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ABSTRACT

This Recommendation was prepared by representatives of 9 national standards laboratories
participating in EUROMET Project 220.
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* components are dlfferent and 50 they are consxdered separately in sechons 3 and 4

: ‘.vjuncertamtxes) ‘After summation by . roct-sum»of—squares addition’ the combmed standardj
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It gives procedures for the evaluation and subsequent combination of the various component
measurement uncertainties of pressure balances, otherwise krown as deadweight testers or
piston gauges. The pressure medium may be either liquid (usually cil) or gas.

In this document the chosen measure of uncertainty corresponds to the ‘standard uncertainty’
propased by ISO Working Group TC69/5C6/WG3, The recommendations are consistent with
those of 1SO Working Group TAG4/WG3 [1] and also those of the BIPM and WECC working =
groups on uncertainties [2,3]. The recommendations in this document are intended for use =
only by national standards laboratories and are not intended to replace those followed by ihe o
secondary calibration laboratories accredited by WECC mem‘oers :

A common feature of all 2 recommendations mentxoned in the prevmus paragraph is the =
classification of uncertainty contributions into 2 categories - type A and type B. The former =

' are frequently referred to as random uncertainties and, in-principle, the calibration laboratory -~ -
" can reduce their magnitude by taking more observations. On the other hand, typeB =~ . |
uncertainties correspond broadly to the type formerly referred to as systematic. uncertainties. . .
Their magnitude is détermined by the quality of the pre-detérmined data used in calculating 7
~ the results. These data include the- metrologxcal characteristics ‘of the standard and. its .
ancillary equipment, together with the assumed values of such quantities as fluid densities
-and ‘thermal, expansivities. The statistical treatments of type A and type B uncertamty L

_When combmmg uncertainty. compunents whether they are type A or type B all theu' valu&s e
should be 'converted initially into" equivalent single standard ‘deviations ' (standar

g uncertamty can, if desu'ed be converted to an” expanded" uncertamty at-a's




condidence fevel by wnaltiplying it by an uncertainly coverage-factor k. The WECC prefers the
use of the coverage-factor k=2, which generally {:onespox‘de to a ccnfidence level of
approximately 95%.

The results of the calibration of a pressure valance by a national standards laboratory are
generally expressed in terms of the effective area of the piston-cylinder assembly, which is
pressure-dependent, and the masses of the piston unit, the weight-carrier and all the ring-
weights. This Recommendaiion concentrates onr the evaluation and expression of the
upcertainty in effective area. '

Occasionally the results of a calibration may be expressed in terms of the pressure generated
by the balance when the piston is supporting specified combinations of weights under
defined conditions of temperature and gravity. This case is considered in section 7.

2  THE PRINCIPLE OF THE PRESSURE BALANCE AND ITS CALIBRA’I‘iON BY

CROSS-FLOATING -
In a pressure balance the upward force due to pressure acting on the base of a piston located
in a closely fitting cylinder is balanced by downward forces due, principally, to the force of
gravity acting on a stack of weights supported by the piston. The equxl bnum condltlon may .
be expressed by the equation: ‘

Fp,D) = p. ApT S

where:  F(p,T) is the sum of the downward forces
P is the pressure acting on the base of the piston
T is the temperature of the pi‘sfonl-cylihder essembly . :
and , A(p,T) s 1ts e‘ffécti;ve- cross-secﬁdr;al area. | |

:JF(p,T) is thus a function of the supporting pressure. A(p,7) is also a funiction of pressure

because the piston and cylinder both distort on the applicaticn of pressure; the effechve area S

also changes w1th tempemhzre as a consequence of thermal expansmn

| "_T,he total downward force F(p,T) actmg on the pxston 15, in practxce, the sun of
.components and may be. expressed by the (—.quatmn ' s -

... F(pT) =gcosb |m b «m | LY e
S R N R BT
ST - o\ " Py * "
V ‘;'_ ""giCQSB,v.pi 1‘-& ""SC +gp‘ ]_ A

