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1- The current Definition of Sl of pressure measurement units

Pressure is the amount of force applied
perpendicular to the surface of an object
per unit area and the foritis p (or P).

The Sl unit for pressure is the pascal (Pa),
equal to one newton per square metre
(N/m?, or kg-m™1-s72),

Pascal is a so-called coherent derived unit
in the S| with a special name and symbol.
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2- The new Definition of S| of pressure measurement
units

After the redefinition of the International System of Units (SI),

pascal, the Sl unit of pressure, can be calculated more accurately because,

according to _, the pressure depends on temperature, gas
number density, and few fundamental constants like Boltzmann’s

constant, the universal gas constant, and Avogadro’s number.

pe<(n—1)kgT. P = pykaT py =N/ V
N =VN,
P= kﬁT (p.-‘\-' + Bpp.-\-'z + Cpph’a +—-=—— = )

the precise measurement of pascal depends majorly on gas number
density, which can be computed using optical techniques. Quantum
calculations involve calculating pressure using optical methods, also
known as the quantum realization of pascal.
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Primary systems in pressure metrology

2-1 Pressure Balance

2-2 Liquid Manometer
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Design Of PCA

There are basically three designs of PCA

Vi Vi

P B P
Simple Re-entrant Controlled-clearance
piston-cylinder assembly  piston-cylinder assembly  piston-cylinder assembly













2-2 Liquid Manometer

Laser Interferometer Manometers
White-Light Interferometer Manometers
Ultrasonic Manometers

Important factors in using liquid
manometers

High thermal expansion coefficient of the
mercury

Vapor pressure of the used liquids
Limited range

Sensitive to speed of changing pressure
Hazard

Large volume

Sensitive to contaminations

Inteferometers

i ater
surface

muomlIr



Mercury manometers (IMGC)

eThicker plates for the laser head

eStainless steel made support columns

e Automatic valves control

e Automatic temperature data acquisition and control
eStainless steel connection instead of Teflon between
glass tubes

eImproved design of retroreflector floats

New operating program

14



Types of Pressures b suall ¢ 5 ¥

1- The absolute pressure is usually
positive.

2- The Gauge pressure may be positive
or negative (vacuum)

3- The vacuum is usually smaller than
the local atmospheric pressure.

p (absolute)

positive gage pressure

negative gage pressure
0r vacuum

\l/

+ atmuspheric pressure

zero ahsolute pressure




The pressure measurement devices for fluid are usually measure pressure in three different
forms:

absolute pressure,
vacuum or
Gauge pressure.

Absolute pressure is the absolute value of the force per unit area exerted on the containing wall
by a fluid.

Gauge pressure is the positive difference between the absolute pressure and the local
atmospheric pressure.

Vacuum is the negative difference between the local atmospheric pressure and the absolute
pressure.

“u_n “u _n»n

The units, psi and atm, often carry a trailing “a” or “g” to indicate that the pressure is absolute or
gauge pressure. Thus, by psig, we me gauge pressure in psi and by psia, we me absolute pressure
in psi. So is the meaning of atma or atmg if nothing is noted otherwise.




andaY) Y aledll e Jazaall puad o4
Determine pressure from basic equations
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Pressure Balance

A pressure balance is essentially made up of:

O Piston-and-cylinder assembly (PCA)
= Materials; high compressive strength under elastic conditions.
» Having a very small linear thermal expansion coefficient.
= Diameter and roundness constancy inside 100 nm.
» The clearance between the piston and cylinder diameters must be small (typically
from 0.2 to 1 um) and uniform along all the engagement length of the piston in the
cylinder
= The piston must float freely along the engagement length of the cylinder without
friction or metal-to-metal contact between the two parts.
» The piston must be in permanent rotation in order to reduce possible piston-
cylinder friction

U System for the application of a known vertical load on the piston

U Auxiliary instruments






Pressure ranges of vacuum gauge products
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»Diaphragms

