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Summary
The Working Group for Fluid Flow (WGFF) defines Calibration and Measurement Capability (CMC)

uncertainty (Ucwc) as the root-sum-of-squares (RSS) of:

1) a type B base uncertainty of the reference standard obtained by using the law of propagation of
uncertainty as described in the GUM™ and

2) a type A repeatability of n calibration results measured using the Best Existing Device (BED), i.e.,
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UCMC - k95uCMC - k95 ubase + urepeat, BED (1)

Ucmc represents the 95 % confidence level uncertainty of the average of n calibration results for the Best
Existing Device using the reference standard. The number of measurements n should match the normal
procedures recommended by the lab during calibration of a customer’s device or that may be used

when providing services to clients. The quantity u is the standard deviation of the mean'® of n

repeat, BED

repeated measurements performed on the best existing device under test. The quantity U ... sep

should be evaluated at various set points within the range of the lab’s capability.

Two methods are acceptable for calculating a 95 % confidence level result from the finite number of
repeatability measurements:

1) using the Welch-Satterthwaite method to find the effective degrees of freedom and kg5 as explained
in Annex G of the GUM, or
2) using the 95 % confidence level t-value for n-1 degrees of freedom, divided by 2 and assuming kqs = 2,

2
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i.e. Upe =2 usase + where s is the sample standard deviation of n repeatability

measurements.?!

These Guidelines suggest how the GUM, CIPM MRA-D-04" and the ILAC Policy for Uncertainty in

[5]

Calibration™” should be applied to the estimation of uncertainty in a CMC. The uncertainty

! Guide to the Expression of Uncertainty in Measurement, JCGM 100:2008.

2 s/+/n where s is the sample standard deviation of the n measurements.

*Forn>5,and Vn ubase/srepeat‘BED between 5 and 0.5, this approach gives larger Ucyc values than Welch-
Satterthwaite by as much as 13 %. This statement assumes that the degrees of freedom for uy, is large and
can be considered effectively infinite. In cases where uy,s is not large, the Welch-Satterthwaite method should
be used.



contributions due to instrumentation associated with the device under test (e.g. for pressure or
temperature) and the effect of property uncertainties on the DUT are assumed to be zero for Ugyc
but must be included in calibration report uncertainties. Guidance on reporting the uncertainty of
the mean performance indicator'® for a customer’s device is given in the latter part of this
document.

1. CMC Uncertainty
Base Uncertainty

It is current practice for laboratories to establish a detailed uncertainty budget accounting for all the
recognised measurements and sources of uncertainty to establish the uncertainty of the quantity of
fluid contained within, delivered by, or passed through a device under test. The base uncertainty of
the reference standard (upase) is determined by a propagation of uncertainty analysis as described in
the GUM. It is expected that each identified measurement, instrument, and influence factor is
assessed for repeatability, stability, reproducibility, and historical performance as part of this
exercise. The magnitudes of some uncertainty components (e.g., the uncertainty from density
changes of fluid in connecting volumes, or diverter errors) are often based on experiments
dedicated for that purpose and must be included in the uncertainty analysis. Sample uncertainty
analyses are available in the literature for the commonly used types of reference standards. [7.8,9, 0,
11,12, 331 Thage valuable examples help labs to identify uncertainty contributors and give benchmarks

for reasonable values of their magnitude.

NMis have performed uncertainty analyses on their reference standards, but not all have fully
accounted for the performance of the complete, assembled calibration system over the full range of
use. In some cases, important uncertainties introduced by the dynamic performance of the
calibration system, which are best quantified by experiment, have not been included. Means for
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assessing and including this additional uncertainty in a consistent approach which can be adopted by
the NMlIs and accredited flow laboratories worldwide are described next.

Repeatability of the BED, U,,... g
The repeatability component measures the ability of the facility and a DUT to produce the same
results over a short time period at points spread across its operating envelope. It is included in the

CMC uncertainty in order to include uncertainty from sources that are presently unknown and
therefore not captured in the propagation of uncertainty analysis.