= where g 1s the local accelerahon due to grawty

o : B lS the angle, mtended to be zero, berween the 3p15t0n ams
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is the reference pressure, this is normaliy zeto in the gauge mode and as.
o measured by the vacuum gauge in- the absolute mode ST
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ia the true mass of the pisjon

is the density of ambient air

is the density of the piston

is the true mass of the weight-carrier
is the density of the weight carrier

is the additional true mass necessary to balance the minimum calibration
pressure

is the density of the added masses necessary to balance at the mmrmum
calibration pressure

is the additional true mass necessary to balance that part of the pressure in
excess of the minimum calibration pressure

is the density of the masses added fo achieve balance at pressures above
the minimum calibration pressure ‘

is the buoyancy volume, if any, of the piston, dependmg on the level of the =
base of the piston relatwe to the datum level of the pressure balance

is the densrty of the pressure medlum

s the surface tensmn of the pressure medmm

is. the crrcurnference of the plston .

is the chst::mce of the base of the plston below the reference level at wluch‘:’-' ;

the pressure is to'be measured

oo :,"-'%Plstoﬁ of the standard 1e




From equations 1 and 3, we obtain

| FpT)  FpD @

AT A(pN
Hence
' A(p, )  FlpD

. - - R.T B
AeD CEeD D

where R(p,T) is the ratio of the downward forces acting on the testee and the standard.

[

From equations 4 anud 5:

F(p,T)
/T N) (&)
AlpT= AP T —— F( T
which may otherwise be stated as:
A(pD= A(D. RpD o ,':(;_;)‘t

@

-~ The effective area of the testee is thus expressible in terms of the effective area of the
standard at the pressure and temperature of each crossfloat observation. It is normal practice,
however, to convert effective areas to the values which they would have at'a constant
reference temperature T, (usually 20°C), rather than to express them at the various . - . ..
temperaturesat which the crossfloat observations were taken. The conversxons of effective Lo |
areas to those at the reference temperatu:e are made using.the equahons ‘ »

A' ( prT')

CAMDT) = '
o ‘ -t(‘P - ‘{l +a:-(Tt_.“Tr)}:
- and ¢ R
o (p_.T) P
1) ‘ NI ) RN
A,V(p‘T,)‘ A +{1(T »T)l

'_where 0 | and 0, are the ared thermal expansxvmes of the pxston—cyhnder assemblxes of-the
"/ testee and standard respectlvely If the piston and cylinder of an assembly ‘are made fro
K ;zl;’;-dxfferent matenals then the mean value of area expanszvmes of the pxston md"c'ylin’dér ‘

e -Puthng T T in equatlon 5 and combmmg mth equat:ons 8 and 9 one obtams

L F(p,T)
LRI =
n - q(T T)]

k'\.ﬁrj

p(p,ﬂ
”-F‘P'r”n;acr T
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Froim equalions &, 8 and 9 one obtains:

Alp.T) [+ ofl - T
AP ppm L ot - ) (12)
AlpT) [+ (T, = Tl :

which may be re-arranged to give:

1+ a( -T)
AlpT)=AM®T) RpT ¢z T {13
{pT) = Ap.T). Rip TR

which is the basis of the conversion of measured effective area to that at the reference
temperature.

3 TYPE A UNCERTAINTY COMPONENTS

The results of an effective area determination are usually expressed in'two parts

i)  The effective area, A(Q,T)), at zero applied pressure, corrected to ‘the’ reference"- .
temperature T, and : : '

ii}  the coefficient or coefficients quantifying the dependence of the effective area on the, )
applied pressure

However, for some low pressure gas balances the change of effective area with- pressure R N
negligible and it is sufficient to give a mean value for the effective area over the whole of the'
calibrated range. The repeatability of such a balance may be quanhﬁed by the expenmenta]:. s
-2 stendﬁard de\uahon of the values of effectwe area obtamed , o