» Capsules

»>Bellows

»Bourdon tubes
»Cylinders
»Mechanical display

» Capacitive techniques
»Linear variable differential
transformers (LVDTs)
»Strain gauges
»Vibrating structures

> Direct resonant pressure sensors

> Pizo-electro devices
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Diaphragm Capsule Bellows Bourdon tube
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Electrical pressure gauges
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pressure gauges by comparison method

Guideline
DKD —R 6-1

Calibration of
Pressure Gauges



» Deutscher Kalibrierdienst (DKD)

The DKD comprises [l JEHGLEEL LI IR RL E IR {gERenterprises,

, technical authorities, inspection and testing
institutes. They are accredited and supervised by the DKD.

The DKD calibration issued by these laboratories m

traceability to national standardsgER in the 1ISO 9000 family and

ISO/IEC 17025.

It =132 metrological basis for the inspection of measuring and test
within the framework of quality assurance measures.
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> Purpose and scope of application

This Guideline serves to establish minimum
requirements for the calibration method and the
estimate of the measurement uncertainty in the
calibration of pressure gauges.
It applies to pressure gauges,
pressure gauges and pressure

for absolute pressure, differential

pressure and overpressure with negative and positive
values.



> Reference and working standards

Tnez calivratiorn takes place by direct cornparisorn of the measurement values for the calivration iterm

-

with those of the reference or working standard which has been directly or indirectly traced back to 2

The reference standards such as pressure balances and liquid-level manometers. They are calibrated at

the PTE at regular intervals and a calibration certificate is issued for them stating the expanded
uncertainty under reference conditions.

Thnz working standards documented in the quality manual of the DKD Iaboratory are calibrated in an
accredited laboratory and a calibration certificate is issued for them siating the expanded uncertainty

under reference conditions.

Recommendation:

The rmeasurernent uncertainty which is attributed to the measurement values of the r
working standard should not exceed 1/3 of the uncertainty airned, which will probably be attributed to

ference

®

r

Q

the measurement values of the calibration item.



> Calibration item

Anvnciliary

Type Standard Calibration item . .
measuring dewvices
|
1) Refarence
Burdon tube or working Burdon tube
pressure standard pressure gauge
gauge
(2) “Woltage source
I
= Rafarance
Electrical or rking =
prassure standard o oT. -
gauge
2 Indication
[ Avuxilia owwer
(3) | | my o
Refarence
Pressure or working f=
standard r, T, r

transmitter
with electrical
output

Indicatiomn




1- _of the DKD laboratory must be used for the calibration of

pressure transmitters with electrical output (3). These devices - to convert the

electrical signal into a readable indication.

2- To ensure traceability, the _must have been - and a
_to be attributed to the measurement values

must be available.

3- R T I (e.g. RS232, RS485, IEEEA48S, etc.), this interface
can be used in the place of the indication_are

unequivocally interpreted and processed.




» Calibration Capability

suitability of the calibration item

the state of the callbratlon |tem at the tirme of calibration should comply with the
generally accepted rules of technology and with the oarticular specifications of the

manufacturer's clJr,lrrerr,Jrur

The calibratability is to be ascertained by =xiernzl inspections and function tesis,

External inspections
- visual inspection for damage (pointer, threads, sealing surface,

or
- contamination and cleanness

ssure channel)

{13

- visual inspections of inscriptions, readzbility of indications
- test whether the documents necessary for calibration (technical
data, operating instructions) have been submitted.



Funetlon tests :

@f tube system of calibration item

function

uriction of actuators (€.g. zcro adjustability)

etting elements in defined position

ultless execution of self-checking and/or self-setting functions; if
needed, internal reference values are to be read out via the EDP
interface

-torque dependence (zero signal) during mounting
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Note:

If repair or adjustment work has to be carried out to ensure
calibratability, this work has to be agreed upon between custormer and
calibration laboratory.




» Ambient conditions

The calibration is to be carried out after ternperature equalization between calibration
itern and environment,

A period for varming up the calibration item oF potentizl warrning-up of the calibration
item clue to the supply voltage is to be taken into account.