To measure this component, a commercially available DUT with inherently good repeatability (the
BED) is tested in the calibration system. Equipment and data to quantify this component are often
already available from check standards used for a laboratory’s quality system. By the nature of the
test, the result will be a combination of the repeatability of the chosen BED and that of the facility.

Procedure for Assessing Repeatability

The procedure should be designed considering the financial budget available and the normal
working practices of the laboratory. The procedure for a flow calibration is:

1) Establish the range of flows, temperatures, and other conditions listed in the scope of the
facility to be covered.

2) Define a number of test flows and conditions which within the normal working practices,
should demonstrate the least stable conditions and one or two which should demonstrate
the most stable conditions. (The least stable results are generally found at the highest or
lowest ends of the reference standard range.)

3) Identify the BED to use for each test.

4) Working within the operating procedures of the laboratory to ensure each test can proceed
without interruption within a working day, perform multiple calibrations under stable flows
and conditions to produce performance indicator values for the BED. The number of repeats
should match the normal practices used when calibrating a customer’s device or may be
used when providing services to clients. If procedures dictate less than twenty points, the
effect of the smaller sample should be fully recognised in the analysis by using the Welch-
Satterthwaite or t-value approaches described below.

5) For each set of points, examine the data to determine the distribution to establish if a
‘normal’ or Gaussian distribution can be assumed.

6) If the distribution is approximately normal, calculate the sample standard deviation of the
mean, s/+/n. If the sample size is twenty or greater, the standard deviation of the mean can
be combined by RSS with the base uncertainty and expanded using a coverage factor of 2. If
the sample is smaller than twenty then, 1) use the Welch-Satterthwaite method to
determine the degrees of freedom and the coverage factor necessary to achieve a 95 %
confidence level, or 2) multiply the standard deviation by the 95 % confidence level t-value
for n-1, divide by 2 to give the standard uncertainty for RSS with other components, and use
a coverage factor of 2 on the RSS to obtain the expanded uncertainty. If the distribution of



the results is not normal or Gaussian, then further consideration and assessment is
necessary to determine the correct statistical approach.

The procedure for a volume calibration is:

1) Establish the volume range and type of volumetric equipment covered in the scope of the
calibration system.

2) Select the instruments (BED) to be tested.

3) Perform n tests of each instrument at the chosen volume, where n is the number of
repeated measurements normally performed on a customer’s device.

4) Work within the operating procedures of the laboratory to ensure each test can proceed
without interruption within a working day.

5) Take the sample standard deviation of the mean of the repeated measurements and

a) use the Welch-Satterthwaite method to determine the degrees of freedom and the
coverage factor necessary to achieve a 95 % confidence level, or

b) multiply the standard deviation by the 95 % confidence level t-value for n-1, divide by 2
to give the standard uncertainty for RSS with other components, and use a coverage factor
of 2 for the expanded uncertainty.

Note that sample standard deviation of the mean (s/+/n ) is used here to quantify repeatability, not
sample standard deviation because the goal is to capture the uncertainty for the average of n
measurements from the reference standard.

The CMC uncertainty can be stated as:

1) the largest value over the operating range of the facility or calibration system or
2) afunction describing the uncertainty across the operating range or
3) atable showing how uncertainty varies over the operating range or volume range.

2. Reported Uncertainty for the Performance Indicator in a Calibration Report

The result of a calibration of a customer’s device is reported in some form of “performance
indicator”. Examples of performance indicators are error, meter factor, K-factor, and discharge

coefficient. When the uncertainty of the mean performance indicator for a customer’s device U, is
reported, it will include additional components over the base uncertainty due to:

1) instrumentation and characteristics associated with the DUT u,,
2) fluid properties (if applicable) u, ., and

3) repeatability or short-term reproducibility for the customer’s DUT u and the

repeat or reprod, DUT 7

uncertainty of the performance indicator can be expressed as:

