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Abstract

Tracer methods are chemical techniques that exploit the dilution ra-
tio of injected tracers in the water to determine the stationary �ow of a
water-bearing system. The scope of this paper is to represent theoret-
ical considerations on the evaluation of volume �ow and mass �ow. It
does not matter which kind of tracer (salt, dye, radioactive tracers) is
used which only a�ects the practical determination of the dilution factor.
The calculation scheme of the �ow remains the same for all types of trac-
ers. In accordance with the fundamental law of mass conservation within
the Newtonian physics the mass of tracer mT injected at any upstream
measuring section (1) into the system equals the mass of tracer which is
measured anywhere downstream (2):

mT,1 =

∫
I

ṁT(t) dt =

∫
I

ṁT(t+ τ) dt = mT,2 (1)

This equation assumes no leakage or drainage of water�tracer mixture
between those two sections. The following equation can be extracted
showing the determination of mass �ow, and discharge respectively, in its
generalized form

Ṁ =

∫
I
ṁ(t) dt∫

I
D(t+ τ) dt

Q =

∫
I
q(t) dt∫

I
D?(t+ τ) dt

(2)

where ṁ(t) and q(t) denote the injection rates with respect to mass
and volume of the initial solution with constant tracer concentration C1.
D(t) (D?(t)) is called the dilution factor, representing the ratio of the �nal
tracer concentration measured at time t and the initially injected tracer
concentration. With equation (2), the special evaluation technique using
constant rate injection may be derived from. The parameter τ represents
the mean-time di�erence or delay which takes for an in�nitesimal small
tracer particle to get detected at the downstream measuring section after
injection into the system to be tested. The delay time may be represented
by summing up three terms

τ = τ1 + τ2 + τ3 (3)

which are related to the time between pre-dilution and injection, the
average transit time between both sections, and the time period between
extraction and measurement of the dilution factor. It can be shown that
equation (2) may only lead to correct results if each time delay term
can be kept constantly during the measuring time. The impact onto
the measured temporal behavior of the dilution factor is presented by
means of instationary sample extraction using some simpli�cations. The
author introduces a transformation scheme which reveals the necessity of
monitoring such auxiliary �ows like pre-dilution �ow and extraction �ow.

1Contact: johannes.lanzersdorfer@andritz.com
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Introduction

Absolute e�ciency testing on hydro plants requires the determination of several
parameters. The most critical one represents the volume �ow Q, respectively
the mass �ow Ṁ = ρ ·Q. Since its absolute value can only be measured with
higher uncertainty compared to other parameters such as static head, density or
acceleration due to gravitation it directly a�ects the uncertainty of the e�ciency
value.
The tracer dilution method represents a high-quality technique to evaluate the
volume �ow. Although this method provides low uncertainty (|f(Q)| < 1.0%)
and costs are low, it is only rarely applied on hydraulic plants. Tracer dilution
techniques are applicable in open channels [1] and closed conduits [2]. The basic
principle is simple. The degree of dilution of a previously injected aqueous solu-
tion into the water-bearing system gives information about the discharge in this
conduit. A su�cient degree of intermixture of tracer and water is a prerequisite
for successful �ow measurements. The investigation in the last years mainly
focused on this issue resulting in a few rules of thumb to estimate the required
hydraulic path length of intermixture [3]. However, prognoses of the intermix-
ture process are not satisfying so far. Detailed descriptions on the practical
application of those techniques can be found elsewhere, e.g. in the standards
ISO 9555 and ISO 2975.

Three procedures are currently in use. The �rst one is based on the mean
transit time between two measuring sections. It is cost-intensive since it re-
quires the twofold instrumentation for the dilution measurements. And the
knowledge of the geometric dimensions between both measuring sections is nec-
essary. Nowadays, this variant is of minor interest and it is hardly applied. The
other ones (constant rate injection, sudden injection) obey to the dilution prin-
ciple which implies that there is no need to know any geometric dimension of
the conduit. Both important standard test codes for e�ciency measurements on
hydraulic machines, IEC 60041�1991 [4] and ASME PTC-18�2011[5], prefer the
application of the constant-rate injection technique notwithstanding it repre-
sents a special case of the general technique of sudden injection. In cases where
no distinct plateau of the dilution factor can be determined only the integration
method may give plausible values.

