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Determination of thedischarge in acircular sewer pipe

In this example, the uncertainty in the dischargasored in a circular sewer pipe is calculatedgusin
GUM framework (GUM, 1993) and MCM (JCGM 101, 200&or the sake of brevity only salient
calculations are presented.

Measurement situation
Consider a sewer network circular pipe with a radR (m) equipped with a piezoresistive sensor
(Milltronics NivuBar) providing the water levél, (m) and a Doppler sensor (Milltronics DEK-B EX/30)

measuring the flow velocity) (m/s) through the pipe cross-sectiBr{m?), as shown in Figure 1. It is
assumed that the pipe is circular and that ther@@deposits on the pipe invert.
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Figure 1. Schematic view of the circular pipe

The discharg® (m®/s) is then given by the following functional rédetship (Bertrand-Krajewski and
Muste, 2008)
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The radiusR is an input variable for which repeated measurdasneere acquired in situ. There are no
repeated measurements for the water level and #aa ilow velocity in the sewer pipe. Described belo
are the procedures used to estimate the standasttamties inR h and U, respectivelyu(R), u(h) and
u(U) using the available information.

Estimation of gandard uncertainty in the pipe radius. The average pipe radil®was calculated using
four measurements of the diamelrcarried out randomly at various radial positionsthe pipe cross
section. The measurements were respectively: 100H), 997, and 1002 mm. The resulting mean value
for R is 500.12= 500 mm. The standard deviation of the four measergs is 1.18 mm. The standard
uncertaintyu(R) based ov=n—-1 = 3 degrees of freedom is thgfiR) = 0.94 mm= 1 mm. Consequently,
the mean value of the radiusRs= 0.5 m withu(R) = 0.001 m.

Estimation of gandard uncertainty in h. The in situ water level measurements were measurttda
piezoresistive sensor. The sensor was previouslyrated in the laboratory and details on the calibn
procedure are presented in Bertrand-Krajewski andst® (2008). In essence, the calibration used a
Perspex column with a class Il certified metallietar as reference, with a standard uncertainty®htin
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as specified by the manufacturer. A total of 60utiemeous measurements were acquired with the linetal
meter and the piezorestitive sensor for water varying between 0 and 2 m. Using a least squares
regression applied to the measurements collectBdeatalibration points, the calibration functiomith a
residual variancq2 = 0.344398, was obtained as

y =a+bx =0.508854+ 1.000395 x 2

wherex is the standard true value aynds the value given by the sensor.

Using Equation (2) was then possible to relate ezguiesistive sensor measuremegtinto the
corresponding most likely true value of the wawarel x,, and also to evaluate its standard uncertainty
u(xo). For example, a reading @f = 701 mm would most likely correspond to:

—-a
xo:y0T=7002mm (3)

The standard deviatiog(xo) of the piezoresisitive sensor is the result ob twdependent contributions:
i) the uncertainty in the measured vajgeand ii) the uncertainty in the calibration cuespressed by the
uncertainties in both coefficiens&) ands(b). s(xo) is calculated by:
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Accordingly, adoptingu(x) ass(xp) results in a value afi(xg) = 0.6 mm. The 95 % confidence interval
(with a coverage factor of 2) fog is then given byp-2u(Xo), Xot+2u(xo)] = [699.0, 700.4mm]. The final
result of the measurement of = 701 mm isx, = 700.2 + 1.2 mm. Figure 2 summarizes the calibnat
results with the solid line representing the fosder regression of the mean values of the caidrgtoints
and the associated uncertainty intervals estimait&® % confidence level.

