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Uncertainty of flow measurements —

examples
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Principle considerations 'i; EMA?‘EM:
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flow meter

sources of measurement uncertainties
O repeatability

U resolution

O dynamische Eigenschaften wie

a

Zeitkonstante
etc

expanded uncertainty of the
meter to be calibrated

U=k Ju? +u;

\

test rig

sources of measurement uncertainties
influence of measurement principles
(start-stop, dynamic, balance, container)
temperature

pressure

viskosity

density

absolute humidity

etc.

ocOoo0ooO0o O
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What do you mean by flow rate Q? i EMATEW :
L T

volume flow rate Q,

mass flow rate Q,, Q,=——=m

T... time

In most cases we ask for the volume V resp. the mass m

Uncertainty of flow measurements - examples 3
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,»flow rate measurements* 3 iy
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> it is difficult to keep the flow rate constant

» dynamic flow rate measurement: integral of the
actual value of flow rate over time = result:
mean flow rate

» In the following we investigate the dynamic flow
measurement: we measure the volume V or the mass
m and define the flow rate as volume divided by time

Uncertainty of flow measurements - examples )
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Example 1:

Measurement of gas flow
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Exanple 1: model equation "fMATEM:
L T
Basis: ideal gas equation: pV=vRsT
v=thRel_ V(v, Rs, T, p)] = model equation

p

input quantities:

e mol number o,

e gas constant R,
o temperature T

e pressurep

reference to standard condition: index N, operational conditions: index B:

T
Viy = Vg TN SB :V(TN1TB’ P PB)
B Pn

Uncertainty of flow measurements - examples 6
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Example 1: Combined variance iEMATEM:

O

Simplification: R; = natural constant .... t¥(R5) ~ 0 =

2 = [aVNT u(Vy) + (%T u(Ty)+ (%)2 WA(T,)

a\/B N B
oV ) oV )
+ N u2p _|_£ NJ uzp
(2] o)+ 2| w(o)

calculation of sensitivity coefficients: 1 =

G wve) | (T w1l aed) | ulos)
72

Vi VE W P
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Example 1: real gas factor, conditional number ‘i EMATEM :
L T

in reality: consideration of real gas factors = z

pV=uRGTzI

T Z
Vi =Vp TN Pe 2N _ V(TN’ Tg, P> Pgs 2y ZB) Vg Z
B PN ZB

Z = conditional number

VN VB 7&\ TB

/ N\

N/ /
u*(V, uw P, uph) | ups) , Uk , uA(zs)
/ﬁ?\
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Example 1 - practical procedure ismrm:

O

T;, p; and z, known quantities

u(T;), u(p;) und u(z;) .. assessment by the known measurement process

Uncertainty of flow measurements - examples 9
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Example 2:

Mass flow measurement with an
orifice plate
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example 2: flow measurement with an orifice plate “;(EMATEM :r
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?HM/%}/ Yt quantity: pressure differencedp —
ansch- 30° bis 45° - .
onthanme s Q,=m=A /2 Ap p model equation
A ... flow area (in example fix)
7 T/’W 7. p ... density
X Eckentnahme
Vena Contracta Entnahme U(A) ~ O — Combined Variance:
0Q,, ) oQ
ug =| ™| ui(dp)+| 2| ut(p)
oAp op

density p = f(t): — approach: p = p, [1 +a (t—ty)+ p(t -1, )2J

t ... temperature and
fo ... reference temperature

Uncertainty of flow measurements - examples 1
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example 2: of what order is u(4p)? *; EMATEM :r
O
op ?
2 2
=| = t
(p)=( %] vt
u; 1|u*(4p) , 2 2
: ~ —< =~ — +au“(t
Because: plpp~1 — Q,i 4 { (Ap)2 ( )

Numerical example: water as a flow carrier —»
0= pp (1+a t+8 £2) ~ 1000 (1-1,431.10" £-2,89.10 ")

maximum permissible errors: £ 1 % —

Question: of what order is u(Ap) maximally ?

Answer: « and u(t) is very small (4t < 0,1 K) - maximum uncertainty is 0,5 %
(u.!) depends only from u(4p)/4p = 1 %

Uncertainty of flow measurements - examples 12
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Example 3:

Calibration of a water meter at a test
rig for hot water

Uncertainty of flow measurements - examples 13
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View of a modern test rig for calibration of water meters 5 i

. A
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Working scheme g
L T
Durchfluss-
Stellorgan
v
>
Vorrats-behélter
Pumpe
Master-
zahler
A Prifstrecke
T >
e @
Diverter (P’/
Priifling

!