The subsequent pages deal with the theoretical background of �ow evalua-
tion using tracer dilution methods. In addition to this, a time transformation
scheme is introduced to correct any impact of instationary extraction �ow on
the measured transient behavior of the dilution factor when using measuring de-
vices outside the water-system. This procedure may be applied on instationary
pre-diluting �ows too.

Theory

Principle of the method

Consider a non-circulating hydraulic system without any deadwater regions
having the mass �ow Ṁ = ρQ. The law of mass conservation implies that
an injected mass of pure tracer mT equals the mass of pure tracer anywhere
downstream the water-bearing system after a certain period of time. Assuming
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total intermixture of the injected tracer with the water leads to the subsequent
derivation

∫
ṁT(t) dt =

∫
ṁT(t+ τ) dt (4)

τ denotes the average delay time between tracer injection and mass detection
downstream. ṁT(t) may be expanded by

ṁT(t) = lim
∆t→0

mT(t+ ∆t)−mT(t)

∆t

= lim
∆t→0

mT(t+ ∆t)−mT(t)

m(t+ ∆t)−m(t)
· m(t+ ∆t)−m(t)

∆t

= C1(t) · ṁ(t) (5)

where C1(t) denotes the concentration of the injected tracer solution (mass
of tracer per total mass). ṁ(t) represents the mass �ow of injection of that
solution. The expansion of ṁT(t+ τ) provides

ṁT(t+ τ) = lim
∆t→0

mT(t+ τ + ∆t)−mT(t+ τ)

∆t

= lim
∆t→0

mT(t+ τ + ∆t)−mT(t+ τ)

(M(t+ τ + ∆t)−M(t+ τ)) + (m(t+ τ + ∆t)−m(t+ τ))

· (M(t+ τ + ∆t)−M(t+ τ)) + (m(t+ τ + ∆t)−m(t+ τ))

∆t

= C2(t+ τ) ·
(
Ṁ(t+ τ) + ṁ(t+ τ)

)
∼= C2(t+ τ) · Ṁ(t+ τ)
∼= C2(t+ τ) · Ṁ (6)

The simpli�cation done in the penultimate line of the previous formula is
generally allowed, since the ratio Ṁ(t)/ṁ(t) > 105. Together with the constancy
of the total �ow Ṁ(t+ τ) = Ṁ(t) = Ṁ (last line of equation 6) these equations
lead to the �nal representation∫

C1(t) · ṁ(t) dt =

∫
C2(t+ τ) · Ṁ dt (7)

Possessing the knowledge of the initial concentration C1(t) = C1 yields when
integration within the time interval of interest I is applied

Ṁ =

∫
I
ṁ(t) dt∫

I

C2(t+τ)
C1

dt
=

∫
I
ṁ(t) dt∫

I
D(t+ τ) dt

(8)

D(t+τ) is called the dilution factor and, here, it is de�ned as the ratio of the
measured �nal concentration at time t+ τ and the initial tracer concentration.
Using another de�nition for the concentration parameter (mass of tracer per
total volume) leads to a similar derivation. It �nally reveals an expression for
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the discharge

Q =

∫
I
q(t) dt∫

I

C?
2 (t+τ)
C?

1
dt

=

∫
I
q(t) dt∫

I
D?(t+ τ) dt

(9)

q(t) is the injection discharge of the initial solution. The average time delay
τ may be repesented as a summation of three terms

τ = τ1 + τ2 + τ3 (10)

where the �rst one takes into account the time consumption of the injec-
tion of the initial tracer solution into the water bearing system by means of
any pre-dilution process. τ2 is related to the averaged temporal consumption
of an in�nitesimal drop of water travelling from the point of injection to the
downstream measuring section. The last one takes into account when doing di-
lution measurements outside the water-bearing system using continuous sample
extraction.

Variants of the method

Sudden injection method (integration method) This case is the general
one using the generalized formulae (8) and (9). A certain amount of initial
solution is injected upstream. After complete intermixture the integration of
the measured dilution factor within the time interval I yields to the mass �ow
(discharge). This method requires a smaller mass of tracer and less time than
the constant rate injection method.

Constant-rate injection method This method represents a special case of
the general method of sudden injection. Establishing the injection of initial
solution with constant rate over a longer time period (several minutes) causes
more or less a stabilisation of the �nal concentration around a certain value at
the downstream measuring section. The dilution factor forms a plateau within
the time interval [t1, t2] which can be used to calculate the mass �ow (discharge)

Ṁ =
ṁ
∣∣t2−τ
t1−τ

D
∣∣t2
t1

Q =
q|t2−τt1−τ

D?
∣∣t2
t1

(11)

The averaging of the required parameter values should be done for the same
time length taking into account the delay time τ . In principle, the consumption
of initial solution is higher than with sudden injection due to longer injection
periods.