- '.The uncerlamty in the mean value of the effectlve area may be quanhﬁed by the- e
. expenmental standard deviation of the mean, otherwise known as the stnndard error ofthe. i~
. .1mean; which is obtained by dividing the experimental standard dewatlon of the values of"' o
‘ ‘effectlve area by the square, root of the. number of observabons R e

, ‘.'-The expenmental results from a crossﬂoat cahbrahon nearly always have p,. the apph "
.. pressure’ measured at the datumlevel, as. the mdependent variabie,” x. The dej
- .variable, y, may be-either A{p,T)), the calculated value of the effective area at the_? refe
o “ : f;temperature or, altemahvely, R{p,’r ), the calcujated rat:o of the net downward forces
" -wouid be supported at ‘crossfloat” equilibrium and at the: reference ‘temperature b

' "“pressu.re actmg on. the plSl'ODS of xhe standard and the mstrument bemg Cﬂllb ed In

S o jvanable wﬂl be represented by the symbol y(p,T,)

Except in the case’ of low pressure gas balances, azready dlscussed above, the procedure
wzth fmdmg the polynormal which flts the expenmental resi Kbest‘_a_e_jcord



whether it is & consequence of a real physical cause, such as 2 re-enirant design of cylinder.

Provided thal any noreiinearity is considered to be vandom or insignificant, a simple 1st
degree pol ynom‘al of the following form may be used:

ypT) = a + bp (15)

The curve-fitting method of Gauss, which is described more fully i in Appenduc B, will then
vield the following quantities:

a)  p, the estimated mean value of p

trid

b) »» the experimental standard deviation in p. the estimated mean value of p

¢) ¥, the estimated mean value of y(p,T)
d) .E‘ly, the experimental standard deviation in ¥, the estimated mean value of y(p,"i";)
e} b, the gradient of the best-fit straight line passing through the centroid ( p, ¥ ). This is
the line which gives the minimum value for the sum of the squares of the residuals (1e
for V, the variance of the residuals)
) E,,, the experimental standard deviation in the estimattedyalue ofb
'g) 'V, the variance of the residuals
-V is a measure of the repeatability of the measurement process and one would not expect it o o
change significantly if the number of measurements is increased. On the other hand, ELE.!‘
and E, are the experimental standard deviations of the best estimates of the values of p, ¥

and b; one would expect these to be reduced by a factor of apprommately 'Jn 1f the number'_‘ o : \ ‘
- of measurements is mcreased by a factor n ‘ N

| Usmg P; y and b itisa 51r1ple matter to calculate the mtercept of the ﬁtted stralght lme w1th-,
Q"theyaxxs ‘ : . . . , LAY

o E, the expenmental standard dev:atmn in the estlmated value of y(p,T,) varies w1th p and‘ S R

. is a minimum at the centroid, where it is equal to: E, The expenrnental standard devxabonf., R SRR

i 1n the esnmated value of y(p,’l‘,) at any other pressure p wﬂl be larger and Is. ngen by o
E{P) \/_E +[ -P”El’}
o Th he experlmental standard devmhon in the eshmated value of the mtercept (1e at

E(O) J‘E +[“E]2

_'-‘.:':“'..Smce H, is’ a funchon of p, 1t should be quoted enther for selected values of p or,‘othenmse,,;
;' the: whole of the: cerhﬂcated pressure ange should be tated
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wer section 7L

it should be noted that, so far as type A uncertainties are concerned, E,{p, T} will generally
be less than E {0, 7} throughoui the calibrated pressure range.

As pointed out in the recommendations of the WECC Working Group on Uncertainties, the
values of the experimental standard deviations obtaired as above may be underestimates,
particularly if the number of observations is less than 10. The number of observations should
therefore be always at {east 10. If, in exceptional circumstances, there are unavoidably less
than 10 observations, then the experiniental standard deviatiors should be multiplied by a
factor which is based on both the Student distribution and the Normal distribution. This
factor also depends on the number of observations and on the uncertainty coverage factor —~
k by which the uncertainty values will subsequently be multiplied (see WECC Document 19-
1990, Appendix B Table 1).