The calibration is to be performed at an ambient temperature stzble to within =1 K
this temperature must lic between 15 C and 28 C and is to be recorded.

Note:
If the air density has an effect on the calibration result, not only the
arnbient termperature but also the atrmospheric pressure and the
relative hurnidity are to be recorded.



> 7: Calibration methods

-The pressure gauge is to be calibrated as a whole (measuring chain), if

possible.
- The specified mounting position is to be taken into consideration
- The calibration is to be carried out in measurerment points uniformly distributed
over the calibration range.
- Depending on the measurement uncertainty aimed at, one or several measurement
series are necessary.
- If the behavior of the calibration item as regards the influence of the torque during
rmounting is not sufficiently known, the calibration item has to be clamped once
again to determine the reproducibility. In this case, the torgue is to be measured and
documented.



The comparison between the measurement values for calibration item and
reference or working standard can be performed by two different methods:

-adjustment of the pressure according to the indication of the
calibration item,

-adjustment of the pressure according to the indication of the
standard




Calibra-

Calibration sequences table

Measurement

" uncertainty aimed Ui s Mumber Waiting .h".'E at Number of
ion at in % of the measLra- of pre- Load change upper limit of e eTTE

g5e- ' ment - + Wwaiting time | measurement .
quence measurement points loadings range series

span
(*) with zero (**) ™)
upidown seconds minutes g daonam

A = 0.1 9 = 30 2 2 2

B 0.1 ...0.,6 9 = 30 2 2

C = 0.6 5 1 = 30 2 1 1

(*) the specifications of the manufacturers are usually e eRieIthe
measurement Seely.

(**) One has to wait until SEEl)ECIERelellie]s(sufficiently stable indication
of standard and calibration item) are reached.

(***) For Bourdon tube pressure gauges, a waiting time of five minutes is to be
observed. the waiting times can be reduced.




Calibration sequence A

wr

‘. ——,
-ma-x. I-c:ad e ‘\1}:
P
_‘ h— —
zero setting
preloadings M1 ... Mo measurement series
Additional reproducibility measurement with 2™ clamping
(e.g. if the effect of torque I1s estimated during the calibration)
A
m

M5 G




Calibration sequence B

M2

M3
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Calibration sequence C

Sequencnce C e

3[]5—’1/'4— +30s

&

for Bourdon tube /
nressure gau-
ges: 5 min

! readings




Notes:
1- For the calibration of items with a range of measurement greater than 2500 bar,

calibration seguence A is in principle to be used. If clamping effects are observed, the
calibration is to be repeated clamping the calibration item anew.

2- Especially Bourdon tube pressure gauges have to be slightly tapped to minimize any

frictional effect of the pointer system.



It is the user who is responsible for fixing, and complying with, an appropriate period for
repeating the calibration.

The recommended:

Pressure balances 5 years
Bourdon tube pressure gauges, class >0,6 2 years
Electrical pressure gauges > 0,5% of measurement span 2 years

Pressure transmitters with electrical output > 0,5% of measurement span 2 years
Bourdon tube pressure gauges, class < 0,6 1 year
Electrical pressure gauges £ 0,5% of measurement span 1 year
Pressure transmitters with electrical output £ 0,5% of measurement span 1 year

Independently of these periods, the calibration item is to be recalibrated among other things, if
has been subjected to an overload outside its overload limits, after a repair, after improper
handling which might have an effect on the measurement uncertainty



Source of Error sUad¥ jolaq

Uncertainmnty

T

l

Lack of Precision }—4—'—‘

T

T T

P

Gross Errors

T

F——
—

’ Mistakes:

Misuse of
Equipment

| |

l Bl under s ]

Random Errors

|

|

Drafts

Systematic Errore

T

]

Radiation

Instrumental
Errors

Enviromnomental ]

Errors

Obseryvational
Errors

|

_6___{—

Dirt

Leveling I

]

