 1,4 8,6
137,8 84,00475 0,5 9 84,0048 1 8,4
196 84,00505 0,4 9,1 84,00485 0,6 8,4
2545 84,00498 0,2 9,3 84,00467 0,7 8,5
312,8 84,00509 0,2 9,5 84,00477 0,8 8,6
429,5 84,00502 0,6 9,8 84,00484 0,6 8,5
546,2 84,00493 0,5 10,1 84,00489 0,4 8,5
663 84,0052 0,5 10,5 84,00494 0,2 8,3
779,7 84,00513 0,2 10,8 84,00495 0,4 8,2
896,4 84,00514 0,2 11,1 84,005 0,2 8,2
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TABLE 3

CCM Comparison, Gas media, Gauge Mode up to 7 MPa

Piston-Cylinder V-762, 27 July 2000

CNR-IMGC data BNM-LNE data PTB data
p' nom / kPa |Av. A'(p', 20 °C) / mm’ s (A'p')/A'p' in ppm u(A'p') K=1/ppm [Av. A'(p', 20 °C) / mm’ [s (A'p')/A'p" in ppm u(A'p') K=1/ppm |Av. A'(p’, 20 °C) / mm’ [s (A'p')/A'p' in ppm u(A'p') K=1/ppm
621,7 8,388533 s s 8,388535 2,8 4,5 8,388525 1,7 4,8
738,5 8,388499 34 11 8,388534 1,2 3,6 8,388539 1,5 4,7
1077,5 8,388512 3,7 11 8,388535 0,7 3,3 8,388562 1 4,6
1767 8,388538 4 13,2 8,388547 0,8 3,3 8,38861 1 4,6
2935,7 8,388619 3,5 13 8,388606 0,6 3,2 8,388694 1,1 74
4104,4 8,388668 4,2 13,1 8,38866 0,5 3,1 8,388738 1 74
5273,1 8,388683 3,2 13,2 8,388708 0,3 3,1 8,388768 1,3 74
6441,8 8,388746 3,5 13,3 8,388747 0,3 3,1 8,388801 1 8,2
6792,4 8,388751 4,5 13,9 8,388758 0,4 3,2 8,388811 1,2 8,3
NIST 1999 data NRLM data (August 1998)
p' nom / kPa |Av. A'(p', 20 °C) / mm’ s (A'p')/A'p' in ppm u(A'p') K=1/ppm [Av. A'(p', 20 °C) / mm’ [s (A'p')/A'p' in ppm u(A'p') K=1/ppm

621,7 8,38866 0,5 8,7 8,3885 0,9 7,4

738,5 8,38861 1,2 8,8 8,38849 0,9 7,4
1077,5 8,38862 0,9 8,8 8,388496 1,3 7,4

1767 8,38869 0,3 9 8,38854 0,8 7,5
2935,7 8,38874 0,3 9,8 8,38858 0,7 7,6
4104,4 8,38878 0,3 1 8,38861 0,7 7,8
5273,1 8,38883 0,2 12,6 8,38864 0,8 8,1
6441,8 8,38888 0,3 14,4 8,38867 0,6 8,4
6792,4 8,38887 0,3 15 8,38868 0,9 8,5