The method of combining the type A and type B uncertainties to produce Cl combmed
uncertainty will be discussed in section 5. _

4  TYPE B UNCERTAINTY COMPONENTS

The analysis of the uncertainty components for the results of a pressure balance calibration - |
is a complicated process, so it is useful to start with a summary before considering the
detaﬂs :

" From equation 6, the relative standard uncertainty in A.(p,T) will be gwen by the root—sum‘
f—squares of the relative standard uncertainties in A,(p,T), F {p,T)-and F,(p,T). This being so, - -
‘the ‘method proposed in this Recommendation for determmmg the relatwe standard" RS
‘ uncertamty in A(p,T) has the following steps: ‘

i) Evaluate the uncertainties for the downward forces acting on the plston of the pressure o
',balance bemg cahbrated These uncertainties are of 3 types : S

| .:a).: those present at the minimum cahbrat:on pressure

| b :-f‘those proporhona] to. the amount by w}uc}~ the pressure exceeds the mmxmumf
‘ 'cahbrahon pressure ~ - o .

o those proportlonal to the tctal operatmg pressure

u) Repeat (1) above for the standard pressure balance : L

- i) “Evaluate the relatwe uncertamty in the raho of the forces as a functzon of pressure (thnsj.
7. ratio is also the raho of the effectxve areas) AT

',fr;iy)} : -incorporate the type A relahve uncertamtres in the force ratxo K

o v) ,‘:-Incorporate the preSSure-éependent uncertamhes in the effectlve area of the smndard o

j- : vx) mulhply by the chosen k factor o



. conversions of the effective areas'to those at the. reference temperatiire. (equatmns 8and
“ . itis necessary to take into account the’ uricertainties in the thermal ‘expansiviti

minimem, i

f

s
F(p,T) = g cos & {mp {1—-&.1 + 1, { —..p_“_J + I LI —fi] - V., [1 ~E.?.J
P, P P e

b J AP, T) + gcosB.M |1 ~ Pa (i8)
P, P

f

+ 5.+ g.p, [I

The quantities on the right-hand side of equation 18 are known as infiuence quantities, since
they all can have an influence the value of F{p,T). The relationship between an error 3Q in
one of these influence quantities Q and the resulting error OF in the force F(p, T} may be
expressed in the form: :

§F = C; . 3Q - (19)

where Cg; is referred to as the sensitivity coefficient. Senmtmty coefﬁcxents may be R
determined by partial differentiation, ie : SR

oF

* 35 CORNE

C

“Alternatively, they may be found by the use a' computer program in which each mﬂuence"',- ;',':-__ -
- parameter in turn-is taken'in several increments through its mean value ina FOR NEXT"'; S R
. sequence and the correspondmg changes in F calculated S

' ;' ‘The sensmv:ty coefﬁcxents for the mﬂuence quant1t1es m equahon 18 are gwen as’ part:al, |
) rdifferennals in Appenchces A1, A2and A. 3. :

- -As’ stated in sechon 2, it is normal practlce to: quote values of e‘fectlve Area corrected te a; ::i
.constant reference temperature T, rather than those at the varying temperature at-whichthe -
~crossfloat observations were taken. In determining the uncertainties associated’ with: the’

. - measurement of temperature As'in the case of the force uncertamnes, the conversion.r Tequire
. ‘,j‘fthe calcu]atlon of sensxtmty coefﬁments Theae coefﬁaents are. givex:l_lm‘-Appendlx A.2. L

":‘Usmg equatlon 13 1t 15 next p0551ble to wom out for each test pressure p, the amoun

ummed by- root-sum-of-squares addmon



Tae process of uncerizinty sunmmation by linked spreadshests I8 illustrated by the example
in the following section.

_&_}'
ﬁ 5 EXAMPLE OF A BUDGET OF UNCTERTAINTY COMPONENTS

The example chosen for this eaction relates to che calibration of a pressure balance having a
steel piston-cylinder assembly and cast-iron ring-weights against a standard having a
tungsten carbide piston-cylinder assembly and stainiess-sizel ring weiy ¢s. There is also a
significant height difference between the two pressure balances.

