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THIS LECTURE SCOPE 
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I will concentrate this lecture in the 
fundamentals of mass metrology 
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- SIM is composed of national metrology institutes from 34 OAS member nations. 
- 16 CIPM MRA signatories (28 national metrology institutes since CARICOM is included) 
- But only 13 have CMCs in mass, less than 40%. 
- Mass metrology is fundamental for the rest of mechanical quantities. 
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I will concentrate this lecture in the 
calibration of weights by direct comparison 

Francisco García, CESMEC S.A. 
fgarcia@cesmec.cl 

- SIM is composed of national metrology institutes (NMIs) from 34 OAS member nations. 
- 16 CIPM MRA signatories (28 NMIs since CARICOM is included) 
- But only 13 NMIs have CMCs in mass, less than 40%. 
- Mass metrology is fundamental for the rest of mechanical quantities. 
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MASS MEASUREMENTS IN THE 
INDUSTRY AND TRACEABILITY 

Learning objectives: 
- Know the relevance of mass measurements in commerce 
- Discuss how mass measurements can be relevant for a country exporter of 

raw materials 
- To understand how the traceability in mass measurements is realized 
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In 2012 world exports were equal to  
USD 1,8x1013 = USD 18 000 000 000 000 
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“Roughly 80 percent of global merchandise trade is 
affected by standards and by regulations that embody 

standards”. 
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Source: National Institute of Standards and TechnologyTestimony before the 
U.S. House of Representatives – Committee on Science, Subcommittee on 
Technology September 13, 2000 
 
World exports are equal to USD 1,8x1013  
80% of USD 1,8x1013 = USD 1,4x1013….  almost the same!  
 
Conformity assessment (World Trade Organization glossary): “[…]procedures 
are used to determine that relevant requirements in technical regulations or 
standards are fulfilled. Typical conformity assessment procedures include 
testing, inspection and certification. They aim to increase confidence in the 
safety and quality of products — which is important in international trade. For 
example, they are used widely to determine whether goods such as toys, 
electronics, food, and beverages fulfil the requirements established in 
government regulations”. 
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In 2012 exports directly sold in mass units were 
equal (at least) to  

USD 1,5x1012 = USD 1 500 000 000 000  
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At least 90% of chilean exports are traded in 
mass. (USD 6,3x1010 = USD 63 000 000 000) 
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Source: atlas.media.mit.edu 
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At least 65% of chilean exports related to the 
mining industry  

(USD 4,6x1010 = USD 46 000 000 000) 
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Source: atlas.media.mit.edu 
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In 2010 Chile exported 5,4 million t  
4 x1010 =USD 40 000 000 000 
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YEAR 2010   (COPPER) Exports / t Exports / USD USD/kg 

REFINED (1) 3.160.180,3 58%  21.403.409.864  53%  6,8  
BLISTER(2) 418.491,6 8%  3.423.995.080  9%  8,2  
GRANELES(3) 1.863.440,8 34%  15.326.971.095  38%  8,2  
TOTAL 5.442.112,8    40.154.376.039     7,4  
(1) Includes cathodes, semis, and fire-refined. 
(2) Includes blister copper and copper anodes. 
(3) Includes cements, concentrates, and secondary copper. 

Fuente / Source: Chilean Copper Commision, based on Customs data. 

Belt conveyors 
Static weighing 
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For mining companies, mass measurements 
are critical 
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For mining companies, mass measurements 
are critical 
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Traceability in mass (Chile) 
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Reference: Fundamentals of mass determinations 
Reference: Quality Manual of the LCPN-M at CESMEC 
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MASS AND CONVENTIONAL 
MASS 

Learning objectives: 
- Explain what is conventional mass. 
- Describe the numerical difference between mass and conventional 

mass. 
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Conventional mass is defined from mass in 
conventionionally chosen conditions. 

