13th Comparison between the Swedish
national kilogram and SP principal
standards for one kilogram

Bengt Gutfelt, Mathias Johansson,
Per Nyfeldt and Leslie Pendrill

SP Technical Research Institute of Sweden

Measurement Technology

SP Report 2014:24



13th Comparison between the Swedish
national kilogram and SP principal
standards for one kilogram

Bengt Gutfelt, Mathias Johansson, Per Nyfeldt and
Leslie Pendrill



Abstract

13th Comparison between the Swedish national kilogram an SP
principal standards for one kilogram

Measurements of mass in Sweden are traceable to international standards through the mass of the
Swedish platinuniridium prototype kilogramk 40. This report concerns weighings between the
national prototype and various principal standard kilograntSPaechnical Research Institute of
Sweden(SP), Boras. The weighing comparison at SP is the thirteetd@vith principal standard
kilograms since 1894. It is the first to include a new acquired platiridiam prototype kilogram,

K86. The principal resus$ of the weighings are:

(i) New values for the mass standakd6 (PtIr); MJV2, G1, Me, Me2(stainless steel) with respect

to the international kilogram;

(i) Variation of massesvith time, in some cases continuing a study of nearly one hundred years (for
K40);

(iif) Appraisal and use of relatively new air buoyancy artefdl82001andNC2001
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1 INTRODUCTION

Over the more than one hundred years since Sweden officially adopted the metric systssesf
and measurdga 1889, traceability to international standards of mass has been maintained through
comparison of the prototype kilografd0 with the International Kilogram at the BIPM.

The present work concerns the latest weighofd<40with various principal staradd kilograms at
the Swedish National Testing Institute (SP). Weighings betKeé€rand the principal standard
kilograms have taken place at approximatelyytearly intervals over the past hundred years, most
recently in 2003 [Jacobssenal.2004]. Thepresent comparison is the™&ince 1889.

The principal results of the f2omparison are:

(i) New values for the mass standakd6 (PtIr); MJV2, G1, Me, Me2 (stainless steel) with respect
to the international kilogram;

(i) Variation of massesvith time, in some cases continuing a studgwdrmany decades.

(i) Appraisal and use of relatively new air buoyancy artefl&2001andNC2001

This report contains full details of the weighings and results e8dvat modified weighing procedures
are employed compared with earlier comparisaasyell as new data acquisitiand evaluation

programs (ifMMathcad [Section 3.2
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2 LABORATORY SET -UP

2.1 Comparison laboratory

The primary laboratory for weighings of the highest accuracy is situated in an underground location in
a separate building at the perimeter of SP in Boras. The laboratory itself is housed-ooataaitd
construction within the building. All instrumetables in the laboratory are supported, independently

of the floor, on a large concrete block. The block itself rests on the bedrock, cushioned by a rubber mat
about 1 cm. thick. In this way, vibrations are minimised. [Pendrill 1993]

2.2 Mass comparator

Themass comparator is a commercial machine (Sartorius C1000S) based on the Angstrém principle of
electromagnetic force compensation. The dynamic range of the comparator is bet@@emg and +

500 mg about 1 kg and the resolution 1 igharssonet al. 1994.

Figure 2.1 Mass comparator

The mass comparator genesgignificant amounts of heat. This necessitated a period of thermal
stabilisation, during which the comparator was operated over a period ofahmurts prior to
weighing.

A detailed acount of the determination of the sensitivity of the mass comparator is given below

[Section 5.2]
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2.3 Mass standards

This report concerns weighings between the national prototype and various principal standard
kilograms at SP Boras. The weighing comparison at SP is the thirteef#b wiith principal
standard kilograms since 1894.

The principal standard kilograms of SP involved in the present work are

(i) a new acquired platinwmidium prototype kilogramK86;

(ii) two stainless steghassesG1 andMJV2, manufactured more than fifty years ago;
(iii) stainless steainassesMe andMe2, of relatively recent manufacture

A number of small additionahassesin the range @ mg to200 mg, was employed for approximate
equalisation of the nominally kilogramassescompensation of differences in apparent mass due to
air buoyancySection 2.34]; andin situcalibration of the sensitivity of tHealance.

2.3.1 K40

The prototype kilograni40, made of 90% platinum and 10% iridium, is in the form a cylinder of

diameter equal to its height, and with a volume, according to the certificate 1993 at 0 °C of 46,411 5

cnt® [BIPM 1993]. A coefficient d cubic thermal expansion, used to calculate the volume at a
temperaturet (°C), s t ak e nte)tl®@®Khe whé+fe U = 25,869 and b = 0

The prototype kilogram has been weighed at the B.I.P.M. on the occasions of the Periodic
Verifications of the National Kilogram Prototypes: in 18840 was found to have mass ofl kg-
0,037 mg; in 1948, 1 kg0,039 mg, and most recently, in 1991 (2bfuary), 1 kg 0,035(2) mg,
relative to the international kilogram.

The calibration certificate issued on this last occasion is reprodudembandix A The certificate is
accompanied by a statement of theult of a weighing ok40, before cleaning, 1 kg0,016 mg.

These results show that, while the mask4® remains stable within measurement uncertainty limits

over more than one hundred years, it is possible for the mass of the kilogram to chaage bynes

the quoted uncertainty limits, owing to some change in the kilogram which may be compensated by

the cleaning proceduescribed iMppendix A As specified in the BIPM calibration certificate, the

massof the prototype is expeatdo increase inmassby +0,089g per day during the
months. It is also known that K40, as with the majority of prototype kilograms changes mass after
about one year at a22shawseredisd vatiatiah in thg thagseobK4Q baded gur e
on these observations, and an estimated evolution at an intermediate rate for the intervening period > 3
months and < 1 year after cleaning.

! The reported expanded uncertainty of measurement is stated as the standard uncertainty of measurement
multiplied by the coverage factér= 1, which for a normal distribution corresponds to a coverage probability of
approximately 68%. The standard uncertainty has been determined in accordance with GUM
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Simulated K40 mass change since 3rd verification

20 1
30 | {/f/
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m - 1 kg (ug)

date

Figure 2.2 Predicted evolution of mass of kilografd0 following calibraton at 910226

Using this model, the actual mass of the kilogk40 at the time of the present comparison (Octeber
November 2012) is calculated to Hekg- 0,010(§ mg, relative tahe international kilogram. The
uncertainty calculated considered bdth tincertainty from the calibration and from the mass
evolution modelFurther detailed descriptions of the appearan¢&6f as well as of the procedures
used for storing and for transporting thassto the balance at various times, including the occasions
of themasscomparisons reported in this work, are given in individual internal protocols.