Noise

|

Readability
( Resolution

Classiffication

l
{
Loading
;‘—; Zeroing
H
< ] Wear
€ l tHysterisis

]

Pressure J

| e ]

Humidity

Vibr-ation

Parallax

Temperature

Lacal

Interr ference

of Measurement Errors

Interpolation




Influence quantities in the calibration Process

— differance of both reference levals

interpolation deviation

CoOnYersions

roundings

temperature temperaturs temperaiure . rescluficn , ENOBs *
air density referance level refarance lawe _
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¥
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Uncertainty Calculations

What is uncertainty of measurement?

» The uncertainty of a measurement tells us some thing about
QUALITY.

» Uncertainty of measurement is the doubt which exists about

the result of any measurement.

» For every measurement - even the most careful — there is

always a margin of doubt.
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Definitions

Uncertainty of Measurement

“parameter, associated with the result of a measurement, that
characterizes the dispersion of the values that could reasonably

be attributed to the measurand.”

“measurand” refers to the quantity that is to be measurand



Definitions

» Uncertainty of Measurement

« An alternative definition is given in the
forward to the BSI version of VIM:

e result of the evaluation aimed at

characterising the range within which the
true value of a measurand is estimated to

ie, generally with a given confidence”




Definitions

« Measurement Uncertainty

- True Value
Uncertainty a0 Result

{Measurand)

Krnowing then that all measurements contain error,
our job Is to quantify in what range do we expect
our True Value to lie, and with a 95% confidence.




Expressing uncertainty of measurement

 Since there is always a margin of doubt about any measurement,

we need to ask;
- How Dbig is the margin?
- How bad is the doubt?
« Thus we need two number in order to quantify an uncertainty;,
- The width of the margin,

- The confidence level



specified
upper limit

specified
lower limit




Average

When there is variation in reading when they are repeated, It Is best to
take many readings and take an average. An average gives you an

estimate of the ‘true’ value.
Mean or average reading

e O O OOO000 O

How many readings do you need to find an average?
« The more measurements you use, the better the estimate you will have.
* The more results you use, the closer you get to that ideal estimate of the mean.

Between 4 and 10 reading is sufficient

o¢
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... Spread

When repeated measurements give different results, we want to know
how widely spread the readings are.

The spread of values tells us something about the uncertainty of a
measurement.

Sometimes it is enough to know the range between the highest and
lowest values.

The usual way to quantify spread Is standard deviation.

Roughly two thirds of all readings will fall between plus and minus
(*) one standard deviation of the average.
Roughly 95% of all readings will fall within two standard deviations.
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Example

= Type A and Type B contributions

= Type A 'evaluated by statistical means’
= Standard deviation
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Where do errors and uncertainties come from?

» The measuring instrument: instruments can suffer from errors including
bias, changes due to ageing, wear, or other kKinds of drift, poor readability,
noise, ...etc.

The item being measured: which may not be stable?

The measurement process: the measurement itself may be difficult to
make.

Imported uncertainties: calibration of your instrument has an uncertainty
which is then built into the uncertainty of the measurements you make.

Operator skill: some measurements depend on the skill and judgment of the
operator.

Sampling issues: the measurements you make must be properly
representative of the process you are trying to assess.

The environment: temperature, air pressure, humidity and many other
conditions can affect the measuring instrument or the item being measured.

YV V VY VY VYV



The general kinds of uncertainty in any measurement

1) Random or systematic

The effects which give rise to uncertainty in measurement can be
either:

» Random — where repeating the measurement gives a randomly
different result. If so, the more measurements you make, and then
average, the better estimate you generally can expect to get.

or

» Systematic — where the same influence affects the result for each of
the repeated measurements.
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The general kinds of uncertainty in any measurement
2) Distribution — the ‘shape’ of the errors

The spread of a set of values can take different forms, or
probability distributions.

» Normal or Gaussian distribution

If a set of readings are more likely to fall near the average than
further away. This is typical of a normal or Gaussian distribution.