• The conventional mass value of a body is equal to 
the mass mc of a standard that balances this body 
under conventionally chosen conditions. The unit 
of the quantity “conventional mass” is the 
kilogram. The conventionally chosen conditions 
are: tref = 20 °C; ρ0 = 1.2 kg m-3; ρc = 8 000 kg m-3  

• This is a theoretical definition that implies a 
change in a variable as will see in the next 
section. 
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We can do an imaginary experiment to realise 
conventional mass with an equal arms balance 

ms 
ρs 
 

m
ρ 
 

g 
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We can do an imaginary experiment to 
realise conventional mass 

ms 
ρs 
 

m
ρ 
 

g 
 

Observation: if ρ0 = ρs then m=ms 
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We can do an imaginary experiment to 
realise conventional mass 

ms 
ρs 
 

m
ρ 
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Conventional mass depends on the mass of 
the object and is a change of variable.  

Note mc is a function of the density of the object with mass m.  The rest of the 
variables are fixed by definition. 
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Conventional mass is equal to mass when the 
density of the object is equal to the conventional 
density of the reference standard (8000 kg m-3) 
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Convetional mass values are close to mass 
values in the case of metals 

Material Density @ 20 
ºC, 1 atm 
[kg/m3] 

(mc-m)/m [%] 

Water 998 -0,105% 

Glass 3140 -0,023% 

Air 1 -100,000% 

Chestnut wood 560 -0,199% 

Emeralds 2700 -0,029% 

High Density 
Polyethylene 

(HDP) 

960 -0,110% 

Shelled peanuts 641 -0,172% 

Marble 2500 -0,033% 

Material Density @ 20 
ºC, 1 atm 
[kg/m3] 

(mc-m)/m [%] 

Platinum  21400 0,009% 

Nickel silver  8600 0,001% 

Brass  8400 0,001% 

Stainless steel  7950 0,000% 

Carbon steel  7700 -0,001% 

Iron  7800 0,000% 

Cast iron 
(white)  

7700 -0,001% 

Cast iron (grey)  7100 -0,002% 

Aluminum  2700 -0,029% 
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BALANCE READINGS VS. MASS 
VALUES AND CONVENTIONAL 
MASS VALUES 

Learning objectives: 
- Understand why conventional mass is a useful quantity. 
- Know the nature of balance readings  
- Know the basic equations that relate balance readings with mass and conventional mass. 
- Derivate measurement models for other mass related measurements 
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First we are going to model the indications of a 
balance in terms of mass and decide if this has 

practical sense 
• The reading or indication of a balance is 

proportional to the force applied on the pan.   

I 
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If we want the balance to indicate mass, then an 
adjustment factor cJ has to be applied 

The adjusment factor can be introduced through 
the electronics of the balance. 

I=m 
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The problem of this approximation is that the 
adjustment factor cJ depends on the density of 

the object. 

We would need a different factor for measuring the 
mass of objects with different densities in order to 
achieve accuracy. 
On the other hand, we would need mass standards 
with different densities for each nominal values.  In 
practice, mass standards are made of some metals. 
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In order to understand this effect, lets consider 
that the balance is adjusted with a mass 

standard made of stainless steel before use. 

I=m 
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In order to understand this effect, lets consider 
that the balance is adjusted with a mass 

standard made of stainless steel before use. 

I=? 

If  0,08% percent difference 
between the balance 
indication and the mass 

October 28, 2013.  2nd SIM 
Metrology School, NIST, 
Gaithersburg, USA 

Francisco García, CESMEC S.A. 
fgarcia@cesmec.cl 

28 



In order to understand this effect, lets consider 
that the balance is adjusted with a mass 

standard made of stainless steel before use. 
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Do you remember a similar curve? 
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For improving accuracy, conventional mass is 
used for adjusting balances. Now we are going to 

find a new adjustment factor cJ   

I=mC 

What is the adjusment factor that would allow us to get a balance  
indication equal to the conventional mass of the mass standard? 

if 
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With the new adjustment factor cJ   let’s find the 
indication fo the balance for an object of mass m 

and conventional mass mC  

For any object with mass m: 
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With the new adjustment factor cJ   let’s find the 
indication fo the balance for an object of mass m 

and conventional mass mC  
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The difference between the readings of a balance and the conventional 
mass of an object is much more smaller than the difference between the 

readings of a balance and the mass of the object. 