Many of the uncertainty components covered by the spreadsheets (Appendix C) are very
smali and could be ignored without significantly affecting the value of the total. However,
since their inclusion by no means overtaxes the capabilities of a modern personal computer
they have been rctained. This guards against the possibility of their being significant for |
unforeseen developments in design or for changes in cperating conditions.

All type B uncertainty components are converted invo singie, standard uncertainties. A finz}
spreadsheet links and sums the data obtained bv the preceding spreadsheets and enables the
incorporation of the pressure-dependent uncertainties in the effective area of the standard
and also the type A (random) uncertainties arising in the calibration process.

The spreadsheets in Appendix C (on pages 20 to 27) represent an example as follows

No1i.  Basicdata on the testee, the standard and the operating conditions, reqmred in ‘hej';_ _ .
subsequent spreadsheets. :

No 2A. The uncertainty in the downward force acting on the piston of the testee at the' -

: minimum calibration pressure. Column 1 lists the influence quantities, column 2 - ©
their units of measurement and column 3 their approximate values. The- . ' .-
uncertainties are entered in either column 4, 5,6 or 7, according to the: conf1dence
‘level af which ihey have been quoted: In column 8 the entries in columns 4,5,

- _c.or 7 are converted into_ single standard uncertamtxes Column 9 glves ‘th
. sensitivity coefficients - of the 'influence quantmes in newtons per unit ‘of
. 'measurement (see Appendu A.1). Column 10 is the product of cokumns 8'and 9, -
" giving the uncertainty in force. Columm 11 is the variance, ie the square of" &

~column 10.. The sum of the variances is given at the foot of this column and its - -
square-root, given at the foot of column 3, is the total uncertainty in the forceat ., .
~ the minimum calibration pressure. The bottom row in-this spreadsheet provides.. - . 7
i. ‘an allowance for poss1b1e extraneous forces, g magnet:c and eiectrostatlcvfor 5,

Lo No2B: “The uncertamty in- the addxnonel downward force requlred to act on the piston of-
.+ the testee  for ‘each pascal-of applied pressure above the minimum calibration’

" pressure. The column héadings are similar to those of spreadsheet 2A except that
.. -columns 9,10 and. 17 relate ‘to. the uncertamty in'the additional force needed:to-
; '.i,‘fbalance each pascal of apphed pressure above the miniryim cahbranon ﬁessure o

No2C The adchtmnal relatwe uncertamty in the total downward force actmg on the piston,
0 of the testee over:the' whole: calibration’ pressure-range, - ‘affer ‘corfection
_',lreference temperature, as a consequence of -uncettainties in’ -'temperamre‘.
‘the tlt ¢ f-the axis: of the piston{yhnder assembly.

‘ -special’ ppendix A.
dueto tﬂt are, proportlonal to the: square ‘of: the angle of tilt and the remt
alway blassed "nv one- dlrectlon The pr ‘sure requxred to balance a: preﬁ




balance at a given ioad 15 redduced as the angle of Hlt 1s increased. This applies (o
oth the sta n.;e;d and the instrument being calibrated.

The information from spreadsheets 2A, 2B and 2C is fed into spreadsheet 6 to enable the
calculation of the relative uncertainty in the downward force on the piston of the testee
instrument at each nominal calibration pressure, corrected to the reference temperature. This
is shown in columns 2 and 3 of spreadsheet 6.

No 3A.  The uncertainty in the downward force acting on the piston of the standard at the
minimum calibration pressure.

No 3B. The uncertainty in the additional downward force required to act on the piston of
the standard for each pascal of appiied pressure absve the minimum calibration
pressure.

No 3C. The additional relative uncertainty in the total downward force acting on the piston
of the standard over the whole calibration pressure range, after correction to the
reference temperature, as a consequence of uncertainties in temperafure
measurement and in the tilt of the axis of the piston-cylinder assembly.