TABLE 4

CCM Comparison in Gas media and gauge mode up to 7 MPa

Piston-Cylinder C-415

Diff. = Lab value - ref. value
IMGC
IMGC data BNM-LNE data PTB data NIST data NRLM data REF. VALUE STABILITY, NISTtests Estimate of Unc. REF. VALUE _IMGC dif-f. I-MGC std. unc. std. unc. of
p'nom/kPa |Av. A'(p’,20°C)/ mm* [Av. A'(p’, 20 °C) / mm* [Av. A'(p’, 20 °C) / mm* |Av. A'(p', 20 °C) / mm* |Av. A'(p’, 20 °C) / mm* |[A'(p', 20 °C) lin. fit / mm* Uy sta/ PPM std. Unc. Fit u,,; / ppm | ppm [ ppm difference / ppm
79,4 84,00527 84,00496 84,00511 84,00494 84,00455 84,00491 2,0 2,5 4,2 12,1 12,4
137,8 84,00546 84,00485 84,00507 84,00475 84,0048 84,00493 2,0 2,5 6,3 10,3 10,6
196 84,00477 84,00495 84,00498 84,00505 84,00485 84,00495 2,0 2,5 -2,1 12,1 12,4
254,5 84,00475 84,00493 84,00497 84,00498 84,00467 84,00497 2,0 2,5 -2,6 11,8 12,1
312,8 84,00494 84,00519 84,00506 84,00509 84,00477 84,00498 2,0 2,5 -0,5 11,4 11,7
429,5 84,00491 84,00525 84,00511 84,00502 84,00484 84,00502 2,0 2,5 -1,3 11 11,3
546,2 84,00483 84,00533 84,00521 84,00493 84,00489 84,00505 2,0 2,5 -2,6 10,9 11,2
663 84,00478 84,0054 84,0053 84,0052 84,00494 84,00509 2,0 2,5 -3,6 10,7 11,0
779,7 84,00481 84,00549 84,0053 84,00513 84,00495 84,00512 2,0 2,5 -3,7 10,9 11,2
896,4 84,00474 84,00555 84,00535 84,00514 84,005 84,00516 2,0 2,5 -4,9 10,7 11,0
eval. as std. dev. of As std. unc. of linear Quadrature std. unc. ref. value
repeated cal. in 2 years [fit and std. unc. lab.
BNM-LNE PTB NIST NRLM
BNM-LNE _diff. BNM-LNE std. unc. std. unc. of PTB diff. PTB std. unc. std. unc. of NIST diff. NIST std. unc. std. unc. of NRLM diff. | NRLM std. unc. | _ std. unc. of
p' nom / kPa | ppm | ppm difference / ppm | ppm | ppm difference / ppm | ppm | ppm difference / ppm | ppm | ppm difference / ppm
79,4 0,6 34 4,2 2,3 3,9 4,6 0,3 8,8 9,1 -4,3 8,6 9,0
137,8 -1,0 3,2 41 1,7 4,9 5,5 -2,2 9 9,3 -1,6 8,4 8,8
196 0,0 3 3,9 0,4 4,8 5,4 1,2 9,1 9,4 -1,2 8,4 8,8
254,5 -0,4 3 3,9 0,1 4,7 5,3 0,2 9,3 9,6 -3,5 8,5 8,9
312,8 2,5 29 3,8 0,9 4,6 5,2 1,3 9,5 9,8 -2,5 8,6 9,0
429,5 2,8 2,9 3,8 1,1 4,6 5,2 0,0 9,8 10,1 -2,1 8,5 8,9
546,2 3,3 2,9 3,8 1,9 4,6 5,2 -1,4 10,1 10,4 -1,9 8,5 8,9
663 3,7 2,8 3,8 2,5 4,6 5,2 1,4 10,5 10,8 -1,7 8,3 8,7
779,7 4,4 2,8 3,8 2,1 4,6 5,2 0,1 10,8 11,1 -2,0 8,2 8,6
896,4 4,7 2,8 3,8 2,3 4,6 5,2 -0,2 11,1 11,4 -1,9 8,2 8,6
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Figure 4, IMGC-CNR results.
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Figure 8, NRLM Results
(1 -rel. difference, 2 - lab. standard uncertainty, 3 - uncertainty of the difference)

10,0

6,0

4,0

—+— Seriel
2,0 —— Serie2
Serie3

p'l kPa



(Lab value - ref. value)/ref. value (ppm)

rel. difference

8,0

6,0

4,0

2,0

Figure 9, C-415 piston cylinder
rel. differences in respect of reference value of all labs

—+— IMGC-CNR
—#— BNM-LNE
PTB
NIST
—%— NMRL




8,3889

8,38885

8,3888

8,38875

8,3887

8,38865

Average A'p' / mm2

8,3886

8,38855

8,3885

8,38845

Figure 10 - CCM Comp. Phase B, V-762
A'p' versus p' as obtained by the 5 participating laboratories