Example : Examined the heights in a large group of men !!!
» Uniform or rectangular distribution

When the measurements are quite equally spread between the
highest and the lowest values, a rectangular or uniform
distribution is produced.

» other distribution;
More rarely as, triangular, M-shaped or lop-sided.
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What Is not a measurement uncertainty?

an

» Tolerances are not uncertainties
» Specifications are not uncertainties

» Accuracy (or rather inaccuracy) is not the same as

uncertainties
> Errors are not the same as uncertainties

» Statistical analysis is not the same as uncertainties
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How to calculate uncertainty of measurement?
» ldentify the sources of uncertainty in the measurement.

» Estimate the size of the uncertainty from each source.

» Finally; combined the individual uncertainties to give an
overall figure.

The two ways to estimate uncertainties
There are two approaches to estimating them:

- Type A evaluations — uncertainty estimates using statistics
(repeated readings)

- Type B evaluations - uncertainty estimates from any other
Information (experience, calibration certificates, manufacturer’s
specifications, calculations, published information and from
common sense)
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Eight main steps to evaluating uncertainty

1) Decide what you need to find out from your measurements.
Decide what actual measurements and calculations are needed
to produce the final result.

2) Carry out the measurements needed.

3) Estimate the uncertainty of each input quantity that feeds into
the final results.

4) Decide whether the errors of the input quantities are
Independent of each other. If you think not, then some extra
calculations or information are needed.
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Elght main steps to evaluating uncertalnty

5) Calculate the result of your measurement (including any known
corrections for things such as calibration).

6) Find the combined standard uncertainty from all the individual
aspects.

7) Express the uncertainty in terms of a coverage factor, together
with a size of the uncertainty interval, and state a level of
confidence.

8) Write down the measurement result and the uncertainty, and
state how got both of these.
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Important things you should know before making an
uncertainty calculation
Standard uncertainty ;

All contributing uncertainties should be expressed at the same
confidence level, by converting them into standard uncertainties.

7a

1) Standard uncertainty for type A evaluation, Is calculated from:
S

~/ N
Where ‘s’ Is the standard deviation of the mean
‘n’ 1s the number of measurements in the set.

u —



Gt %

Important things you should know before making ar
uncertainty calculation
2) Standard uncertainty for type B evaluation is calculated from:

Where the information is more scarce (in some Type B estimates),

you might only be able to estimate the upper and lower limits of

uncertainty. You may then have to assume the value is equally to fall

anywhere In between, i.e. a rectangular or uniform distribution then;
A

u —m ———

V3
Where a is the semi-range (or half-width) between the upper and

lower limits.

Rectangular or uniform distributions occur quite commonly but not
all cases.



Gt %

Important things you should know before making an
uncertainty calculation

3) Converting uncertainties from one unit of measurement to
another
Uncertainty contributions must be in the same units before they are

combined
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Important things you should know before making an

uncertainty calculation

Combining standard uncertainties
Summation in quadrate for addition and subtraction

2 2 2
U opine —Ja? +b% + 2. et

Summation in quadrate for multiplication or division;
For more complicated cases, it can be useful to work,
The relative uncertainty u (A)/A

u(L) o, (L)

)2
L W

U(A) / A = \/(
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Important things you should know before making an
uncertainty calculation

Coverage factor k

k=1 for confidence level of approximately 68 percent,
k=2.58 for confidence level of approximately 99 percent,
k=3 for confidence level of approximately 99.7 percent

Most commonly we scale the overall uncertainty by using the
coverage factor k = 2, to give a level of confidence of approximately

95 percent.
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Important things you should know before making an
uncertainty
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Mainly 6 common sources of Uncertainty

3 sources from Under test
» Repeatability
» Hystresis
» Resolution

3 sources from Standard
» Standard
» Uncorrected error
» Drift of Standard



Examples
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Uncertainty in Pressure Gauge

A pressure Gauge of working range 100 bar was calibrated
the following Data are collected:

» Resolution of 0.5 bar

» No Diff between up and down reading

» The unc. Of Pressure Calibrator = 0.01 bar
» With drift in the calibrator =10 mbar

» The uncorrected error of standard = 17 mbar

» The repeatability of measurement gives standard deviation =
0.6 bar

Estimate the Uncertainty of the calibration of this Gauge??