If  

0,005% difference between 
the balance indication and 
the conventional mass. 16 
times smaller than before 

Conventional mass of the fish 
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The difference between the readings of a balance and the conventional mass 
of an object is much more smaller than the difference between the readings of 

a balance and the mass of the object. 
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The difference between the readings of a balance and the conventional mass 
of an object is much more smaller than the difference between the readings of 

a balance and the mass of the object. 
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Now, we know how to relate mass with a balance readings 
and are able to write the basic model equation for some 

measurements.   

For example: Density measurement of liquid with a pycnometer 

Remember: 
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Now, we know how to relate mass with a balance readings 
and are able to write the basic model equation for some 

measurements.   
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Now, we know how to relate mass with a balance readings 
and are able to write the basic model equation for some 

measurements.   
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Now, we know how to relate mass with a balance readings 
and are able to write the basic model equation for some 

measurements.   
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SOME COMMENTS ON MASS 
STANDARDS 

Learning objectives: 
- Know the existance of different accuracy class of mass standards 
- Know general requirements for mass standards 
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Requirements for mass standards are 
defined in the document OIML R 111-1:2004 

• http://www.oiml.org/publication
s/R/R111-1-e04.pdf 

• OIML R 111-1 provides 
methods for calibration, density 
measurement of weights, 
determination of magnetic 
properties, etc. 

• It’s free. 
• OIML is the french acronym for 

International Organization of 
Legal Metrology 
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Mass standards are classified in “accuracy classes”, each 
class has error limits or tolerances called “maximum 

permisible errors”.   

- You can notice that nominal  
values are multiples of 1, 2 and 5 
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Relative maximum permissible errors increase for weights 
with nominal values smaller than 1 kg. 
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The material shall corrosion resistant and such that the change 
in the mass of the weights shall be negligible in relation to MPE; 

the shape should assure stability and easy handling. 

October 28, 2013.  2nd SIM 
Metrology School, NIST, 
Gaithersburg, USA 

Francisco García, CESMEC S.A. 
fgarcia@cesmec.cl 

44 



The density of the materials shall be such that a deviation in the 
air density of 10 % of 1,2 kg m–3 does not produce an error 

exceeding one-quarter of the absolute value of the maximum 
permissible error. 
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The density of the materials shall be such that a deviation in the 
air density of 10 % of 1,2 kg m–3 does not produce an error 

exceeding one-quarter of the absolute value of the maximum 
permissible error. 

( )
ort

a m
mδ

ρρ
ρρ

4
111

0 ≤







−−

09,0 ρρ =aIf 

ot m
mδ

ρ
ρ

4
11

8000
11,0 0 ≤−

3/ 8000 mkgcr == ρρ















+
>

−
≤

oo

t

oo

t

m
m

m
m

ρ
δρ

ρ
δρ

1,0
1

4
1

8000
1

1
1,0
1

4
1

8000
1

1

3

3

/ 8000

/ 8000

mkg

mkg

t

t

<

≥

ρ

ρ

Francisco García, CESMEC S.A. 
fgarcia@cesmec.cl 

October 28, 2013.  2nd SIM 
Metrology School, NIST, 
Gaithersburg, USA 

46 

200 mg500 mg 1 g 2 g 5 g 10 g 20 g 50 g 100 g 200 g 500 g 1 kg 2 kg
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

De
ns

ity
 [k

g/
m

3 ]

Nominal value

 E1-
 E1+
 E2-
 E2+
 F1-
 F1+



Have in mind that in some extreme cases Table 5 of OIML R111 may 
not apply 
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Have in mind that in some extreme cases Table 5 of OIML 
R111 may not apply 

 1 kg F1 (                )  en La Paz. 
Densidad permitida  
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Have in mind that in some extreme cases 
Table 5 of OIML R111 may not apply 
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MEASUREMENT MODEL FOR MASS 
STANDARDS CALIBRATIONS 
(SUBSTITUTION WEIGHING IN AIR).  