2.3.2 Principal standard kilograms

2.3.21 K86

The prototype kilogran86, made of 90% platinum and 10% iridium, risthe form a cylinder of

diameter equal to its height, and with a voluntecading to the BIPM certificate 20@4 0 °Cof

46,389 Ccnt [Appendix H. Also mentioned is a coefficient of cubic thermal expansioad ts
calculate the volume ata@ e r at ur e ttg) J0AK) , woér ¢ U b= 25,869 and

The prototype kilogrank86 was foundd30917to have anass ofl kg+ 0,295(5) mgelative to the
international kilogramfollowing cleaning on 80917 Additional weighings made at the BIPM
[Appendix B indicated that by 04043R86 had changed to a masslokg+ 0,296(6) mgelative to
the international kilogramJsing the same model for mass change tiilie employed above[3.]]
for K40, the actual mass of the kilogrdf86 at the time of the present comparison (Octeber
November 2012) is estimated to hekg+ 0,305(13 mg, relative tahe international kilogram.

2.3.2.2  Stainless stel kilogram MJV2

The stainless steel kilogram, denokd\v2, was manufactured for th& 6omparison in 1945 [Grabe

et al. 1950]. Themassis in the form of a cylinder of diameter approximately equal to the height, with
slightly rounded edge3hemasss made in one piece, without internal cavities or pieces added. The
masshas the notatioMJV2' inscribed on the top face.

Themassis made of austenitic stainless steel with a composition of 18.2% Cr, 8.5% Ni and 0.08% C,
according to an analysis madg Btatens provningsanstalt.

The coefficient of cubic thermal expansion used to calculate the volume of each stainlesassiztel

a temperature t AC°K'ssitearkeecomparsonhe U = 48 x 10
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It is assumed that the kilogradV2has t he same vol umdlVh(eolanges 6si st

in service) accompanid(40 to the BIPM in 1984 [Pendrill & Kéllgren 1988] where it was weighed
hydrostatically, thereby rdetermining the volume to be:

MJV1  volume (0 C) =126.659 8(10) cth

Magnetic susceptibility measurements made at the PTB repprddes of as high as 0,01 for mass
MJV1 (appendix C of [Johanssehal.1996]). No evidence, however, of magnetic effects on
weighings has been found so far.

2.3.2.3  Stainless steel kilogrant1

A stainless steel kilogram, denotéd, was manufactured by the company Gragerts \dél
viktservice AB in Stockholm in 1974. Thmeassis in the form of a cylinder of diameter approximately
equal to the height, with slightly roundedges.

Themassis made in one piece, without internal cavities or pieces addeand$shas the notation
'G1' inscribed on the top face. Thwasds made of acigroof austenitic stainless steel (Uddeholm)
corresponding to DIN 4305 (18% Cr, 10.5% Ni, 8, 1% Si and 0.15% C).

The kilogramG1 accompanie®40 to the BIPM in 1984, where it was weighed hydrostatically,
thereby redetermining the volume to be:

Volume (0°C) = 124,578 9(10) ém

The coefficient of cubic thermal expansieged to calculate the volume of the stainless steskat a
temperature t °C is taken to bes 43,5 x 10 K™, as in earlier comparisons

2.3.2.4  Stainless steel kilogranMe

This kilogram was supplied by the Mett€oledo Corp as a mass standard interfde@®IML
accuracy class;EThe volume of the kilogram was determined at SP pritted 1" comparison by
hydrostatic weighing and found to be (appendix D of [Johansisah1996]):

Volume(Me, 0°C) = 125,317(6) ct

2.3.2.5  Stainless steel kilogranivie2

This kilogram was supplie@001by the MettlefToledo Corp as a mass standard intended for OIML
accuracy class;EThe volume of the kilogram was determined at SP pritted 2" comparison by
hydrostatic weighing and found to be:

Volume(Me, 0°C) = 124,8288) cnt
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2.3.3 Summary of mass properties
Volumes and densities
Tablel Properties of SP&és principal one kilogrart
Name Year SPO6s Volumeat Volume expan Densityat Ref., year,
of ventory no 0°C /cn? sion coefficient 20°C /kg-m Certificate
acqui (unc,k=1) /K™ 3 No
sition (unc,k=1)
K40 1890 600354 46.4115 25.869 - 10+ 21435.4 BIPM, 1889
5.65 - 10L ¢
K86 2002 602622 46.3890 25.869 - 10+ 21544.8 BIPM No 68
565-10L ¢ (20032004)
Gl 1974 601364 124.57® 435 - 1¢° 8020.1 (1) BIPM, 1984,
(20) No 42
MJV2 1945 601354 126.6%8 48 - 10° 7887.7 (1) BIPM, 1984
(10)
Me 1995 601380 125.3176) 48-10° 7972.1(2) SP, 1996,
01-B96074
Me2 2001 602618 124.828 (3) 48 - 10° 8011.0 (2) SP, 2002,
P20014650
2.3.4  Additional masses for coarse air buoyancy compensation

The different volumes of air displaced by the prototype kilogram and the principal standard kilograms
described above, cause apparent differences in mass, due to different air buoyasegtice 4), of
about90 mg between the Rt kilogram and the other kilograms. Additional leafssesin total about
100mg, were laid on the top face of some of the kilograms so that the kilogram compBaation(

2.2) displayed similar readings within a few mg for all kilograms. A list of these additimasdes

together with the results of calibrations is given in T@ble

Table2 Identification and masses of additiomahssedor coarse compensation of air buoyaedfects

unc,
Additional Mass l(Jrgc Volume Volume Density unc Calibration
mass (mgQ) k:% (cm3) f(cmS), (kg/m3) (kg/m3)

