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Abstract − Technical and economical impacts of flow 

measurements in sewer systems are a major concern in today’s 
system’s management. Thus, the quality of the measurements is 
considered to be a critical issue. Considering the complex nature of 
the measurand and the metrological requirements of local 
installations, the best available level of accuracy in measurement 
results should be sought. Therefore, both the knowledge of the 
measurand estimates and measurement of uncertainties are required 
for achieving robust results.   

Within this context, the quality of measurement results depends 
on the knowledge of the uncertainty contributions and on the 
selection of an appropriate method to evaluate the measurement 
uncertainty. The study of these aspects can be of major importance 
in providing information to management of the system, namely in 
upgrading and maintenance activities.    

This paper discusses the advantages of using Monte Carlo 
method to perform the evaluation of the measurement uncertainty, 
considering the non-linear and multi-stage nature of the 
mathematical models adopted. The influence of geometric 
conditions and other relevant parameters are considered in the 
quality of measurements. The study was developed in the context 
of a specific sewer system, using a particular measurement system, 
from which measurement data was gathered. 

Keywords: sewer systems, flow measurement, 
measurement uncertainty, Monte Carlo method. 

1.  INTRODUCTION 

The measurement of flow in sewer systems is a complex 
task considering the dynamic behaviour of the measurand 
and the effects due to non-ideal conditions of operation [1]. 
When flow measurements are the basis for managing sewer 
systems, performance of the measurement system and the 
quality of measurement results becomes critical both to 
daily operation and to decision making processes within the 
utility. 

Different solutions can be adopted in order to measure 
flow in free surface flow conditions in sewers [2]. One of 
the most common methods is the velocity-area, usually 
using multi-sensing flow meters composed by a combination 
of sensors for level and velocity measurement, often 
mounted in stainless steel rings or bands, to be fitted in the 
inner surface of sewer pipes. The flow can be calculated 
from measurement of different quantities, namely, level and 
velocity, applying the continuity equation. The slope-area 
method, using the Manning-Strickler formulae or similar 

formula, can also be used sometimes in conjunction with the 
velocity-area method to ensure redundancy. In both cases, 
calculation of the flow involves the use of non-linear 
mathematical models in a multi-stage system. Additionally, 
in general, these methods assume uniform flow conditions. 

The actual probabilistic approach of Metrology defines 
the measurement result has a combination of the measurand 
estimate and its measurement uncertainty [3]. Given the 
nature of the mathematical models used the Monte Carlo 
method was pointed out as a suitable approach to perform 
the measurement uncertainty evaluation [4]. For the purpose 
of this paper, only the continuity equation is considered. 

The development of the uncertainty budget requires the 
evaluation of contributions due to different uncertainty 
sources, which can be grouped in eight major factors: the 
measurand; the instrumentation metrological performance; 
the calibration; the sampling; the interface; the user; the 
environmental conditions; and the data reduction.  

In the specific case under study, considering the 
technological development of instrumentation and data 
processing software, the non-ideal conditions of the 
measurand realization (i.e. non-uniform flow) appears as the 
main contribution. 

The analysis of the instrumentation assembly and its 
installation in situ shows the relevance of a number of 
geometric requirements: probes placement, measuring 
angles and cross-sectional geometry. In addition, hydraulic 
conditions associated with the inner pipe characteristics 
(symmetry conditions, wall roughness, hydraulic jump, 
drops, curves and infrastructure irregularities) can generate 
different types of waves, energy losses and other 
disturbances towards non-uniform flow.  

In order to study the sources of measurement 
uncertainties and their effects, a second aim of this paper is 
to obtain an assessment of the conditions that makes the 
contributions due to geometric variables dominant in the 
context of the uncertainty budget. An example of a field 
application is used in order to illustrate the proposed 
discussions and conclusions.    
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Figure 1 - Input quantities and functional relations to obtain volumetric flow rate 

2.  APPROACH 

Flow is a quantity measured indirectly, usually obtained 
by the measurement of other quantities and applying 
mathematical models, the continuity equation being one of 
the most common. 

 The continuity equation, as given by (1), is a functional 
relation that yields the volumetric flow rate, Q, as a function 
of the mean velocity, U, and the cross sectional area of flow, 
A, according to the principle of conservation of mass.  