Learning objectives: 
- Understand the origin of OIML R111 equations. 
- To explain why is easier to calibrate weights in conventional mass than 

in mass. 
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The model equation for calibration of mass 
standards by direct comparison has some 

assumptions… as any model. 
• Weights are non-magnetic. 
• Weights and air are in thermal equilibrium. 
• Measurements are done in air. 
• The balance indication is linear and insensitive to eccentric 

loading. 
• The weights’ gravity centers are at the same height. 
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First we are going to derive an equation for 
mass.  This is not the only way. 

Remember: 
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First we are going to derive, step by step an 
equation for mass. 
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First we are going to derive, step by step an 
equation for mass. 

Too large…? 

Remember: 
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First we are going to derive, step by step an 
equation for mass. 

If x and y <<1 then 
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First we are going to derive, step by step an 
equation for mass. 

If x and y <<1 then 
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First we are going to derive, step by step an 
equation for mass. 
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Now we are going to derive, step by step an 
equation for conventional mass. 

October 28, 2013.  2nd SIM 
Metrology School, NIST, 
Gaithersburg, USA 

Francisco García, CESMEC S.A. 
fgarcia@cesmec.cl 

58 



Now we are going to derive, step by step an 
equation for conventional mass. 
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Now we are going to derive, step by step an 
equation for conventional mass. 
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We can seen that the equations for mass and 
conventional mass similar, except for the factor 

(ρa-ρ0)  
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Calibrations in conventional mass may not need 
the buoyancy correction due to the factor (ρa-ρ0) 

Sometimes… 
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The buoyancy correction can be neglected when 
is smaller than U/3 and its uncertainty can be 

neglected when is smaller than U/6  
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Air density an be determined for most applications using a 
simplyfied formula based on CIPM-1981/91 (Section E.3 of 

OIML R 111-1: 2004 (E) ) 
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Air density an be determined for most applications using a 
simplyfied formula based on CIPM-1981/91 which was 

updated as CIPM-2007  
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The determination of each balance readings differences need more 
than two values since balance indications are not stable during the 

weighing process 

I 

t 

test 

reference 

to t1 t2 t3 t4 t5 t6 t7 

Ideal condition 
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The determination of each balance readings differences need more 
than two values since balance indications are not stable during the 

weighing process 

I 

t 
to t1 t2 t3 t4 t5 t6 t7 

Reality 

test 

reference 
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The determination of each balance readings differences need more 
than two values since balance indications are not stable during the 

weighing process 

I 

t 
to t1 t2 t3 t4 t5 t6 t7 

Δmc1 

Δmc2 

Δmc3 

Δmc4 

Δmc1=It1-It0=It1-Ir1 

Δmc4=It7-It6=It4-Ir4 

test 

reference 
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ABA, A1B1…BnAn and ABBA methods applied. 

I 

t 
to t1 t2 t3 t4 t5 t6 t7 

Δmc1=(It1-It0+It2-It3)/2=(It1-Ir1+It2-Ir2)/2 

Δmc2=(It5-It4+It6-It7)/2=(It3-Ir3+It4-Ir4)/2 

test 

reference 

ABBA 
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ABA, A1B1…BnAn and ABBA methods are applied. 

I 

t 
to t1 t2 t3 t4 t5 t6 t7 

Δmc1=It1-(It0+It2)/2=It1-(Ir1+Ir2)/2 

Δmc2=It4 -(It3+It5)/2=It2 -(Ir3+Ir4)/2 

test 

reference 

ABA 
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Example of the determination of the conventional mass 
value of a weight (1 kg F2, calibrated with 1 kg F1) 
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Example of the determination of the 
conventional mass value of a weight 
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• First, we will evaluate the air density 



Example of the determination of the 
conventional mass value of a weight 
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• Then we will evaluate the conventional mass value of the weight (obs.: the 
information of the value will be complete with the uncertainty) 



UNCERTAINTY OF MASS STANDARDS 
CALIBRATIONS IN CONVENTIONAL MASS 
(SUBSTITUTION WEIGHING IN AIR).  