_ _ 2 2 2 2
UPI - 2UPI - 2\/ubase + uAI + uprop + urepeat or reprod, DUT . (2)



Other uncertainties can be included at the discretion of the lab. Note that the reported uncertainty
of the performance indicator must not be less than the uncertainty stated in the CMC at that point

in the operating range, i.e. U,, must be>U,,. . "

Associated Instrumentation and Property Uncertainties

Laboratory instrumentation is often used to measure output quantities from a flow device under
test, like pressure, temperature, frequency, voltage, or current. These instruments associated with
the DUT contribute to the uncertainty of the performance indicator. For some DUT'’s the
uncertainties of fluid properties like density, viscosity, or thermal conductivity affect the uncertainty
of the performance indicator reported by the laboratory. Using the example of a critical flow
venturi, the contributions of the pressure and temperature instrumentation to the uncertainty of
the discharge coefficient are,

’ 1
uar = [ug +uf (3)

The uncertainties contributed to the performance indicator by the uncertainty in fluid properties for
a critical flow Venturi are,

_ / 2 1.2
uprop -_ uc* + ZuM ’ (4)

where C* and M represent the critical flow factor and the molar mass for the gas.

For volumetric instruments u,, and u,.op can be related to the characteristics of the customer’s
volumetric instrument under calibration that may be insignificant for the BED and not included in
the base uncertainty, e.g. the scale resolution, the expansion coefficient of the material, the
meniscus reading, evaporation rate, etc.

The uncertainty components that apply in the associated instrumentation and properties categories
must be considered on a case by case DUT basis and quantified by a thorough uncertainty analysis
just as for the reference standard, following the GUM.

Repeatability or Short-Term Reproducibility of the Customer’s DUT

The type A uncertainty contributed by the customer’s device must be included in the uncertainty of
the performance indicator. For flow calibrations, most laboratories make multiple measurements, at
multiple set points, on more than one occasion, and often approach the set point from different
directions on different occasions to assess hysteresis. A variety of methods are acceptable for
quantifying Urepeat or reprod, DuT, from these various sets of data, but in all cases, the method must be
clearly stated in the report. Acceptable methods are:

1) The Welch-Satterthwaite method and effective degrees of freedom applied to multiple
measurements at each set point,
2) The sample standard deviation of the mean of multiple measurements at each set point

(s/+/n) with statistical corrections using the t-value for the finite sample size,



3) The sample standard deviation of multiple measurements at each set point, with weighting
based on the t-value at 95 % confidence for the number of points and then divided by 2 to
give the standard uncertainty for RSS with other components.

Note: where two or more sets of data are taken at one set point, the standard deviations may be
pooled.

Long-Term Reproducibility and Inter-Laboratory Comparison Results

Long-term reproducibility measures the calibration system stability over years. By means of trend-
analyses, (based on results of frequent cross checks between facilities, recalibration campaigns, and
lab to lab comparisons) calibration system’s drift behaviour can be derived and used to underpin the
estimated uncertainty budget for drift. Such analyses can be based on e.g. ISO 7066-1 (linear
calibration relationships) or ISO 7066-2 (non-linear relationships) where a model can be established
to indicate the shift over time of the reference value disseminated by the facility or calibration
system. Obviously, models can only be made on the basis of enough results over time. Therefore,
due to a lack of information, a new facility’s trend (stability) figures will initially be based on the
experience of the expert.

Comparison results (proficiency tests) are required to validate these models or estimates of NMls
and accredited laboratories. Failing to show consistent long-term reproducibility and comparison

results that support a laboratory’s CMC can result in suspension of a CMC entry or accreditation if
appropriate corrective actions are not taken.

There is no established approach for including comparison results in a laboratory’s CMCs. A
laboratory that obtains unsuccessful comparison results (i.e. standardized degree of equivalence
| E. |> 1) must conduct diagnostic tests and re-examine their uncertainty analysis and revise their
CMCs or improve their measurement system.