Volumen-bzw.
Massennormal

AN
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Calibrations of water meters and flow
sensors of heat meters

I start-stop mode (exception)

@ dynamic mode: meter under test is compared by a master meter.

Master meter is calibrated at each measurement point by a
balance

simultaneous calibrations of several meters under test is
possible

comparison by master meter if weighing is not possible (pressurized
mode)

Uncertainty of flow measurements - examples 16
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control in dynamic mode 'i EMATEM :
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start stop

IR pulses of the meter under test

B registered pulses of meter under test

LIy pulses of master meter

Uncertainty of flow measurements - examples 17
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Characteristic values i; EMATEM :r
* A X

flow range
6 L/h <Q <180.000 L/h

generation of flow by:
« pump fed by containers
« upper level containers (1,7 bar)

range of
pressure:

5 bar
range of temperature:

« cold water: 25°C<t<30°C
e warm water: 30°C<t<95°C

* hot water: (pressurized mode) t< 130 °C

Uncertainty of flow measurements - examples 18
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Genaueres Schema des Priifstandes *; EMATEM :r
high level tank X * *
0,35 m?
ﬁ Diverter 1 Q <3000 L/h

Diverter 2

Messstrecke
DN 10 ... 150

gas seperator

pressure tanks @

tank

Aok S

heating

Uncertainty of flow measurements - examples 19
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systematic errors i EMATEW :
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Sources:

& bouyancy, density

& evaporation

& systematic error of master meter

& diverter

Uncertainty of flow measurements - examples 20



systematic errors — bouyancy and density - 1

Wanted: real volu

one measures: conventional value (= indicated value)
wanted: mass of water through the meter under test

conventional value = mass =
f(air desity, humidity, density of water, evaporation):

f
(1= "2y AW = P19V, (p0-p11)
my = —F £ ~V (h=f,)+m,
(1- £12)
Pw

my = V,=m,l/p I

Uncertainty of flow measurements - examples 21
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systematic errors — bouyancy and density - 2 “f’”‘”’f"”:
O
m, ... evaporation flow - . m,
f ... absolute humidity in container before calibration VB \> (
f, ... same, after P, - Pl 1 2
oy - density of water used
P, --- density of air sourrounding the container
o4 - density of air in the container before calibration
oo ... Same, after calibration
oy - density of weights = 8000 kg/m?
Vg ... container volume

evaporation flow:

my,= If(r) OQZL dr = gf(f)o dr

Uncertainty of flow measurements - examples 22
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assessment of measurement uncertainty *; EMATEM :
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In principle: GUM
B systematic errors are considered as they are known
B rest: looking for contributions to measurement uncertainty

Procedure:

B Physically caused influence sources =
type B, mostly rectangular oder similar

B repeatibility measurments whenever possible & type A

B stabilities = rectangular, trapezoid ....

Uncertainty of flow measurements - examples 23
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sources of measurement uncertainty — overview - 1 il i

* 4 Kk

é resolution of meter under test — pulse value

é resolution of master meter — pulse value

é balance (s) — variance from measurement errors plus short and
long term stability

é volume determination by weighing: consideration of water density
as f(t) — basis: uncertainty of temperature measurement

é temperature changes in the pipes system: temperature differences
cause volume differences

Uncertainty of flow measurements - examples 24
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sources of measurement uncertainty — overview - 2 j( EMATEM :

* 4 Kk

é  air: different possible influences like dissolved air is interpreted as a
measurment volume, air is compressible

é diverter: optimation of diverting operation — redidual error

é humidity measurement — uncertainty of humidity sensors and
calibration uncertainty

é master meter: influence of temperatur, short term stability,
calibration uncertainty

& flow fluctuations: nonlinear influence on the error curve

é Start-Stop-mode: switch on/off — principal systematic influence

Uncertainty of flow measurements - examples 25
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model equation i; Emmsm:

L T

indicated indication balance density  cooling of air  diverter

volume meter bouyancy p|pes / /
v v v

VN:m—+5VA+5VW+5VD,A+5VAbk+§VL+5VU
yo,

+ OVpaster + OVE + 0V, + Vs + ...

master meter influence of Q-fluctuations  start-stop

humidity mode

Uncertainty of flow measurements - examples 26
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resolution of meter under test and master meter *; EMATEN :
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indication of mut and master meter: V,, (V,) — Y,
resolution of volume 8V (Vy =N

oV ... scale interval or pulse: a, = 6V/V,

: 2
variance 2 1[5V SV
contribution: Ua =73 B 2 Baart: WWZ 536
HOH EoH K Bl
. . ersteller: -Fabrik I
reed switch: uncertainty ~ 1/10 od scale “Qn‘1",5WWZ ) ﬁ i
interval: oVgk/10: amw’ o cor