Learning objectives: 
- To understand the concept of measurement uncertainty. 
- To know what contributes to the measurement uncertainty in the 

determination of conventional mass of weights. 
-    To be able to read a calibration certificate for a set of weights. 
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Measurement uncertainty: “Caution.  Handle 
with care”. 
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• “Do not confuse statistical significance with practical 
significance”  Douglas Montgomery , Design and Analysis of 
Experiments”, Wiley, 2005 
 

• “Pluralitas non est ponenda sine neccesitate'‘ ó  “entities must 
not be multiplied beyond necessity”. William of Ockham ,14th 
century franciscan friar and english logician.   
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Uncertainty has many uses in mass 
metrology and metrology in general. 
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• Reporting  measurement results 
• Conformity assessment 
• Expressing calibration and measurement capabilities 
• Comparisons of measurement results 
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Reporting measurement results with 
uncertainty 

• x1 ± U(x1), k=2 
 

• In metrology the following interpretation is 
very common:  “The true value is within the 
interval [x1 - U(x1), x1 + U(x1)] with a 
probability of 95%, associated to k=2, asuming 
a normal distribution. 

Francisco García, CESMEC S.A. 
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x1 x1-U(x1) 

Area =0.025 
Area =0.025 

Area = 0.95 

x1+U(x1) 
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How to read a calibration certificate for mass 
standards with reported uncertainties? 
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How to read a calibration certificate for mass 
standards with reported uncertainties? 
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1 kg – 0,10 mg 
1 kg – 0,10 mg – 0,50 mg  

Area = 2,5% 
Area =2,5% 

Area = 95% 

1 kg – 0,10 mg + 0,50 mg  
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How to read a calibration certificate for mass 
standards with reported uncertainties? 
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1 kg – 0,10 mg 
1 kg – 0,60 mg  

Area = 2,5% 
Area =2,5% 

Area = 95% 

1 kg + 0,40 mg  
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Measurement uncertainty is also used for 
conformity assessment 
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Measurement uncertainty is also used for 
conformity assessment 
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1 kg – 0,10 mg 
1 kg – 0,60 mg  

Area = 2,5% 
Area =2,5% 

Area = 95% 

1 kg + 0,40 mg  

1,6 mg x 2 = 3,2 mg 
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Measurement uncertainty is also used for 
conformity assessment 
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Example: 
 
From a calibration certificate we got the following in formation: 
 
 
 
 
 
- Evaluate an interval for the conventional mass value. 
- Does the weight’s conventional mass value agree with OIML 
R111 for class F1? 

Conventional mass Uncertainty k=2 Maximun permisible 
error for OIML R111 
class F1 

500 g – 3,6 mg 0,8 mg 2,5 mg 
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Measurement uncertainty is also used for 
expressing calibration and measurement 

capabilities 
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In accreditation 
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Measurement uncertainty is also used for 
expressing calibration and measurement 

capabilities 
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In the KCDB: kcdb.bipm.org 
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Measurement uncertainty is used for 
evaluating measurement results  
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Doubts 
 
Disagree 

This is out of the 
scope of this lecture 
but it’s good to be 
aware of this 
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GUM framework used in mass 
metrology 
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• In general, this method can be easily to applied when 
measuring physical quantities.    

• It is necessary to  specify a model that relates input 
quantities with the output quantity(ies).  This model is 
provided by the definition of the measurand or physics that 
explains the output quantity(ies) 

• It is necessary to identify and quantify the contribution of 
each input quantity to the measurement uncertainty.  