=1

Elk 100mg 100,00010,0005 0,012590,00004 7943 25  MTmP80037702
Elk50mg 49,9970 0,0004 0,006380,00003 7840 40  MTmP80037702
Elk20mg 20,0027 0,0004 0,002510,000027960 50  MTmP80037702
E11200mg 200,002€ 0,0010 0,02500 0,00005 8000 15 '\K"J L{“PXZOOSG
E11100 mg 100,0042 0,0008 0,01250 0,00004 8000 25 '\K"J fPXZOOSG
E1120mg 19,9997 0,0005 0,00250 0,00002 8000 50 '\K"J fPXZOOSG
E1110mg 10,0001 0,0005 0,001250,00002 8006 125 '\K"J fPXZOOSG
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3 WEIGHING PROCEDURE

3.1 Preparation for a comparison

3.1.1 Instrument calibration
All instruments Section 4) and additionahassegSection 2.31) were calibrated prior to the
comparison. Details of these calibrations are given in the respappendices

3.1.2 Preparation of masses

The kilograms to beveighed are stored in a vault, under lock and alarm, close to the comparison
laboratory Gection 2.). The prototype normally is placed in a locked cupboard (one of the few items,
apart from the prototype, from timneteenth century) in the vault under 3 glass domesndss

resting on a fused quartz disc on a piece of chamois leather. A hair hygrometer indicates the current
humidity in the cupboard, and a thermometer shows both the current temperature in tlaed; g3H

well as the maximum and minimum temperatures which have occurred since the last time the
cupboard was opened. Typical temperature variations are between 17 and 23 °C.

After removal of the three glass domes, the prototype is carefudlg liftith a special pair of tongs

(which have always and exclusively accomparkid@, and are stored in the same cupboard) on to the
base of a transport holder standing on a table close to the cupboard. Prior to mounting the holder, a
careful examination ahe prototype is performed, in the presence of a witness, and a protocol is
subsequently written. The transport holder, used whenever the prototype is moved outside of the vault,
including shipment to and from the B.l.P.M., has three pads (with charathefewhich are used to

hold the kilogram in place by tightening a screw behind each pad.

13" Comparison between the Swedish national kilogram and SP principal standards for one kilogram
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The prototype is then carried, in its holder, to a table besides the mass comgaation (2.2 The
holder is removedrdm the prototype, and the prototype is carefully examined: any changes in the
visual appearance of tmeassare recorded on the protocol. Any dust or other loose contamisatien
gently brushed off, but no extensive cleaning is performed. Using thetesagse the prototype is
lifted, turned horizontal, and brought over to the comparator, where it is returned to upright. The
prototype is first lowered onto theasscarousel.

Similar moving procedures are followed when handling the principal standard kilograms, although
thesemassesre usually carried to the balance in the holders in which they are normally stored.
The balance can accommodate up to 4 kilograasses

Each kiogram to be weighed was then loaded andaztled from the scale pan a number of times. In
this way, each kilogram became centred on the scale pan.

The procedure described above was performed several days prior to the planned start of thgsweighin
After this, the room containing the balance was not entered until after the weighings were over.
Weighings, as performed under the automatic control of a PC computer, were started normafly about
hours after. In the intervening time, the carousehefdomparator, bearing the 4 kilograms to be
weighed, was continuously rotated to achieve thermal equilibrium.

3.2 Weighing comparison

This was the first weighing comparison with the Swedish prototype kilogram K40 that included a new
acquired kilogram K86. Tminimize the use of the K40, first, the K86 was weighed directly against
the K40. Then, the K86 was weighed against the secondary standards shown in figure 3.1. The

13" Comparison between the Swedish national kilogram and SP principal standards for one kilogram
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comparison of two kilograms where always weighed pairwise and accompanied in the balawae b
air buoyancy artefacts

ke
10 vikter

Figure 3.1 Scheme of the kilogram compson

3.2.1 Rectangk sequence (i, N; k, NL)

The weighing comparison consisted of a numbeecdfangle sequencas/olving the successive
weighing of four kilograms in weighing series described in se¢8c¢hd. The rectangle sequence
was repeated.

The four weighing differences (or "deflections"), and associated variances, are:

di =N -A; §512
h=A-B; ;&° (3.1)
d;=B;-Cs ;532

ds=Cs-Ny ; 542
where the subscripts indicate that thassvalue for anymassmay vary from weighing to weighing.
The task of the comparison is to determine the correction, c, to the mass of each kilogram with respect
to the Sl kilogram, where 1 kgfreer ence (or Otrued) value is defi ne
Kilogram at the BIPM. The weighing equations (3.1) can be expressed in matrix form as
d=A.c (3.2)

whereA is the design matrix (see below).

The corrections,;cto the nominainasses of the four kilograms (i = 1..N, N=4) are given by the-least
squares solution:

c:= (ATW.A)TATWd

where theveightingmatrix, W, is given by the (normalised) inverse of the observed variantes, s
the deflections [Schwar2007 :

13" Comparison between the Swedish national kilogram and SP principal standards for one kilogram
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Thesingle restraint, the known correction, © the nominal mass of the standard kilogram, is added
as a deflection to the weighing equations (3.2) according to @dars®Vv procedure, so that the
design matrix is

[1 0 0 O]
1-100
A=|01-10
001-1
-1 0 0 1)

where, in theveighing matrix,W, the standard is given infinite @4:= 10000)weighting

3.2.2 A series of weighings (j, M1)

A series of weighings in the present work consists of repeated cycles, j:=1), @fweighings

(3.22) of the four kilograms in order, thus (N, B, C)y. Thisrectangulacomparisorsequence has

one of the better performances for 4 items in compensating for not only linear, but also quadratic and
cubic drifts[Sutton and Clarkson 1993/94].

Before starting the weighing, information about the camspa was recorded in a HExceldatafile

(named, for exampléCopy of C1000S_Komp 20122-101 K86 _NS2001MJIV2 NC200BHwas the

datafile of the comparisomhich started on 1212)(Data acquisition was made with &xcel macro
routinewhich populated, ttoughout each weighing seri¢lse rows of a spread sheet containing the
specification of the individual measurement sequenwdsngup a complete measurement seribise

given data of each row actsiaput parameterc or t he dl | 8s ¢fdacmami ¢ | i nk
participating instrument, e.g. measuring position and settling time for the scale.