Kl B/H
90 °C
PN 10

2
ARK 3120V, 1200 V2

Uncertainty of flow measurements - examples 27
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balances iy iy

L T

Principally: measurement deviations are of systematic nature
error curves of balances are approximated by a polynome

Important for mu:

& repeatibility of calibrations

Waage 1 | upyy u*y Waage 2 | upyy u*yy Waage 3 up u*y
Lastinkg | ing - Lastinkg | ing - Lastin kg in g -
10 0,1 1,76.10'10 100 1,6 4149_10-10 1000 28,9 1,46.10'9
30 0,5 4,88.10'10 200 2,7 3120_10-10 2000 57,7 1,46.10'9
50 0,5 1,76.10'10 500 8 4149_10-10 2900 57,5 6,9.10'10
100 0,1 1,76.10'12

long term stability: if the measurement value x changes by Ax during
the time At, then one yields for the expectation value and the variance:

Uncertainty of flow measurements - examples
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calculation of mass into volume i EMATEM :

L T

use Wagenbreth-Blanke-formula for p(f)

Contributions to mu
# influence of temperature measurement on density =
AV()Y
2 2
U =| ——=| U
D,A1 ( ot j t

#  actual value of density at defined temperature 6p ~ 5.10°=»

Upao = 8,3.10‘1°I

Uncertainty of flow measurements - examples 29
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view of test rig ... cooling problem *; smmm:

L T
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cooling of the pipe system - 1

cooling of pipe system
depending on

= flow rate: dV/dr

= distance from inlet; x

< > = heat transfer coefficient k
£ (x) t (xtdx) B} : .
h(x) M) density p and specific heat c,,

of heat carrier

temperature difference heat carrier and sourrounding: @&Xx)

maximal temperature difference at the inlet of test rig: ©,(x)

result:

o, Cpp

Uncertainty of flow measurements - examples 31
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cooling of the pipe system — DN 20 “f’”‘”ﬂ"’:
O
10 ¢
At ‘ cooling of the non insulated pipe system
in K DN 20 after x t.,=90°C
1 L
0,1 - 2m
- 1m
x=0,5m
0,01 -
Q in L/
0,001
0 200 400 600 800 1000 1200
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cooling of the pipe system - 3 a;smrm:
LT

1

A I cooling of the non insulated pipe syste
At DN 150 after x  tein =90 °C
in K I

0,1 -

0,01 -

0,001 -

0 50.000 100.000 150.000 200.000
Q inL/n
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air in the pipe system - experiences j"-””‘“’f"”:
O
75 - ultrasonic
o meter 50 %
(0]
50 - ~ winged wheel
4 Mmeter, multiple jet 50 %
AF Sb .
______ Einrohr-
25 - NG . < Anschluf
L : ‘ 50 %
O ‘ T N B N
. 100 )00 10000
winged wheel- 3
-25 ~  meter, multiple jet 10 %
50 - .‘ ultrasonic
/ﬁ b 4 meter 10 %
15 Einrohr-Anschluf
10 %
100 - — Q inin

Uncertainty of flow measurements - examples 34



* K K
* *

air in the pipe system - variances i EMATEM:
L T

1

2
In principle: air proportional V, is transported =» uf = 3 (V_j
N

actual: air in dead corners etc. = air as gas is compressed
(e.g. start-stop-mode):

If air undergoes temperatur changes At = Boyle-Mariotte:

AV, _ 1 AVl 2> |uh _143a.10542 | 2
273 3" Vi,

Uncertainty of flow measurements - examples 35
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Diverter * EMATEM %
* *

. ) Ende der Beginn der I

influence of not registered volumen e e

Durchfluf3
in Waage

AV, >

—

Beginn der At=17. - T Ende der Wegschaltung
Umschaltung SR 2u: von Waage
aufWaage

measurement values

Kleiner Diverter GrofSer Diverter big diverter
OmL/h Arin ms QinL/h Arinms

120 30,4 7500 10,7

240 -14,5 10000 11,8

500 -4,5 15000 11,6

1000 -2 20000 3,3

1500 -1,5 50000 1,7
2000 -1,9 100000 0,6
3000 -3,2 150000 -6,4

Uncertainty of flow measurements - examples 36
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measurement uncertainty of humidity *; EMATEM:

* 4 Kk

u?(f) is the experimentally determined measurement uncertainty of the
humidity sensor =»