The information from spreadsheets 3A, 3B and 3C is fed into spreadsheet 6 {o enable the
calculation of the reiatr'e uncertainty in er downsvard force on the piston of the standard -
instrument at each nominal calibration pressuie, corrected to the réference temperature. This
is shown in colurans 4 and 5 of spreadsheet 6.

. Column 6 of spreadsheet 6 combines the relative uncertainties of columns 2to 5 to gwe theu‘-“ o :
cmtnhuhox‘ to the relatwe uncertamty of the total force ratio. I

“No 4A The uncertgmty in me d fference between the downward forces on the two pxstons"‘f SN
“at the minimum calibration pressure due to factors which influence them both,
o -such as- a:nment air densnty flmo density and vertlcal hexght d1fferenco '

‘No4B. - The uur‘eri:amty in the d:ffefence between the add:honal downward forces on- the =
- T two pistons at pressuye above the mxmmum cahbranon pressure aue to. factors :
'_' ‘-whzcﬁ mﬂt.ence ‘hﬂm both . 5

‘ 5—"I_'he u.n e*tam‘v in the force d:ﬁ‘erence obtamed fr')m spreadsheets 4A and 4B has to be spht ol
 petwaen the two pressure balances. This has been done in proportion to their total loads, ie.
in‘proportion to th,xr .,f"echve areas, and is dxsplayed in column 7 of spreadsheet 6.

k'Spreads‘ace .5 eval_ate.s the uncertam*v n the distortion coefﬁcaent of He standard for use
S of- spreaasheet 6 wher the dlsterncn cceffxaent has been calculated us'nl

‘-;From equahon 5 the relabve uncert,amty in the total-force mtxo is also tho relahve uncertamty.-.
*: in the ratio of the effective ateas, excluding the contnbutmn due tothe felative uncerfainty
. ;m the effect:ve area: of the standard. ‘Hence, bv the RSS Sﬁmmahon of columns 6 and 7 of -

squar (RSS) summat:on" or each of ar senes ‘of noy
‘illusi the. cahbraho‘ "ange has been divided-intc



L . 'engagement length'is long compared with the piston didmeter then it is: usually sufﬁmexi

- ‘-"L'fjil_“".coefﬁc:lent 7\, can be calculated approxxmate]y by the followmg equat:on

ihe inserfion of ihe pressurs-dependent relative uncertainties in the effective area of the
standard. ¥ considered appropriate, the uncertainty in effective area should inciude a
contribution for possivle changes due to cylinder clamping forces. Column 10 is the root-sum-
of-yquares combination expressed a relative standard uncertainty.

Column 10 of spreadsheet 5 shows clearly tlat, since many uncertainty components are
pressure-dependent, the total is also pressure-dependent. If a single value is required for the
total, then it should be the maximum value in the certificated range. If necessary, the totals
can finally be converted to a different confidence level by multiplying by the appropriate
coverage-factor k.

Spreadsheet 7 is included for interest and shows the percentages by which various sources
of uncertainty contribute to the total. As is usually the case, the greatest contribution is from
the uncertainty in the effective area of the standard. In the example, the Type A uncertainties
from the cross-floating are the least significant.

6 UNCERTAINTY IN THE DISTORTION COEFFICIENT OF THE STANDARD

The determination of the uncertainty in the value of the distortion coefficient of the standard - *
is not straightforward. The method used cepends on whether the effective area and its
pressure dependence have been found by cross-floating, as is usually the case for working
standards, or by dimensional metrology and the application of elasticity theory, as is usually.
the case for primary standards.