• http://www.bipm.org/utils/common/documents/jcgm/JCGM
_100_2008_E.pdf 
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GUM framework is based on the 
linearization of the measurement model 
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GUM framework is based on the linearization of the 
measurement model and on the use of two concepts of 

probability at the same time.  But for practical purposes it works. 
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From measurements or prior information 

( )
n
sXu =- From measurements 

- From prior information:  some pdfs are assumed 
This generates a numerical conflict that for practical purposes do not affect the evaluation of the expanded 

uncertainty. 
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For the calibration of mass standards in 
conventional mass, the following expressions 

apply. 
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Remember that the model equation is: 
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Now, we’ll review the evaluation of each 
uncertainty component, step y step 
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The standard uncertainty of the weighing process (ABBA) is given by 
the experimental standard deviation 
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A “pooled standard deviation” can also be used.  This is specially useful when few 
weighing cycles are done 



The standard uncertainty of the reference standard is given by the 
calibration certificate, but other considerations made me done 

according to the information available 
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Most common situation 

This can be used for F1 and lower classes 

You can apply this if you have a set of weights 
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The standard uncertainty of the reference standard is given by the 
calibration certificate, but other considerations made me done 

according to the information available 
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Most common situation 

This can be used for F1 and lower classes 

You can apply this if you have a set of weights 
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The standard uncertainty of the air density can be 
evaluated form the approximated formula  
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The test weight density and its standard uncertainty can be 
determined by OIML method F for most practical cases 
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This is outside of the scope of  this lecture but 
you can deduce by yourself the equations 
according to what we saw in section “Balance 
readings vs. Mass values and Conventional 
Mass values”  
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The test weight density and its standard uncertainty can be 
determined by OIML method F for most practical cases 

• Method F1: If it is known that the supplier consistently uses the same alloy for a particular class of 
weights, and its density is known from previous tests, then the known density should be applied using an 
uncertainty of one third of that giv- en in Table B.7 for the same alloy. 

• Method F2: Obtain the composition of the alloy from the supplier of the weight in question. Find the density 
value from a physics/chemistry handbook that has tables of density as a function of the concentration of 
alloying elements. Use the handbook density value and apply the uncertainty value from Table B.7. For 
class E2 to M2 weights the “as- sumed density” values in Table B.7 below are adequate. The density of 
class M3 weights is usually of no concern.  
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Method F1 

Method F2 
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The reference weight density and its standard uncertainty can be 
determined by OIML method F for most practical cases, too. 
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This is outside of the scope of  this lecture but 
you can deduce by yourself the equations 
according to what we saw in section “Balance 
readings vs. Mass values and Conventional 
Mass values”  
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The standard uncertainty of the balance is given 
by 4 contributions most of them can normally be 

neglected or vey small. 
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The expanded uncertainty is obtained by 
multiplying the standard combined uncertainty by 

a coverage factor 
• In mass metrology the coverage factor k=2 is 

normally applied. 
• In addition the reported uncertainty is equal to 

the MPE of the reference standard and 
calibrations are done using an standard of 
higher accuracy.  
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Example of the determination of the measurement 
uncertainty of the conventional mass value of a weight  

(1 kg F2, calibrated with 1 kg F1) 
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Example of the determination of the 
conventional mass value of a weight 
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• First, we will evaluate the air density 
uncertainty 



Example of the determination of the 
conventional mass value of a weight 
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• Second, we will evaluate the comparator uncertainty 



Example of the determination of the 
conventional mass value of a weight 
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• Third, we will evaluate the combined standard uncertainty 



Example of the determination of the 
conventional mass value of a weight 
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• Finally, we will evaluate the evaluate the expanded  
uncertainty and the expanded uncertainty to be reported. 



Example of the determination of the 
conventional mass value of a weight 

October 28, 2013.  2nd SIM 
Metrology School, NIST, 
Gaithersburg, USA 

Francisco García, CESMEC S.A. 
fgarcia@cesmec.cl 

108 

• Finally, we will evaluate the evaluate the expanded  
uncertainty and the expanded uncertainty to be reported. 