1 6 ppm
—
/ +— IMGC-CNR
// —=— BNM-LNE
NIST
—%— NRLM
-
’é“;j
0 1000 2000 3000 4000 5000 6000 7000

p' nom/kPa

8000




TABLE 5

CCM Comparison, Gas media, gauge mode up to 7 MPa

Piston-Cylinder V-762, 28 July 2000

|Diff. = Lab value - ref. value

IMGC
IMGC data LNE data PTB data NIST data NRLM data REF. VALUE STABILITY Estimate of Unc. Ref. VALUE IMGC diff. IMGC std. unc. std. unc. of
p' nom / kPa Av. A'(p', 20 °C) / mm?® Av. A'(p', 20 °C) / mm?® Av. A'(p', 20 °C) / mm?® Av. A'(p', 20 °C) / mm® [Av. A'(p', 20 °C) / mm* [A'(p', 20 °C) lin. fit/ mm’ [by pilot lab. Uy« / ppm Uger Std. unc. / ppm / ppm / ppm difference / ppm
621,7 8,388533 8,388535 8,388525 8,38866 8,3885 8,38854 3,0 7,2 -1,0 10,9 13,1
738,5 8,388499 8,388534 8,388539 8,38861 8,38849 8,38855 3,0 7,2 -5,6 1 13,1
1077,5 8,388512 8,388535 8,388562 8,38862 8,388496 8,38856 3,0 7,2 -5,6 1 13,1
1767 8,388538 8,388547 8,38861 8,38869 8,38854 8,38859 3,0 7,2 -5,8 13,2 15,0
2935,7 8,388619 8,388606 8,388694 8,38874 8,38858 8,38863 3,0 7,2 -1,6 13 14,9
4104,4 8,388668 8,38866 8,388738 8,38878 8,38861 8,38868 3,0 7,2 -1,3 13,1 14,9
5273,1 8,388683 8,388708 8,388768 8,38883 8,38864 8,38872 3,0 7,2 -5,0 13,2 15,0
6441,8 8,388746 8,388747 8,388801 8,38888 8,38867 8,38877 3,0 7,2 -3,0 13,3 15,1
6792,4 8,388751 8,388758 8,388811 8,38887 8,38868 8,38878 3,0 7,2 -4,0 13,9 15,7
eval. as std. dev. of std. unc. of Quadrature std. unc. ref. value
repeated cal. in 2 years linear fit and std. unc. lab.
BNM-LNE PTB NIST NRLM
LNE diff. LNE std. unc. std. unc. of PTB diff. PTB std. unc. std. unc. of NIST diff. NIST std. unc. std. unc. of NRLM diff. NRLM std. unc. std. unc. of
p' nom / kPa / ppm / ppm difference / ppm / ppm / ppm difference / ppm / ppm / ppm difference / ppm / ppm / ppm difference / ppm
621,7 -0,7 4,5 8,5 -1,9 4,8 8,7 14,2 8,7 11,3 -4,9 7.4 10,3
738,5 -1,4 3,6 8,0 -0,8 4,7 8,6 7,7 8,8 11,4 -6,6 7.4 10,3
1077,5 -2,9 3,3 7,9 0,4 4,6 8,5 7,3 8,8 11,4 -7,5 7.4 10,3
1767 -4,7 3,3 7,9 2,8 4,6 8,5 12,4 9 11,5 -5,5 7,5 10,4
2935,7 -3,1 3,2 7,9 7,3 7.4 10,3 12,8 9,8 12,2 -6,2 7,6 10,5
4104,4 -2,2 31 7,8 71 7.4 10,3 12,1 1 13,1 -8,2 7.8 10,6
5273,1 -2,0 31 7,8 5,2 7.4 10,3 12,6 12,6 14,5 -10,1 8,1 10,8
6441,8 -2,8 3,1 7,8 3,6 8,2 10,9 13,0 14,4 16,1 -12,0 8,4 11,1
6792,4 -3,2 3,2 7,9 3.1 8,3 11,0 10,2 15 16,6 -12,5 8,5 11,1
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Figure 11, IMGC-CNR results
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Figure 14, NIST results
V762
(1-rel. difference, 2-lab std unc., 3-unc. of difference)