In the latter case the value of the uncertainty of the effective area is a minimum at zero
applied pressure and increases quadratically (due to RSS summation) as one goes to higher
_ préssures. In the case of determination by cross-ﬂoatmg, the uncertainty in the effectivearea - -
- is a minimum at the mean calibration pressure and increases quadrahcally as one goes'to |
“either hzgher or lower pressures, as already: indicated by equation 16 in'section 2. If a
standard is used above its calibrated rTange, as is urauvoidable when extendmg the’ ‘pressure.
- scalé’to higher pressures, the uncertamty in its effechve area will increase’ ata rate greater' Lt
*than linearly with pressure. -

-7 "‘The ‘dependence of the effectwe area of the standard on the apphed pressure is. often ‘ I
-expressed bya polynormal of the followmg form: . : el

A (p,T) A (0':",) {1+, P 'ap - } o (21)
“—A,{l}, ,) is the effective area at zZero apphed pressure at the reference temperature and the J\. .

coaﬁclents are known as- pressure d;sn,mon coefﬁments P

. If the plston-cyhnder assembly of the standard is of ' sn’nple form and the pxston—cyhnder'"'

express the dependence of effectlve area on pressure by a lmear equahon

o ;'lf the pxston and the cy]mder are of slrnple geometry and of the same matenal the chstortion
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ano 27 {5 the outer radiug of the cylinder.

The sensitivity coefficients for these parameters are given in Appendix A.7. Spreadsheet 5
gives an example of the summation of the uncertainty componerits. It must always be
rememberad that an equation such as the above is an approximation only, and that an
additional uncertainty component should be introduced to cover inevitable errors. The
magnitude of this additional component cn.rrently under study in several standards

Iatoratories (41

7 UNCERTAINTIES FOR GENERATED PRESSURES

When the results of a calibration: are expressed in terms of the pressure required to support
specified combinations of ring weights, they are often expressed in the form of a table of
results. Unless the customer requests otherwise, the quoted pressures are calculated to be
those which would be generated under conditions of standard gravity, ie g = 9.80665 ms?,
and at a specified reference temperature, such as 20°C.

Normally several observations are taken for each set of nominally identical conditions. The
effective area is calculated .for each observation and the corresponding pressure then
calculated from a knowledge of the values of the supported masses. It is appropriate to quote
the mean value and ihe standard deviation of each set of pressures calculated for nominally

identical conditions. These values of standard deviation are an appropriate measure of the
repeatability of the instrument under each set of conditions. The Type A component of the ..
uncertainty of the mean may be quantified by the experimental standard deviation-of the mean, je
the standard deviation divided by the square-root of the number of observations in the set.. °

To this must be added, by root-sum-of-squares summation, the combined TypeB
uncertainties of the values of the effective areas and masses.

If required, the firal combined value of uncertainty can then be multlphed by an uncertamty, :

coverage—factor, k, the value of which must be stated.
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. Density of minimum added load

Density of the weight-carrier -

L g e g
APPERNDICES

SENG: NIVITY COEFFICIENTS OF THOSE INFLUENCE QUANTITIES WHICH GIVE
RISE TO TYPE B PRESSURE BALANCE UNCUERTAINTY COMPONENTS

Forces acting on pistons at minimum calibration pressure - (spreadsheets 2A and 34)

The starting point for the evaluation of the following sensitivity coefficients is

equation 2.

Mass of the piston

Density of the piston

Mass of the weight-carrier

om,,

w

aF

dp,.

AR

..

I




A2

A3

| :'.'.,Basu: equahon

."Contnbunons to the re]ahve un.,ertamty of the total forces ac*mg on' the plstons, ansmg;:‘

V0T a0 D wn rkiany g B e b gy
Fiokd surhbyice tanmon

c:ui Y]
wi o
i
P

Fluid head correction

oF P,

= B P [} —E_]A(p,T)
{

dh |
\

Forces acting on pistons, proportional to pressure above minimum - (spreadsheets 2B
and 3B)

F (p—pmm’l‘) = M.gcos® [’i - .f_‘..]
P

Mass per additional pascal

 Density ‘of added mass

:' irfrom tilt errors and from the correchons to the reference temperature (spreadsheets*'?_ o
- 2C and’ SC) '

(*”T B) U wsefea(ToT)

~ {x = correction factor for ratio of total forces )




Ad

Densxty of ﬂmd

iy vt g Fem e ey & Sl £
smperature of P70

or "
9T  cos §
Area expansion coefficient of P/C
ar - (T - Tr)

o cos 9

Tilt of axis of P/C

Force difference at the minimum calibration pressure due to influences éffecting bdﬂ\ :

piston-cylinder assemblies - spreadsheet 4A

Equation 18 is the starting point for the denvatlon of the followmg sens:hvxty.i‘,‘j ‘
“coefficients for the force differences, AF, resultmg from factors affectmg both, the testee;' R
.and the standard: | S A :

Density of air

| rrar(‘AF) g cose Eﬁ-— Do
‘ apn o O -"345i .