STATISTICAL CONTROL 

Learning objectives: 
- Know how to use a check standard 
- Know how to evaluate the precision of the comparator 
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Check standard 
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Check standard 
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Implementación: 

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

 r t t r Differences
1 0,00 -0,14 -0,15 0,00 -0,145
2 0,00 -0,13 -0,13 0,00 -0,130
3 0,00 -0,14 -0,13 0,00 -0,135

check 0,00 -0,23 -0,22 0,00 -0,225
Mean -0,137

Any calibration data 

diffm

S

-0,226
-0,223
-0,222
-0,226
-0,227
-0,225
-0,224
-0,227
-0,225
-0,222
-0,228
-0,222
-0,227
-0,226
-0,226

-0,225
0,002

n = 15 
f.d.: 15-1 
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Check standard 
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 r t t r Differences
1 0,00 0,04 0,05 0,00 0,045
2 0,00 0,05 0,04 0,00 0,045
3 0,00 0,04 0,04 0,00 0,040

check 0,00 -0,24 -0,23 0,00 -0,235
Mean 0,043
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Precision of the comparator, example 1 
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	Mass Metrology
	This lecture scope
	I will concentrate this lecture in the fundamentals of mass metrology
	I will concentrate this lecture in the calibration of weights by direct comparison
	Mass measurements in the industry and traceability
	In 2012 world exports were equal to �USD 1,8x1013 = USD 18 000 000 000 000
	“Roughly 80 percent of global merchandise trade is affected by standards and by regulations that embody standards”.
	In 2012 exports directly sold in mass units were equal (at least) to �USD 1,5x1012 = USD 1 500 000 000 000 
	At least 90% of chilean exports are traded in mass. (USD 6,3x1010 = USD 63 000 000 000)
	At least 65% of chilean exports related to the mining industry �(USD 4,6x1010 = USD 46 000 000 000)
	In 2010 Chile exported 5,4 million t �4 x1010 =USD 40 000 000 000
	For mining companies, mass measurements are critical
	For mining companies, mass measurements are critical
	Traceability in mass (Chile)
	Mass and conventional mass
	Conventional mass is defined from mass in conventionionally chosen conditions.
	We can do an imaginary experiment to realise conventional mass with an equal arms balance
	We can do an imaginary experiment to realise conventional mass
	We can do an imaginary experiment to realise conventional mass
	Conventional mass depends on the mass of the object and is a change of variable. 
	Conventional mass is equal to mass when the density of the object is equal to the conventional density of the reference standard (8000 kg m-3)
	Convetional mass values are close to mass values in the case of metals
	Balance readings vs. Mass values and Conventional Mass values
	First we are going to model the indications of a balance in terms of mass and decide if this has practical sense
	If we want the balance to indicate mass, then an adjustment factor cJ has to be applied
	The problem of this approximation is that the adjustment factor cJ depends on the density of the object.
	In order to understand this effect, lets consider that the balance is adjusted with a mass standard made of stainless steel before use.
	In order to understand this effect, lets consider that the balance is adjusted with a mass standard made of stainless steel before use.
	In order to understand this effect, lets consider that the balance is adjusted with a mass standard made of stainless steel before use.
	For improving accuracy, conventional mass is used for adjusting balances. Now we are going to find a new adjustment factor cJ  
	With the new adjustment factor cJ   let’s find the indication fo the balance for an object of mass m and conventional mass mC 
	With the new adjustment factor cJ   let’s find the indication fo the balance for an object of mass m and conventional mass mC 
	The difference between the readings of a balance and the conventional mass of an object is much more smaller than the difference between the readings of a balance and the mass of the object.
	The difference between the readings of a balance and the conventional mass of an object is much more smaller than the difference between the readings of a balance and the mass of the object.
	The difference between the readings of a balance and the conventional mass of an object is much more smaller than the difference between the readings of a balance and the mass of the object.
	Now, we know how to relate mass with a balance readings and are able to write the basic model equation for some measurements.  
	Now, we know how to relate mass with a balance readings and are able to write the basic model equation for some measurements.  
	Now, we know how to relate mass with a balance readings and are able to write the basic model equation for some measurements.  