NIS
SR/
Uncertainty In Pressure Gauge...
Value U (Wx)
Label Unc. Source (mg) Dist Prob. Divisor Ci +mg
0.6
Ureo repeatability N Normal 1 1 0.268
Ug, Resolution 0.5x0.2 Rectangle V3 | 1 0.0577
Uy, Hystresis 0 Rectangle V3 1 0
Ustd standard 0.01 Normal 2 1 0.005
Ubrif Drift in standard 0.01 Rectangle V3 1 0.0058
Uuncorr Uncorr. error 0.017 Rectangle V3 1 0.0098
Normal
Uc Combined Unc. 0.2744
Normal
UExp Expanded Unc. 0.5488




Uncertainty in Pressure balance

e standard uncertainties for gauge mode oil
piston gauge calibration at 5 MPa, REF piston
gauge is PG42, of nominal area 8.4x10> m?,
and Spinesstic oil as pressure fluid. Relative
combined standard uncertainty is 1.20x10~
(12.0 ppm).



ncertainty in Pressure balance ....

Uncertainty term Sensitivity coefficient divided by 4, Standard uncertainty || Rel. unc.

Name Symbol Value Units Definition Abs Value| Units Value Units onA,.r
REF Area A,z 8402E-05| m’ 1/4 g 1190189 [ m? || 9.24E-10 m’ 1.10E-05
REF Mass My 4286 kg -1/M 5 233E02| kg 1.24E-04 kg 2.89E-06
TEST Mass M, 42 85 kg /M 233E-02 | kg 1 24E-04 kg 2.89E-06
Ambient density P, 118 | kgm® | M{g:;j:: )" 9 80E-08 | mike | 0030 | keim® | 2.94E-09
REF mass dens. O an 7800 kg/m’ (Paca-PaVpir” | 493E-10 | mi/kg 45.0 kg/m’ || 2.22E-08
TEST mass dens. P ur 7800 kg/m’ (Pa-Paca)par’ | 493E-10 | m/kg 45.0 kg/m’ || 2.22E-08
Surface tension % 306E-02| N/m || Cp/iMzegWDg/Ds-1)] 933E-09| m/N 1.77E-03 N/m 1.65E-11
REF piston circ. Cp 3.25E-02 m -yl(Mpg) 7.28E-05 l/m 3.25E-05 m 2.37E-09
TEST piston circ. Cr 3.25E-02 m ¥i(Mrg) 7.29E-05 l/m 3.25E-05 m 2.37E-09
Gravity g 9.801011 | m/s (pr-phipr 8.57E-06 | sm | 2.00E-06 | m/s® || 1.71E-11
REF therm. exp. | @ e+ a.x | 9.10E-06 | (' TR-23.00 0.50 C 5.25E-07 C’ 2.63E-07
TEST therm. exp. | @, r+a.r | 9.10E-06 | (' (T +-23.00) 0.50 C 5.25E-07 C! 2.63E-07
REF temperature Ty 23.50 C Appt A 9.10E-06 c! 0.058 C 5.25E-07
TEST temperature Ty 23.50 C —(a,rta.r) 9.10E-06 C! 0.058 C 5.25E-07
Fluid density Py 8578 kg,fm3 ghl/p 9 80E-08 msfkg 09] kgjm3 9.71E-07
Height difference h 0.05 m (Pr-pa)glpr 1.68E-03 1/m 0.001 m 1.68E-06
Press. equilibrium AP 0.00 Pa -l/p ¢ 2.00E-07 1/Pa 5.83 Pa 1.17E-06

Relative combinded standard unc.

[ 1.20E-05