The format was as follows:

13" Comparison between the Swedish national kilogram and SP principal standards for one kilogram
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Mumber

of Time (s) Air temp Airtemp

weighing since start, |Balance display |Balance std |Air pressure (C)ute, [(C), (C, lower),

#### |cycles, M |Date Tidk,j (g), Visningk,j [deviation (g) |(mbar), pk,j |{Pa) upk,j |Tempk,] |utempk,j |tempLk,]j

0 1 2 3 4 3 6 7 a 9 10
1 32 2012-12-1018:14:56 4925 0,000 350  0,0000019 999,804 30,000 13,737 0,005 20,212
2 32 2012-12-1018:17:27 5076 0,000 858 0,000 001 8 999,810 30,000 19,729 0,005 20,202
3 32 2012-12-1018:19:56 5225 0,005781  0,0000020 999,819 30,000 13,726 0,005 20,210
4 32 2012-12-1018:22:27 2376 -0,003 183 0,000 000 & 999,822 30,000 19,727 0,005 20,214
5 32 2012-12-1018:24:56 5525 0,000 354 0,000 000 9 999,858 30,000 13,730 0,005 20,221
] 32 2012-12-1018:27:28 5677 0,000 857 0,000 000 & 999,954 30,000 13,734 0,005 20,216
7 32 2012-12-1018:29:58 5827 0,005 733 0,000 001 6 999,951 30,000 19,747 0,005 20,225
8 32 2012-12-1018:32:30 5979 -0,003 154 0,000 001 2 999,965 30,000 19,749 0,005 20,223
9 32 2012-12-1018:34:59 6128 0,000 367 0,000 0005 1000,030 30,000 13,732 0,005 20,227
10 32 2012-12-1018:37:30 6279 0,000 857 0,000001 1 1000,050 30,000 19,722 0,005 20,230
11 32 2012-12-10 183:40:00 6429 0,005781  0,0000017 1000,090 30,000 13,712 0,005 20,239
12 32 2012-12-1018:42:31 6520 -0,003 223 0,000 000 7 1000,130 30,000 13,698 0,005 20,237
13 32 2012-12-1018:45:01 6730 0,000 375 0,000 001 2 1000,120 30,000 19,709 0,005 20,238
14 32 2012-12-1018:47:33 6882 0,000 348 0,000 001 &8 1000,150 30,000 13,710 0,005 20,235
15 32 2012-12-10 18:50:03 7032 0,005 777 00000017 1000,160 30,000 13,722 0,005 20,236
16 32 2012-12-1018:52:34 7183 -0,003 239 0,000 000 9 1000,240 30,000 13,717 0,005 20,235
17 32 2012-12-10 18:55:03 7332 0,000 379  0,0000012 1000,200 30,000 13,702 0,005 20,241
18 32 2012-12-1018:57:34 JAB3 0,000 847 0,000 0010 1000,210 30,000 19,679 0,005 20,239
19 32 2012-12-1019:00:05 7634 0,005 774 0,000 0008 1000,250 30,000 13,689 0,005 20,234
20 32 2012-12-1019:02:36 T785 -0,003 262 0,000 000 6 1000,300 30,000 13,686 0,005 20,230
21 32 2012-12-1019:05:05 7934 0,000 388 0,000 001 4 1000,210 30,000 19,684 0,005 20,231
22 32 2012-12-1019:07:36 8085 0,000 236 0000001 4 1000,300 30,000 13,688 0,005 20,229
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L M N 0 P Q R 5 T u W W X L
uH temp Mass of Vol sens.

Airtemp Humidity, Htemp (C, ((C, co2 Deflection sensitivity weight

(C), (C, upper), |{C), humidk,] internal),k, |internal), k. |{ppm), [(ppm), |sensitivity [(mg), |weight (mg), (em3),

1 utemplk,j |[tempUk,j [utempUk,j [(%) Udewk,] j coc ucoc  |(mg),ds |uds (mg), ms |ums Tslk

2 11 12 13 14 15 16 17 18 19 20 21 22 23 24
2 0,005 20,270 0,005 52,7 0,2 20,5 350 50 50177 0,001 0 ] 0
4 0,005 20,271 0,005 52,7 0,2 20,5 350 50 50177 0,001 0 ] ]
5 0,005 20,270 0,005 51,7 0,2 20,5 350 50 50177 0,001 0 0 0
i) 0,005 20,277 0,005 51,7 0,2 20,5 350 50 50177 0,001 0 0 0
7 0,005 20,272 0,005 52,7 0,2 20,5 350 50 5,0177 0,001 0 0 0
8 0,005 20,271 0,005 53,4 0,2 20,5 350 50 50177 0,001 0 0 0
9 0,005 20,291 0,005 54,1 0,2 20,5 350 50 50177 0,001 0 ] ]
10 0,005 20,297 0,005 53,4 0,2 20,5 350 50 5,0177 0,001 0 0 0
11 0,005 20,295 0,005 53,4 0,2 20,5 350 50 50177 0,001 0 1] 1]
12 0,005 20,288 0,005 52,4 0,2 20,5 350 50 50177 0,001 0 ] ]
13 0,005 20,290 0,005 52,0 0,2 20,5 350 50 50177 0,001 0 0 0
14 0,005 20,291 0,005 51,3 0,2 20,5 350 50 50177 0,001 0 0 0
15 0,005 20,296 0,005 52,4 0,2 20,5 350 50 50177 0,001 0 ] ]
16 0,005 20,297 0,005 53,4 0,2 20,5 350 50 50177 0,001 0 0 0
17 0,005 20,2594 0,005 53,8 0,2 20,5 350 50 50177 0,001 0 ] ]
18 0,005 20,301 0,005 53,8 0,2 20,5 350 50 5,0177 0,001 0 0 0
19 0,005 20,306 0,005 52,7 0,2 20,5 350 50 50177 0,001 0 1] 1]
20 0,005 20,204 0,005 52,7 0,2 20,5 350 50 50177 0,001 0 ] o
21 0,005 20,300 0,005 52,4 0,2 20,5 350 50 50177 0,001 0 0 0
22 0,005 20,304 0,005 52,4 0,2 20,5 350 50 50177 0,001 0 ] 0
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Z Al AB AC AD AE AF AG AH Al Al AK AL AM AN
Mass Vol Mass
Weight Weight Vol Vol rider rider ([rider Vol rider