W, is the conventional value

Result: The influence of the variance contribution of the humidity
measurements depends on

# the measurement uncertainty of tghe humidity sensor and

# of the filling degree of the container: container volumen Vg /test volume V,

Uncertainty of flow measurements - examples 37
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Mastermeter f’”“m"”:
* A X

4+ important: short term stability
4+ very small temperature dependency

3,5
20 | MID Priifstand e
F 5. bis 7. 2001
| ——40 °C
in% 2,5 |1 e
\ —e—60 °C
20 4 ‘& —&—70°C
’ —4—80 °C
MID 1 —e-90°C
1,5 MID 2 9 MID 3 e 82°C
1,0 -
05 -
G —— Q inLn
| —@——§ P~ — 7
0,0 r—— ’ _ {;;
— —m ﬁ = —
-0,5 - — : = = =
-1,0 - ¢ * - —*
1,5
0 500 1000 1500 2000 2500 3000 3500
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Flow fluctuations i EMATEM :
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Important is:

if the error curve linear = influence of fluctuations vanishes

If (0F/0Q) > 0 = influence is not neglectible

Procedure: first find analytic value for F(Q)
= then v*(4Q) =» see example

Uncertainty of flow measurements - examples 39
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ad: dynamic error, assumption AQ + 0 it

L T

. oF
critical range 2’ 0
i l
F, P noncritical range
| oF

A0
oQ

l + ; \ . —

desired flow
v

actual flow

Uncertainty of flow measurements - examples 40
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Determination of the error curve of a flow sensor "; EMATEM :
* 4 Kk

2

Procedure

« assumption of the theoretical
error curve shape F(Q)

* calculate the coefficients
 mu of coefficients

Ausgleichsfunktion erw. Messunsicherheit
Messwert

* expandes uncertainty L
of AT ‘ ‘ ‘
F(Q):ao+a1Q+ r Q inL/m
+ 32 QZ + 33 Q—1 + a4 Q—z -0’50 500 1000 1500 2000 2500 3000
a= 9,32.10% v
a;= 2,295.10" Pt
a= -6,741.10°
az= 14,00
as =

Q inLh

112,9 o \\/
2
aFj Uz(ai )

0,10

T T T T 1
0 500 1000 1500 2000 2500 3000
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flow fluctuations and mu fk’f’”‘”"-’“”:
* A X
10,00
AQ=10 %
u (A Q ) MPE according to R 49-test methods
in %
1,00
AQ =
2 %
0,10 -
AQ =
0,01 -
AQ =02 % Q inL/h
0,00 | — 1IN ‘
10 100 1000

Uncertainty of flow measurements - examples 42
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Start-stop-mode - 1 5 i
L T

applied to meters without output pulses = most domestic meters

Result of a winged wheel type water meter

Q 4 Xo0,ss = Xo,f AUss, f
[L/h] [L] [%]
1500 50 0,13 0,033
1500 100 0,16 0,028
1500 200 0,09 0,006
1500 500 0,08 0,002
1500 1000 0,08 0,005

indication at dynamic mode (mean of several measurements)

indication of start-stop-mode (mean of several measurements)

variance contribution

Uncertainty of flow measurements - examples




Start-stop-mode - 2

Systematic effect: At start-stop-mode the error curve is passed twice with a
different velocity =» calculation of mean over time

4 <+
—>
F ~ Stop
2 r N <
in % 1 f '\
) //J—W‘
0 ! —> —»
0 500 1000 _ 1500
Q inLh
2
4
6
&t
_8l- n
-10 J

typical systematic effect: - 0,1 % (measured) =» variance contribution

Uncertainty of flow measurements - examples 44,
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Fliegender Betrieb mit Waage; Zahlerimpulse synchronisiert