 AUQ ⋅=  (1) 

In practice, the input quantities of this mathematical 
model, obtained by indirect measurement of other 
measurands, creates a multi-stage metrological problem with 
several input and output quantities and functional relations 
between them to reach the final output  measurand, Q.  

The flow through a given surface S is defined as the 
result of an integration of a velocity field over that target 
surface. Thus, U is the average of the field velocities over S. 
The pattern of the velocity field spatial distribution may 
vary significantly according to the type of flow (e.g. in 
completely filled pipes or free surface flow) and local 
conditions. 

The best approximation to the average velocity U in a 
given flow should be obtained by measuring velocities in a 
large number of points distributed over the target surface, S. 

In practice, the measurement of U is often carried out by 
transducers that capture the effect of the velocities along a 
straight line or, more realistically, along the conical 
dispersion of the beam [5,6], by assuming that certain flow 
distribution and symmetry conditions are well known and 
that yield feasible solutions. Then, the average surface 
velocity U is obtained from measured value (which can be 
either a beam average value or its maximum value) 
multiplied by an appropriate calibration factor.  

The complexity of relations between quantities is 
presented in Fig. 1, and the set of quantities involved in 
Table 1. 

The experimental performance of flow measurement in 
sewers implies that some influence quantities related to the 

method deviations, iδQ , should be taken into account in the 

mathematical model, as included in (f8). This modification 
of the mathematical model (1) is necessary in order to 
evaluate the measurement uncertainty. Both relations are in 
agreement if the average values of these quantities are null 
(as usually expected). 

 
Table 1 – Set of quantities applied 

Symbol Description 

wus,c  Ultrasound velocity in water (at ref. conditions) 

Sf  Emitter frequency  

β  Angle 

f∆  Doppler frequency shift 

maxu  Peak flow velocity 

uC  Peak to average flow velocity factor 

U  Average flow velocity 

airus,c  Ultrasound velocity in air (at ref. conditions) 

it air,tr,
 Wave time of transit  

id , d̂ ,d  Displacement, estimate and average values 

D  Diameter of conduit (at the cross-section area) 

od  Displacement offset of the acoustic emitter 

usδh  Flow level variation in the measurement surface  

ush  Level of flow (measured with acoustic us instrument) 

atmw , pp  Pressure of fluid (water) and atmospheric pressure 

g  Gravity  

wρ  Density of water (at ref. conditions) 

ph  Level of flow (meas. with pressure depth instrument) 

cr  Radius of conduit (at the cross-section area) 

A  Cross-section area 

iQδ  Flow influence quantities related with the method 

Q Volumetric flow rate 

 
In order to test the proposed approach for evaluating the 

flow measurement uncertainty, several measurement 
locations of a sewer system were studied. The information 
obtained was used in order to estimate the uncertainty 
contributions due to each input quantity and to discuss the 
relative influence of them, especially, those concerning the 



geometric conditions. The experimental data and the 
expanded uncertainty budget are presented as well as some 
remarks regarding the contributions of geometric conditions 
to the uncertainty budget.  

Concerning the use of Monte Carlo method (MCM) to 
evaluate measurement uncertainties, it uses the relations 
(mathematical models) of the multi-stage system, by 
sampling from probability density functions (PDFs) of the 
input quantities considered, and gives a solution to the 
propagation of distributions in order to obtain the output 
quantities PDFs and to estimate their statistical parameters. 

Among its merits is worth mentioning the absence of 
mainstream GUM requirements regarding the probability 
functions (symmetry or others), and the suitability to be 
applied to non-linear mathematical models. 

The development of MCM numerical simulations is 
made by generating sequences up to 106 values for each 
quantity, depending on the required computational accuracy. 
The draws were based on the Mersenne Twister uniform 
random number generator [7] and the PDFs were obtained 
using validated methods like the Box-Muller transformation 
and the inverse cumulative distribution function (CDF) 
method [8]. Tests to verify the computational accuracy of 
the output PDFs were also made according with [9].     

3.  DISCUSSION AND CONCLUSIONS 

Results to be presented include the volumetric flow rate 
probability functions, estimates of expanded measurement 
uncertainties and the discussion of the geometric conditions 
influence in the sewer system studied. 
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