Balance correction vol {cm3),[ {cm3),|utvid, |utvid, [CoG [m), |(mg), (mg), {cm3), [[mg), (mg), {cm3),
position [Weight |[{ug), ck {ug), uck Wok| uvok|alfak [|betak |hk Tmilk uTmlk [Tmilk [Tm2k uTm2k [Tm2k

25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
0 K& 3235 45,389 0,0002 25,869 0,00565 0,0195 0 0 0 0 0 0
1 N52001 23841 a0 125 0,003 48 0 0,12 49,997 00,0004 0,00638 20,0027 00,0003 0,00251
2 nMIV2 -7 18 126,658 0,001 48 0 0,0402 100,0001 0,0005 0,01258 0 0 0
3 NC2001 -20436 150 283,37 0,007 48 0 0,12 200,0026 0,001 0,02500 100,0042 0,0008 0,012501
0 K&b 323 5 45,389 0,0002 25,869 0,00565 0,0195 0 0 0 0 0 0
1 MN52001 23841 60 125 0,003 48 0 0,12 49,997  0,0004 0,00638 20,0027 00,0003 0,00251
2 nMIV2 -7 18 126,658 0,001 48 0 0,0402 100,0001 0,0005 0,01258 0 0 0
3 NC2001 -20436 150 283,37 0,007 48 0 0,12 200,0026 0,0010 0,02500 100,0042 0,0008 0,012501
0 K& 3235 45,389 0,0002 25,869 0,00565 0,0195 0 0 0 0 0 0
1 N52001 23841 60 125 0,003 48 i) 0,12 43,997 0, 0004 000038 20,0027 0,0003 0,00251
2 nMIV2 -7 18 126,658 0,001 48 0 0,0402 100,0001 0,0005 0,01258 0 0 0
3 NC2001 -20436 150 283,37 0,007 48 0 0,12 200,0026 0,001 0,02500 100,0042 0,0008 0,012501
0 K&b 323 5 45,389 0,0002 25,869 0,00565 0,0195 0 0 0 0 0 0
1 MN52001 23841 60 125 0,003 48 0 0,12 49,997  0,0004 0,00638 20,0027 00,0003 0,00251
2 nMIV2 -7 18 126,658 0,001 48 0 0,0402 100,0001 0,0005 0,01258 0 0 0
3 NC2001 -20436 150 283,37 0,007 48 0 0,12 200,0026 0,0010 0,02500 100,0042 0,0008 0,012501
0 K& 3235 45,389 0,0002 25,869 0,00565 0,0195 0 0 0 0 0 0
1 N52001 23841 a0 125 0,003 48 0 0,12 49,997 00,0004 0,00638 20,0027 00,0003 0,00251
2 nMIV2 -7 18 126,658 0,001 48 0 0,0402 100,0001 0,0005 0,01258 0 0 0
3 NC2001 -20436 150 283,37 0,007 48 0 0,12 200,0026 0,0010 0,02500 100,0042 0,0008 0,012501
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4 AIR BUOYANCY

In the transfer of the unit of mass through weighing df Ptototype kilograms with secondary
standards in stainless steel (or other materials), a major source of uncertainty arises in the
determination of air buoyan@ffects. To compensate for an apparent mass diffeggra - V»), in
the weighing of two kilograms (of volume, dnd \%) in air of density , which is typically of the
order of 100ng, to an accuracy comparable with presiay balance resolution eéveral ug,
requires a determination of air density to several parts‘ifGifcomo 1982Picardet al.2004.

Air buoyancy corrections also need to be made in determining the masses of the addiitizesl
placedon the kilogram®f stainless st (Section 2.31) for coarse compensation of air buoyancy.

4.1 Air density measurement and estimation
4.1.1 Gas density

The number density = V! (per molar volume), of a (heideal) gas is a function of pressupeand
temperature], according to the equation of state:

wher e t he 0 cZofthe gas s exprésset asta yededri coefficientsB, C,...; and
whereR, =8.314 4621(75) mol* K, is the molar gas constant [Giacomo 1982, Davis 1992
CODATA 2013. For a gas consisting of several components of relative concentxaifayas with
molecular masM;, the mass density,,, of the gas is:

Iy = L OSiXiMi
ZRT 4.1)

A massof masary (in vacuum) and volum¥ displaces an amount of air of dengifywhich exerts a
buoyancy force equivalent to an apparent loss in masgdéf The volumeV of themassis normally
determined either hydrostatically (weighing in water or other fluid of known density) or geotthetrica

4.1.2 CIPM Recommendations and the Gas Equation of State

The International Committee ¥¥eightsand Measures (CIPM) recommends that air density be
calculated with an empirical formula [Giacomo 1982, Davis 1892ardet al.200§. The

recommendation is sad on the gas equation of state (equation (4.1)) and on a model of standard air.

The model consists of assuming certain relative concentration$ ttxe different constituent gases,
including for example that a change in@ncentration is always lzaced (for example, by

combustion) by an equal and opposite change indo@centration. Measurements are made of air
pressure, air temperature and where practical, of constituent gas composition (most often constituent
water vapour and carbon dioxidehd presence of, for example, foreign gases would lead to incorrect
air density values.

4.1.3 Measurement of air parameters
Measurements of air pressure, temperature and humieligy made with the instruments specified in
Appendices E, F & GT'he carbon dioxide concentratiag;, in the laboratory air wasot measured

4.1.4 Calculation of air density from equation of state

The following is an extract from the Mathcad program calculating the air density from equations based
on the equatiowf-state, (equation (4)). Absolute temperatures are denoted pgndMa is the mass

of air.
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Temperature

Air densi
ty t.ernpUk j + teran.k j
Water vapour termp, = —————
g S . , Pr.j 2 Ty j = tempy | + 27315

A = 1237884710 B =-19121316-10 = 330371104710 D= —A.3431645-10

A ns

Enhancement factors

£l = 100062+ p, 314107 ° 4 [t 2561077

kil pk,j . | empk’j| .
Saturated vapour pressures in Pa
D
|:A-|_T14 .J"2+B'T14 'j+c+T_:|
psvlk L= K
d psvlkj
Compressibility of air Hry j = Tomidy oAy o Py
-6 -8 — 10, 2 J
yly = 1581231077~ 29331107 temnpy o+ LIDBA0 - (tempy |
— 6 -2

y2k,j = Xvk’j-(i?ﬂ?-lﬂ - 205110 -tempk,j)