18,0

16,0

14,0

12,0

)
\

10,0 —+— Seriel
W —m— Serie2
8,0 Serie3

6,0

4,0

2,0

0,0

0 1000 2000 3000 4000 5000 6000 7000 8000
p'/ kPa



rel. difference or std. unc. / ppm

15,0

10,0

5,0

0,0

-10,0

-15,0

Figure 15, NRLM results
V762
(1-rel. difference, 2-lab std unc., 3-unc. of difference)

3000 4000 5000 6000 7000

80

p'l kPa

—+— Seriel
—— Serie2
Serie3




(lab value - ref. value)/ref. value (ppm)

rel. difference

20,0

15,0

10,0

5,0

0,0

-10,0

-15,0

Figure 16, V 762, relative differences in respect to ref. value all 5 labs

80

—+— IMGC-CNR
—=&— BNM-LNE
—4—PTB

NIST
—%—NRLM




Table6

Upper values aretherelative differences (in ppm) of effective area for C-415
transfer standard at the pressure of 79,4 kPa, (A (1) — As (J)/ Ae ref) x10°

determined by two laboratories| and J. Lower values, in parenthesis, arethe

relative standard uncertainties (in ppm) of these differences calculated as

{LTuAe )Y AP +[UuAe @) ) Ac ] +[U v aal’ 3

whereu arethe relative standard uncertaintiesasdeclared by the laboratories|
and J and u y, 4 iSthe stability contribution of the transfer standard equal to 2

ppm.

BNM - ~ 3,7

LNE (12,7)

PTB - 19 18
(12,8) (5,6)

NIST -39 =02 2.0
(15,1) (9,6) (9,8)

NRLM - 8,6 - 49 6,7 ~ 46
(14,9) (9,4) (9,6) (12,4)

IMGC-CNR | BNM - LNE PTB NIST




Table7

Upper values are therelative differences (in ppm) of effective area for C-415
transfer standard at the pressure of 196 kPa, (Ae (1) — A (J)/ A, ref) x10°

determined by two laboratories| and J. Lower values, in parenthesis, arethe
relative standard uncertainties (in ppm) of these differences calculated as

{TUAMY A +[u (A Q) Ac Q) + [Ursal }*

whereu arethe relative standard uncertaintiesasdeclared by thelaboratories|
and J and u y g4 IS the stability contribution of the transfer standard equal to 2

ppm.
BNM - LNE 2.1
(12,6)
PTB 2,5 0,4
(13,1) (6,0)
NIST 3,3 1.2 0,8
(15,2) (9,8) (10,5)
NRLM 0,9 1,2 1,5 = 2.4
(14,8) (9,2) (9,9) (12,6)
IMGC-CNR | BNM - LNE PTB NIST

L




Table 8

Upper values are therelative differences (in ppm) of effective area for C-415
transfer standard at the pressure of 429,5 kPa, (A (1) — As(J)/ Ae ref) x10°

determined by two laboratories| and J. Lower values, in parenthesis, arethe
relative standard uncertainties (in ppm) of these differences calculated as

{Lu@e ()Y A"+ U A @) ) Ac D]+ [Urgal“}”

whereu arethe relative standard uncertainties as declared by the laboratories|
and J and u y g4 1S the stability contribution of the transfer standard equal to 2

ppm.
BNM - LNE 4,0
(11,6)
PTB 2.4 17
(12,0) (5,8)
NIST 13 - 2.7 11
(14,8) (10,4) (11,0)
NRLM - 08 - 49 - 32 21
(14,0) (9,2) (9,9) (13,2)
IMGC-CNR | BNM - LNE PTB NIST

7




Table9

Upper values are therelative differences (in ppm) of effective area for C-415
transfer standard at the pressure of 663 kPa, (A. (1) — As (J)/ Ae ref) x10°

determined by two laboratories| and J. Lower values, in parenthesis, arethe
relative standard uncertainties (in ppm) of these differences calculated as