‘ ' 9 'm# m
- cos § |- — ~.
&g- R W

e
a aPr.




Flukd head correction

Acceleration due to gravity

HAF) { 0, Pa P, Py
=1cos Im ([1-es|+m |l-w|+m{i-_Zi-vp [1-.2
% t P[ "P] [ "w] [ "J f[ "f]

+p, |1 P -h. Alp, T} - |cosD m, 'I—.E'. R m, I-E‘_
P eoter Pp Puw

A5 Force dlfference proport:onal to the amount by which the PfESSure exc: ceds the N
" muumum cahbrahon pressure, due:to mﬂuences affectmg both pxston-cyhnder"
assembhes - Spreadsheet 4B o L

. Eqﬁatipn 18 is the Stal‘ting p’oixit for the derivation of thej following coefﬁments :

' Density-of air

= Acce]erabon due to gmvxty

34F. [ )
== cosﬁ
r-:‘ag@---




o)

A0 Hatio of o) forces, due to influences affecting both piston~cylinder assemblies -

{spreadsheet 40}

From equations 8 and 9:
F(T)¥ FEpD 1 +al-T)
FipT)  FD 1+q0-T)

Fip,T) .
"o {t +oT-T)} . {1 - o7,-T))
& _ FpD

FpT
where f is the temperature correction factor.

The sensitivity factor for uncertainty in correction factor f due to the type,B uncertainty

of the thermometers is given by:

’ af  _ -—?:d '
oo

A7 The ﬁncertai;ity in the calculated distortion éoefﬁ_c:ient - (spreadsﬁéet 5 o -
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B3 BOUATIONS FOR FITTING A STRAIGHT LINE TO A SET OF PAIRS OF
EXPERIMENTAL OBSERVATIONS

A convenient way of finding the best equation to characterise a set of experimental
points is to use the method developed by Gauss. Only the case of a linear equation
{straight line graph) will be considered here.

Suppose the independent variable is denoted by x and the dependent variable by y. In
the context of this procedure x is usually the pressure p, while y is either.the.effective
area of the testee at the reference temperature, Ap,T ), or the ratio of the effecti';'e area
of the testee to that of the standard at the pressure p and the reference temperature.

Suppose that in the general case the best fit straight line is given by the equation: |
y =a + bx | S '
‘where b is the gradient and a is the intercept of the line w:th the y axzs The method' .
of Gauss finds the equation of the straight line which has the lowest value for the sum-, o
of the squares of the differences between the expenmental values of y and the .values o
calculated, using that equation and the experimental values of x. In the version gzven' |
'below all expenmental observations have been given the same welghhng o

o Suppose that there are n paus of expenmental pomts 'I'hen the gradxent b of the best-

L~ e gy
- S b - niixy) - L xXy

TRICD - @ X

""" where the sumimations are for the n pairs df:kexpe‘ri‘mental points.. . - o

| ‘The intercept-a of the best:fit straight line with the y axis is given'by:

a=lpy po (2o -ExTyll
B R G5 1S EOR | R




The variance V of the residuals is given by

Ve L AEx? - (D - EXY) - Tx Lyl
nin - 2) 2D - ()2 -

V,, the variance of a is giv' 1 by:

while V,, the variance of b is given by:

n

e
nX (x?) - (€ x?

In the context of this procedure, the effective area extmpo}ated to’ z.ero apphed pressure’ '_
“will be derived from a, the dxstorhon coefﬁment will be denved from b and thexr . o

standard uncertamhes from V, and Vb respecnvely

b
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