3 .= (v, 2| 1oess107 - 2ame 107 6
¥ ki~ | vk,jl . . er:npk’j

2

Z '—l—pk—’j-' 1 +va .+ + pk—‘] . 183-10_11—'X 2-0?65-10_8 Ml = | 2294544 + 12011+ — 0.0004

ki TR T T P ] B0 i [ D11 {eacy 5 - 00004]]

Molar mass of water:

My ;= (1 - 03780 May

4.1.5  Air buoyancy artefacts

A well-known procedure of determination air density estimates needed to compensate weighings of
kilograms of different volume for the effiscof air buoyancy is the weighing of buoyancy artefacts,

that is, of specially made kilograms which have the same height and surface area but greatly different
volumes larger than the greatest difference in volume of any pair of kilograms in the com&iiso

has had manufactured a pair of such artefacts, denoted NS2001 (solid, disk artefact) and NC2001
(hollow, cylinder artefact)Appendix G.

—

i,

Figure 4.1 Air buoyancy artefacts installed in mass comparator

How these are used is reported in the next sectidhy.
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4.2 Air buoyancy corrections to weighing
Each comparator readimy'ffky ; was corrected foair buoyancy with reference todac o wweigh® r o f
volume125 cni. This was done in two ways:

4.2.1 Using equation of state
Air density, deng ; , calculated with the gas equation of statd #]

Air density in kg/m3

Py I'u'IVk : _
densy = D) S 1-%v, of 1= -] May ;10 3
S R RN ’ May '

wasentered into the expression for the buoyancy corrected comparator reéalol'engample,\/ik'[Aj :

Mu,j

vjktAJ. = FET + 'HEI i~ 125.D|-dﬂnsDJ] - |Tm|:I - Tvn-densn,ﬂ - |Ts|:I i~ T‘VSD ,j-dﬁnsﬂ il

where weighings in comparator readirgiff «j» are for each of a given set of kilograms, e.g. K86,
NS2001, G1, NC2001kE 0,1,2,3).

Corrections for the aibuoyancy corrected massdsn,; TV, of eventual additional masses3.4]
placed on some kilograms were also made.

4.2.2 Using air buoyancy artefacts
Air densitywas secondlgalculatedas ardens; , from the difference in albuoyancycompensated
comparator readingsis; ; - Vis, ;, divided by the known volume differencé, ; - V, ; between the

two artefacts NS2001 and NC2001, redpvely[APPENDIX Clandentered into the expression for
the artefacbuoyancycorrected comparator readingktdens4; :

Regression density artefacts

iff. .
. ) k.j . . ! ) y
visy = [de : ] - (Tmy, - Twy. densk,j' - 'Tsk,j - Tvsk,j'densk,j' Air density flo.lll mtef..mts {kg/m3)
J | wisg iT wig) il + 46331

ardens, = —
]

diff_ .
. . 0.]
v:ktdensAj = [de—IDJ + |‘i.FEI i 125.D|-ardensj - |Tm|:I - TVD-ﬂ.t‘dE-'ﬂSjl - |TsIj g TvsEI ,j-a:rdensj|

including the difference (46,3%4) mg) in absolute (ivacug masses of the twartefacts determined
from equatiorof-state buoyancgompensated calculations according to the procedure of section

[4.2.1.

Corrections for the albbuoyancy corrected massdsn,; T\, of eventual additioal masses2[3.4
placed on some kilograms were also made.
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4.2.3

AIR DENSITY - diagnos

11695

1.169
dEI'lSDIj
ardﬂnsﬁ'mgj
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1.1675
1x:10°

2=10

3

3107

410
tid,

11695
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dEI'nglj
ardﬂnsﬁ'mgj

1168
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210°
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S5x10° fx10° T=10°

25

T l.148s
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Comparison of equation of state and artefact estimates of air buoyancy
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S5x10°
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Figure 4.3 Air densitfrom equatiorof-state, red lines, and from artefacts, blue lines, kggmkilogram compariso201212-07 1 K86_NS2001_G1+sensel0mg_NC2001
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K86 NS 20
9232 T T T T T - AT T = T T T
.M@Qﬁwy A o Fny
ST TR ; - - O R -
vikidenshy; W_Wm vikidensBy ~ 9874 VAN W ey WA
W - 93251 TR - ?ﬁfm PR |- 63,761 TR Al o
Fitidh; D& |y FitidBy . PR R,
i : - BETEF e .
wikth g —g23- . vikiB;
® - 6335 « .
_ 63820 ! ! ! !
B ; 26107 3107 4107 5x10° 610 7107
Lel0®  2x107 3x107 4107 5:107  é=10°  Txl0 .
tidB;
—-890.12 T T T -1151 T T T T T
5014 W 50 - 5
vilkidensC; ST e viktdensD, R T dn
S - 9016 F Xxxxxxij;x.xxy . K - 1515 BT PO e L T
_F_u_t_ldcj,PCnlgD_lg_ f<>/)<_ _F_n_t_ldDj,PDlu ol
. it . ) E
wiktC; —onak . wiktD; -1152F % 7
Y] S .
- 0024 ' ' ' ' - 11525 ' ' ' ' '
200 B0 40 ST eIl Txl0® 03 L S 31 O 5 V1 O3 L 3 11 R 5 L - 3 [
tidC; tidDy
G1 NC 20
Figure 4.4 Comparator readingkt (correctedwith equatiorof-state air buoyancy, green lingsng) andreadingvikidens(correctedwith artefact buoyancy, red crosyes

(mg) versus timegecondgover a kilogram comparisd?012-12-07 1 K86_NS2001_G1+senselOmg_NC2001
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) COMPARISON CALCULATION PROCEDURE
5.1 Difference (or deflection) in mass between pairs of

kilograms i equation-of-state buoyancy compensated
In order to calculate thdifference (or deflection}l, in mass between pairs of kilograms, the

comparator displayikt, [Section 4.Pwas plotted as a function of time for each kilogram, as shown
for example in figuret.4.