	Now, we know how to relate mass with a balance readings and are able to write the basic model equation for some measurements.  
	Some comments on mass standards
	Requirements for mass standards are defined in the document OIML R 111-1:2004
	Mass standards are classified in “accuracy classes”, each class has error limits or tolerances called “maximum permisible errors”.  
	Relative maximum permissible errors increase for weights with nominal values smaller than 1 kg.
	The material shall corrosion resistant and such that the change in the mass of the weights shall be negligible in relation to MPE; the shape should assure stability and easy handling.
	The density of the materials shall be such that a deviation in the air density of 10 % of 1,2 kg m–3 does not produce an error exceeding one-quarter of the absolute value of the maximum permissible error.
	The density of the materials shall be such that a deviation in the air density of 10 % of 1,2 kg m–3 does not produce an error exceeding one-quarter of the absolute value of the maximum permissible error.
	Have in mind that in some extreme cases Table 5 of OIML R111 may not apply
	Have in mind that in some extreme cases Table 5 of OIML R111 may not apply
	Have in mind that in some extreme cases Table 5 of OIML R111 may not apply
	Measurement model for mass standards calibrations (substitution weighing in air). 
	The model equation for calibration of mass standards by direct comparison has some assumptions… as any model.
	First we are going to derive an equation for mass.  This is not the only way.
	First we are going to derive, step by step an equation for mass.
	First we are going to derive, step by step an equation for mass.
	First we are going to derive, step by step an equation for mass.
	First we are going to derive, step by step an equation for mass.
	First we are going to derive, step by step an equation for mass.
	Now we are going to derive, step by step an equation for conventional mass.
	Now we are going to derive, step by step an equation for conventional mass.
	Now we are going to derive, step by step an equation for conventional mass.
	We can seen that the equations for mass and conventional mass similar, except for the factor (ρa-ρ0) 
	Calibrations in conventional mass may not need the buoyancy correction due to the factor (ρa-ρ0)
	The buoyancy correction can be neglected when is smaller than U/3 and its uncertainty can be neglected when is smaller than U/6 
	Air density an be determined for most applications using a simplyfied formula based on CIPM-1981/91 (Section E.3 of OIML R 111-1: 2004 (E) )
	Air density an be determined for most applications using a simplyfied formula based on CIPM-1981/91 which was updated as CIPM-2007 
	The determination of each balance readings differences need more than two values since balance indications are not stable during the weighing process
	The determination of each balance readings differences need more than two values since balance indications are not stable during the weighing process
	The determination of each balance readings differences need more than two values since balance indications are not stable during the weighing process
	ABA, A1B1…BnAn and ABBA methods applied.
	ABA, A1B1…BnAn and ABBA methods are applied.
	Example of the determination of the conventional mass value of a weight (1 kg F2, calibrated with 1 kg F1)
	Example of the determination of the conventional mass value of a weight
	Example of the determination of the conventional mass value of a weight
	Uncertainty of mass standards calibrations in conventional mass (substitution weighing in air). 
	Measurement uncertainty: “Caution.  Handle with care”.
	Uncertainty has many uses in mass metrology and metrology in general.
	Reporting measurement results with uncertainty
	How to read a calibration certificate for mass standards with reported uncertainties?
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	How to read a calibration certificate for mass standards with reported uncertainties?
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	Measurement uncertainty is also used for expressing calibration and measurement capabilities
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	Measurement uncertainty is used for evaluating measurement results 
	GUM framework used in mass metrology
	GUM framework is based on the linearization of the measurement model
	GUM framework is based on the linearization of the measurement model and on the use of two concepts of probability at the same time.  But for practical purposes it works.
	For the calibration of mass standards in conventional mass, the following expressions apply.
	Now, we’ll review the evaluation of each uncertainty component, step y step
	The standard uncertainty of the weighing process (ABBA) is given by the experimental standard deviation
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