The above results are valid for measurements takerer well controlled laboratory conditions. For
measurements taken in situ in an actual sewemtsesurement standard uncertainty is larger tham6é
because the water level is not flat and stable tdusmall free surface waviness produced by internal
(turbulence) and external perturbations (such &sdin currents in the channel). An estimate of this
additional source of uncertainty based on obsamatmade in various measurement locations is edegua
to be about;, =5 mm.
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Figure 2. Results of the calibration results f@& phezoresistive sensor for the 0 to 2 m measureraege



The in situmeasurement standard uncertainfly) for the piezoresistive sensor is obtained by surgrthe
root mean square of the contributing uncertainties

u(h) =/u(x0) +u,” =+ 06 +5° =/ 036+ 25 =5mm
These variables need to account for additional maicgdy components if the measurements are taken
during storm events whereby flow unsteadiness ambutence levels are considerable. Preliminary
estimates indicate a value fath) as high as 15 mm can be obtained for such Sosati
Estimation of gandard uncertainty in U. The mean flow velocity is measured with the Doppler sensor.
As no proper calibration of the sensor was feasild) has been estimated by direct comparison with
discharge measurements carried out with a mobéeteimagnetic velocimeter of traceable accuracy.
Based on this comparison (considered as Type B iwfthite degrees of freedom) was deemed ti(&k)
= 0.05 m/s. The above estimation, however, cafutiber refined if needed for a more rigorous asisly
The limitation of the previous assessment stems filoe fact that the velocity is not measured obwer t
pipe cross section, but locally in a point. Ifoesces are available (which was not the case irprtasent
situation), an index velocity obtained in the cotiétd conditions would be required to improve the
uncertainty estimation. The additional tests woadsed to cover a range of depths and flow velaitie
through the pipe. The result of the additionat tesuld provide a correction coefficient and asated
uncertainty. The uncertainty estimation accountiog the effect of velocity distribution in the aw
section can potentially exceed the magnitude ofdimer associated with the measurement of the raw
velocity.

With the above estimates available the total uag@g in the results can be determined. The
following values are used im the uncertainty pr@img equationR = 0.5 m,u(R) = 0.001 mh = 0.7 m,
u(h) = 0.005 m;U = 0.8 m/s,u(U) = 0.05 m/s. Using equation (1) in conjunctionhwibhe mean values of
the input variables one obtai3 = 0.4697 n¥s. According to GUM framework (see Section 3.he t
combined standard uncertainty and the expandedianty are given by:

= {3 o (3] {3

ouU
U (Q) =ku.(Q) (6)

The input variables are assumed uncorrelated. Tieetee degrees of freedom for the measureand are
obtained using the corresponding degrees of freefdoneach variable \(; = 3,v, =59,andv, = »). The

resulting effective degree of freedom for the mearsd is 70256, a large value that can be considenred
practical purposes as an infinite value. Finallging equation (6), the expanded uncertainty baseti o
distribution (at 95 % level of confidence) providle= 2, which subsequently givé(Q) = 0.0592 n¥s,
equivalent tat 12.6% of the total value

The numerical values in Equation (5) provide a $malues for the first term (= 7.26.10 m3/s)
compared to the two other ones, indicating as drplethat the contribution of the uncertainty of flipe
radiusR to the total uncertainty iQ is negligible and can be ignored. Using the saype of inference can
be noted that the contribution of the uncertaintdepth is lower than that of the uncertainty itoegy for
this given set of values. This conclusion can havdwve drawn for all possible values Rf h and U.
Separate analyses need to be made for each parteet of valuesR h, U) to evaluate the relative
contribution of the uncertainties of individual iables to the total measurand uncertainty.

The results calculated above indicate that fordiseharge value o= 0.4697 rﬁ/s, the 95 % confidence

interval uncertainty is (0.4106, 0.5289). The chlted uncertainties are dependent on the mean value
where they are estimated as the sensitivity caeffts are different over the measurement rangédef t



input variables. Similar estimation carried ovee time series of actual measurements in the sewker w
indicate that the total uncertainty of the discleamgeasurements varies as shown in Figure 3.
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Figure 3. Measured hydrograph in a sewer systenmguarstorm event and its 95 % confidence interval
uncertainty estimates
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