Q, in m’h 150 Grune Bereiche: Werte eingeben |
Wassertemperatur [°C] 40

Umgebungstemperatur [°C] 25

Luftdruck [mbar]: 1.000

Durchfluss [I/h] 170000 150000 100000 50000 25000 15000 9000
Prifvolumen Vp [L] 2800 2800 2800 2800 2800 2800 2800
ausgewahlte Waage 3000 3000 3000 3000 3000 3000 3000
Prifzeit [s] 59 67 101 202 403 672 1120
Ausgangsimpulse des Priflings [Impulse/L] 1,0 1,0 1,0 1,0 1,0 1,0 1,0
Ausgangsimpulse des Masterzahlers [Impulse/L] 10 10 10 10 10 100 100
Wiederholbarkeit des Priflings u (x;) [%] 0,011 0,029 0,033 0,022 0,033 0,045 0,045
Rohrvolumen zwischen Priifling und Masterzahler [L] 56 56 56 56 56 56 56
Luftanteil im Wasser [L] 0,3 0,3 0,3 0,3 0,3 0,3 0,3
Abkihlung der Luftblase [K] 5 5 5 5 5 5 5
Messunsicherheit der Temperatur fiir die Dichte- und Auftriebskorrektur [K] 0,10 0,10 0,10 0,10 0,10 0,10 0,10
Temperaturunterschied zwischen Priifling und Masterzahler [°C] 0,10 0,10 0,11 0,14 0,16 0,18 0,21
Zahl der Wiederholmessungen 10 10 10 10 10 10 10
absolute Luftfeuchte [g/m?] bei der Temperatur des Wassers 51,1 51,1 51,1 51,1 51,1 51,1 51,1
absolute Luftfeuchte [g/m?] bei Umgebungstemperatur 23,1 23,1 23,1 23,1 23,1 23,1 23,1
Verdampfungs-Luftstrom [g] 78 78 78 78 78 78 78
Umschaltzeit des Diverters [ms] -6,4 -6,4 0,6 1,7 3,3 11,6 11,8

Uncertainty of flow measurements - examples
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Berechnung der Erw. Messunsicherheit — Ergebnisse iy i

LT

Auflésung des Priflings: u? 4 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Auflésung des Masterzahlers: u?,, 4,25E-10 4,25E-10 4,25E-10 4,25E-10 4,25E-10 4,25E-12 4,25E-12
Waage u ,? 8,40E-10 8,40E-10 8,40E-10 8,40E-10 8,40E-10 8,40E-10 8,40E-10
Langzeitstabilitdt der Waage: u ,, 5,00E-09 5,00E-09 5,00E-09 5,00E-09 5,00E-09 5,00E-09 5,00E-09
Dichte und Auftriebskorrektur 1: temperature up 2/ 1,51E-09 1,51E-09 1,51E-09 1,51E-09 1,51E-09 1,51E-09 1,51E-09
Dichte und Auftriebskorrektur 2: density u p 4, 4,10E-10 4,10E-10 4,10E-10 4,10E-10 4,10E-10 4,10E-10 4,10E-10
Temperaturabfall zwischen Priifling und Masterzahler:u 142 3,23E-13 3,44E-13 4,21E-13 5,95E-13 8,41E-13 1,09E-12 1,40E-12
Geldste Luft im Rohr (1): u; 42 (nur fir Start-Stopp-Betrieb) 0E+00 0E+00 0E+00 0E+00 0E+00 0E+00 0E+00
Geldste Luft im Rohr (2): u; 2 1,28E-12 1,28E-12 1,28E-12 1,28E-12 1,28E-12 1,28E-12 1,28E-12
Diverter: u 2 3,88E-09 3,02E-09 1,18E-11 2,37E-11 2,23E-11 9,93E-11 3,70E-11
Feuchtigkeitseffekte: u (2 1,68E-11 8,42E-10 8,42E-10 8,42E-10 8,42E-10 8,42E-10 8,42E-10
Wiederholbarkeit des Priflings: u?(x;) 1,21E-08 8,21E-08 1,09E-07 4,64E-08 1,06E-07 2,02E-07 2,00E-07
Kombinierte Varianz: u .2 2,42E-08 9,41E-08 1,18E-07 5,54E-08 1,15E-07 2,11E-07 2,08E-07
Erweiterte Messunsicherheit U: [%] fiir k =2 0,031 0,061 0,069 0,047 0,068 0,092 0,091
Vot 19,09 11,64 10,48 12,36 10,52 9,77 9,78

K i 2,11 2,24 2,28 2,21 2,28 2,31 2,31
Erweiterte Messunsicherheit: U [%] 0,033 0,069 0,078 0,052 0,077 0,106 0,106
Kombinierte Varianz: u .> ohne Wiederholbarkeit des Priiflings 1,21E-08 1,21E-08 9,04E-09 9,05E-09 9,05E-09 8,71E-09 8,64E-09
Erweiterte Messunsicherheit U: [%)] fiirk =2 0,022 0,022 0,019 0,019 0,019 0,019 0,019
Vot 10,16 11,71 8,74 8,76 8,76 8,16 8,04

K o5 2,29 2,23 2,37 2,37 2,37 2,42 2,43
Erweiterte Messunsicherheit U ohne Wiederholbarkeit des Priiflings 0,025 0,025 0,023 0,023 0,023 0,023 0,023
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