A leastsquares fit was then made to the variation for each kilogram with time to a swdend
polynomial using MATHCAD:

i .
Up+ U t+ust PA :=genit(tidA, viktA,vg, F)
1

t

t2

F(t,u)=

yielding, for kilogramsn the comparison the following function F parameters (in units of mg;'mg.s
and mg. &, respectively):

Regression BIPM formula
tidd, = tid_ . tidE, = tid, .
] dU,J ] L]
td. = tid. . tidD, = tid,, .
= g j = g

tidd, + tidB, tidB, + tidC. tdC, + tidD. tidD), + tidd,
HAaB = —3 1 ygpo =1 HaCD, = —1 1 yapa = ]
] 2 ] 2 ] 2 ]
2
Uyt upttugt P& = genfitftida , vilta vz, F)
a
_ . . 1
F(t, ) = 1 FB = genfit(tidB  wikdB vz, F) vee|
t PC = genfitr HdC, viktC, vg, F) 8=
1
e FD = genfit(tidD , wiktD ,vg,F)
—02 306004 —62.911276 ~00.35088 ~115.334632
Pa = 0.000059 PE = 0.000076 P = 0000029 PD = 0.000099
0 0 0 0

3530437 w10 236159 x 107 9224586 » 10 9723309 = 10
Figure 5.2 Kilogram compariso2012-12-07 1 K86_NS2001_Gl+senselOmg_NC2001

The average mass difference between two kilograms, A and B, over the M weighings is then evaluated
by taking the difference between fitted functions for thedddms evaluated at the average time
between each weighing pair:

M-1

- .20 (F(tidABJ.,PA)O— F(tidABj,P@o) +dg-(h0- hl)
j=

d

2|

1
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where

tidA. + tidB
tidABj =4

Note that the mass difference is corrected for the difference in gravitational acceleration:
dg:=-310"10

atthe different heightdj, of the centres of mass of the two kilograms.

As an additional check, plots were made of the differences betwe®idual pairs of weighings, as
shown in Figure 5.6.

5.2 Determination of mass comparator sensitivity
Compared witlprevious kilogram comparisons at SP, the present comparison differed in two
important aspects:
1 The sensitivity of the mass comparator was significantly different from unity (1), by as much
as 5% or more
1 The setup was open to the laboratory atmospherehab ftuctuations in air parameters were
considerably greater than those experienced in the closed chamber operation of previous
comparisons

A new procedure was therefore introduced with the present comparison whereby the sensitivity was
estimated during wehings in the following way:

The differencespd i f f; between two sets of weighings in comparator readiif;, ; , for each of

a given set okilograms, e.g. K86, NS2001, MJYRIC2001, (= 0,1,2,3) respectively without and

with a sensitivity mass placed on NS2001, was calculated and compensated for air buoyancy. The
comparator sensitivitglelB, ; was then calculated by dividing each such differerpe i f f;,

with the (buoyancycorrected, volumdVs, ;) mass,Ts ;, of the sensitivity mass.

; 0 1 2 3 4
— Tk 0465928 D dems,
DIFF, = 3 i 1168349 0 | -0.537526 | -0.520718 | -0.515105 | -0.501256 | -0.507684 | -0.0
L M _ 1.153674 DENSk = 1168352 diff = J [
DIT=| e DEHS 1| 1091231] 1101051 | L2171 | 1i2P7ai| 1.a4s026| Lt
052480 1168339 2 |21.239872 | 21.251895 |21.267205 | 21.277744 | 21279964 | 21.2¢
Reference: 121128 1168372 3 | -0.609211 | -0.567602 | -0.564421 | -0.517256 | -0.500421
dens, . + dens., .
; ol _ _ I 1 i s Y O _ _ _ _ | _
Ad.\ffser\sBj.fd.\ffg‘j a;ﬁ“l‘j. (10857501 - 1.263052) [[[ S ] 1.16465i||V2IJ. Vllj|}+[Tv2|der\sglj 1.16485) [Tv1|densl‘j 1.15455.]] [|der|sllj 1.16465|Tvsllj:|
AdiffsensE

del“ J = dE]Bk 3

= [

2%k +
i

DEL = M DEL = 1 055418

Figure 5.3 Example dfilogram compariso2012-12-07 1 K86_NS2001_Gl+senselOmg_NC2001

After the weighings were completed overall, a sefgadetermination of the sensitivity of the mass
comparator was made using a regular procepine¢ghod MVm 32],and the results comparesee

Appendix H
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5.3 Gravitational gradient

A factor influencing higtprecision mass determination when masses have very different shape and /
or density is the difference in height of centre of mass for different artéfaaiiow for the small
effect due to the reduction gravitational acceleratioms onenovesoutward r om t he eart hés

To calculate the magnitude of this effect the expression for the difference in gravitationgb force=
mT cagsociated with the gravitational gradigmgjs used. Modelled with a conceptual expression
p = gomTitgs assumed thap Fdepends on some apparent mass differgmomstead of a difference
in gravitational acceleratiogp g The relative gradient of the gravitational acceleration can be set to

3,14-10°mmEY near sea |l evel. The appm@mtharelaianass di f f e
below:

zn:% eq51

m g

A recalculation factor 10ug/kg leads to an apparent mass gradient of Q,@l@hm.

The centre of gravity for a Pt kilogram is about 19 mrabove the bottom whereas in the case of a
standard stainless steel kilogram the centre of gravity can vary depending on its shape as seen in the
following table.