{Lu@e ()Y A"+ U A @) ) Ac D]+ [Urgal“}”

whereu arethe relative standard uncertaintiesasdeclared by the laboratories|
and J and u y g4 1S the stability contribution of the transfer standard equal to 2

ppm.
BNM - LNE 74
(11,3)
PTB 6,2 ~1,2
(11,8) (5,8)
NIST 5,0 2.4 - 08
(15,1) (5,8) (11,7)
NRLM 1,9 - 55 - 30 - 31
(13,6) (9,0) (9,7) (13,5)
IMGC-CNR | BNM - LNE PTB NIST

S




Table 10

Upper values are therelative differences (in ppm) of effective area for C-415
transfer standard at the pressure of 896,4 kPa, (A. (1) —Ae(J)/ A, ref) x10°

determined by two laboratories| and J. Lower values, in parenthesis, arethe
relative standard uncertainties (in ppm) of these differences calculated as

{TuAMY A +[u (A @) Ac ) + [Ursal }*

whereu arethe relative standard uncertaintiesasdeclared by the laboratories|
and J and u y g4 IS the stability contribution of the transfer standard equal to 2

ppm.
BNM - LNE 9,6
(11,3)
PTB 7.3 ~ 24
(11,8) (5,8)
NIST 4,8 - 49 - 25
(15,5) (11,6) (12,2)
NRLM 3,1 - 65 - 42 1,7
(13,6) (8,9) (9,6) (13,9)
IMGC-CNR | BNM - LNE PTB NIST




Table 11

Upper values are therelative differences (in ppm) of effective area for
V-762 transfer standard at the pressure of 621,7 kPa,

(Ae (1) = Ac (3) Aq ref) x10° determined by two laboratories| and J.

L ower values, in parenthesis, arethe relative standard uncertainties (in ppm) of

these differences calculated as

{LuAe )Y AP +[uAe (@) ) A ]* +[U yal’ 3

whereu arethe relative standard uncertaintiesasdeclared by thelaboratories|
and J and u y, ¢4 iSthe stability contribution of the transfer standard equal to 3

ppm.
BNM - LNE 0,2
(12,2)
PTB - 0,95 W
(12,3) (7,2)
NIST 15,1 14,9 16,0
(14,2) (10,2) (10,3)
NRLM -39 - 42 - 30 19,0
(13,5) (9,2) (9,3) (11,8)
IMGC-CNR | BNM - LNE PTB NIST




Table 12

Upper values are therelative differences (in ppm) of effective area for
V-762 transfer standard at the pressure of 4104,4 kPa,

(Ae (1) = Ac (3) Aq ref) x10° determined by two laboratories| and J.

Lower values, in parenthesis, arethe relative standard uncertainties (in ppm) of

these differ ences calculated as

{Lu@e ()Y A"+ U A @) ) Ac DI+ [Urgal“}”

whereu arethe relative standard uncertaintiesasdeclared by the laboratories|
and J and u y, g4 iSthe stability contribution of the transfer standard equal to 3

ppm.
BNM - LNE - 0,95
(13,8)
PTB 8,3 9,3
(15,3) (8,5)
NIST 13,4 14,3 5,0
(17,9) (11,8) (13,6)
NRLM 6,9 = 6,0 15,3 20,3
(15,5) (8,9) (11,2) (13,8)
IMGC-CNR | BNM - LNE PTB NIST




Table 13

Upper values are therelative differences (in ppm) of effective area for
V-762 transfer standard at the pressure of 6792,4 kPa,

(Ae (1) = Ac (3) Aq ref) x10° determined by two laboratories| and J.

Lower values, in parenthesis, arethe relative standard uncertainties (in ppm) of

these differences calculated as

{LTuAe )Y AP +[UuAe @) ) Ac ]+ [U yal’ 3

whereu arethe relative standard uncertainties asdeclared by thelaboratories|
and J and u y, ¢4 iSthe stability contribution of the transfer standard equal to 3

ppm.
BNM - LNE 0,8
(14,6)
PTB 7.2 6,3
(16,5) (9,4)
NIST 14,2 13,4 7.0
(20,6) (15,6) (17,4)
NRLM -85 - 93 15,6 22,6
(16,6) (9,6) (12,3) (17,5)
IMGC-CNR | BNM - LNE PTB NIST
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