Table3. Gravity -corrections for kilogram standards

Distance baseentre of DifferencetoK4( cor r ect i

Mass standard gravity / mm / mm /ug)
K40 195 0,0 0,0
K86 19,5 0,0 0,0
MJIV2 272 7,7 24
Gl 275 8,0 25

Me 40,2 20,7 6,5
Me?2 40,2 20,7 6,5
NS2001 120 60 19,5
NC2001 120 60 19,5

5.4 Difference (or deflection) in mass betweepairs of

kilograms i artefact buoyancy compensated
A second set of calculations of the kilogram weighings was made with air buoyancy compensation
using air density estimates from artefact weighings instead of using the eepfagiate air density
estimaes reported in Section 5.1b. order to calculate the difference (or deflectiah)n mass
between pairs of kilograms, the comparator display, (section 4.2 was plotted as a function of
time for each kibgram, as shown for example in figure:
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comparisorl21211 K86-NS2001 - MJV2 - NC2001 + 10mg sens

A leastsquares fit was then made to the variation fmhekilogram with time to a secoidder
polynomial using MATHCADyielding, for kilogramsn the comparison the following function F
parameters (in units of mg, mg.and mg. &, respectively):

2
0yttt PDA = genfitltidls viktdenshy g, F)
Bl g = 1 PDB = genfit{tidB, viktdensB g F)
t PDC = genfit(idd viktdense v F)

Lo )

Figure 5.5

The average mass difference between two kilograms, A and B, over the M weighings is then evaluated

-

POD = genfitltidD vikidersD) vz, F

PDA =

2955007 1077,

PDC =
-3

93031604
0.000029

-6, 73076
PDE = 0oooL17

_4153581 % 107°

03083032 j ( -116.175204 j
000011t 0000119

FDD =
908833 % 1077 4153066 = 1077

Regressiori21211 K86-NS2001 - MJV2 - NC2001 + 10mg sens

by taking the difference between fitted functions for the kilograms evaluated at the average time

between each weighinggir:

Qh 2
0
where

tidA + tidB
tidABj =4

"00 "QQIW 6

"00 "QQW ® 6

1

00 Q

Note that the mass difference is corrected for the difference in gravitational acceleration:

dg:=-310"10
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at the different height4, of the centres of mass of the two kilograms.

As an additional check, plots were made of the differences between individual pairs of weighings:

2388 T T T T T

2388

[rridet By =ikt Hdg 77 paf

vﬂ{tderlsBj—vﬂ{tderlsAj+dﬂ

snene 23.82r

23.8F

2378
110 2100 3x10°  4x10° 100 ex10t 0’

248 T T T T T
248F

] ] 244
(wiktCi—viktd;)+dg
o . 242
viktdensCy—viktdensdi+dp
Tl = 4f

2.38F

235 | | | | |
110 2x10°  3x10°  4x10°  s<10°  éx10° 7x10
$add -

- 2248
225+ .
_I:j;?'thDj—vﬂ{tAj}du
viktdensDi—viktdensh+dy 22321 |
by
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Figure 5.6 Differences in mass (mg) versus time (hours) between kilograms over a kilogram

comparisorl21211 K86-NS2001 - MJV2 - NC2001 + 10mg sens
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6 DISCUSSION OF ERRORS, UNCERTAINTIES

AND CORRECTIONS

6.1 ‘Type A' evaluation of uncertainties
6.1.1  Weighing standard deviation

The observed standard deviatiogéng), in the means of theassdifferences, were evaluated o
the residuals of the leastjuares fit for each kilogram of secedeigree polynomidak(t,u) to the
corrected comparator readinggt versus time, wittM.(M - 3) degrees of freedofs, is the
uncertainty from calibration of the reference kilogram)

4

Residuals
b= L | LIS 7 itids. Pag - vikts, i 2
ab = =) -M-+| fhesy, B0 ;! gl = j -M-{ |F|t1dC Lo - vil{th|J
i
1 1 . . 2 1 . . 2
gB = — |57 |FitidB. ,FB|g — vikiB, | gl = — |57 {FijtidD, D — wikiD, |
M- 3| M |= i i (1 - 3) | M | <= i i
L i i
sA + sE- ' 8y 0= w,I'sEuz + sCzl 8g 0= '.|||502 + sDzl 8y = \,I'sD2 + sA2|
0.0os
0002735 standard deviations i
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Figure 6.1 Kilogram comparisori21211 K86-NS2001 - MJV2 - NC2001 + 10mg sens

These were mostly of the order®#5 9.

13" Comparison between the Swedish national kilogram and SP principal standards for one kilogram
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Comparison of similar weighings made during th& [1995] and 1% [2012] Comparisons, showing sstantial increase in noise for the latter weighings
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6.1.2 Leastsquares solution of rectangle of mass differences
The regression to the rectangle comparison of the four kilogsensdn 3.2.1lyields

residuals of the leastguares fit:
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Figure 6.3 Leastsquares regression of mass differencégfam comparisori21211

gv =2 (RR)-

The group variance,

K86-NS2001 - MJV2 - NC2001 + 10mg sens

1

M - N, may be calculated with a corresponding number

of degrees of freedom equal toN for the M weighing pairs amongstriNasses

The combined (type A) evaluation of variances of the weighings is found by adding the
variances associated with the weighingaéh pair of kilogramss) together with that
(gv) of the group of weighing combinations. The varianoeariance matrix is then:

1 —

Ve = (AT-W-A)_ (E(R-R)-

+ vav)

vav ::%-Z (si)z

where the average weighing variance is

[Schwartz2007.
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Uncertainty calculation
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7 RESULTS AND CONCLUSION

The comparisomay be summarised with a table of values of the principal kilogram
standards deterimed with reference to theational prototype kilograr€40 (1 kg -
0,010(§ mg[82.3.1)).

Table 7.1.Masses of principalkilogram standards

Me |Me2| G1 | MJV2| K86
Mass- 1kg (/ug)| 578 | -139|2396| 460 | 320
u(ug)| 25 | 25 | 25 | 25 25

The evolution of some of SPs principal kilogram standards is presented graphically
(figures 7.1).

Mass for the stainless steel kilogram MJV 2 1945-2012
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m - 1 kg (mg)
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Mass for the stainless steel kilogram Me 1996-2012
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Figures 7.1

Mass values of some of the kilograms as functions of time
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APPENDICES

APPENDIX A Calibration certificate
for the national prototype kilogram
K40 (BIPM) (in French)
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APPENDIX C Volume
determinations of air buoyancy
artefacts (SP, SE) (in Swedish)

APPENDIX D Calibration
certificates for the density
determination of masse§ 0 Me
& AMe20 kil ogr i
(in Swedish)

APPENDIX E Calibration
certificates for air pressure
gauge (SP (SE)) (in Swedish)
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APPENDIX F Calibration certificate for
thermometers (SP(SE) in Swedish)

KALIBRERINGSBEVIS

APPENDIX G Calibration certificates for
hygrometer (SP(SE) (in Swedish)

APPENDIX H Determination of mass
comparator sensitivity (according to regular
procedure, method MVm 32)
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