Transit time method This variant is based on the determination of the
average transit time between two measuring sections. Therefore it requires the
geometric dimensions of the conduit/channel between those sections to calculate
the �ow. It does not exploit the advantages of the dilution principle described
above and, hence, it is not treated in this publication.
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Time transformation when using dilution measurements outsite the
water-system

Equations (8) and (9) may only be used in a correct sense if each of the terms of
delay time in (10) can be kept constantly during the recordings of any operating
point. Because any instationarity of the contributing �ows (pre-dilution �ow,
main �ow, sample extraction �ow) impacts negatively on the measurements of
the temporal behavior of the dilution factor. The main �ow may be considered
to be constant at any distinct operating point after pressure stabilization, i.e.
τ2 is constant and there is no negative in�uence expected with respect to the
discharge calculations. The constancy of τ1 and τ3 may be ful�lled in most cases
too. But each �ow, pre-dilution �ow and extraction �ow, should be monitored.
The following derivation of a simpli�ed model may reveal the impact of an in-
stationary extraction �ow onto the measurements of the �nal concentration2.

Considering an in�nitesimally small water sample3 extracted at time t with
�ow rate q(t). It is assumed that it does not mix with any other neighboring
in�nitesimal water sample and there is no change in the temporal order of
extracted samples. Furthermore, compressibility e�ects are neglected. It takes
the time τ3(t) that the concentration Cin(t) of this drop is getting measured by
the relevant device after extraction. That is, the measured concentration outsite
the system Cout(t+ τ3(t)) corresponds to the actual value Din(t) inside.

As a consequence of this, the temporal transformation T has to be found
yielding

T {Cout(t+ τ3(t))} = Cin(t) (12)

The time shift τ3(t) depends on the average discharge q(τ3(t)) and the hy-
draulic volume V between extraction point and device entrance, i.e. the inner
volume of the connecting pipes.

τ3(t) =
V

q(τ3(t))
(13)

The average discharge may be calculated by

q(τ3(t)) =
1

τ3(t)
·
t+τ3(t)∫
t

q(t) dt (14)

Combining (13) and (14) leads to an implicit equation to determine the delay
time τ3(t)

V =

t+τ3(t)∫
t

q(t) dt (15)

and, respectively,

2The dilution factor is proportional to the �nal concentration of a water�tracer intermix-

ture. Hence, the presented scheme remains the same when using terms of dilution factor.
3volume dV , density ρ(t) and concentration Cin(t) of the intermixture tracer�water
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ρ̄V =

t+τ3(t)∫
t

ṁ(t) dt (16)

taking into account the mass �ow ṁ(t) and the average density ρ̄ inside the
volume.

The necessity of the transformation (12) is subsequently be presented in a
few cases which may occur at typical measurements. A Gaussian shaped curve
is used as a reference curve for Cin(t). The area under this graph is normalized
to the value 1. This time signal is then retransformed by means of (12) to
those measurement conditions outside the conduit (Cout(t + τ3(t))). It takes
into account the time behavior of the discharge of extraction q(t). The area
under the graph of Cout(t) is determined successively and compared with the
reference value.

Constant extraction The condition present for a constant value of q(t) = a
is depicted in �gure 1. The time delay is independent of time and may derived
by (15). It yields

τ3(t) = τ3 =
V

a
(17)

The shape of Cout(t) is identical with the measurements inside shifted by τ3.
Integrations of both graphs coincide perfectly. Hence, a transformation is not
required to apply the constant-rate injection technique and the sudden injection
technique according to the relevant standard test codes.

Linear increasing/decreasing extraction The transient discharge is obey-
ing here to a linear function of type q(t) = a+ b · t. The time delay is no longer
independent of time and yields therefore

τ3(t) = −
(
t+

a

b

)
+

√(
t+

a

b

)2

+
2V

b
(18)

The signal Cout(t) is broadened compared with Cin(t) in case of a negative
slope (b < 0), and it is narrowed when the slope is positive (b > 0). Hence, the
integrals do not match.

Oscillating Extraction It is assumed that the discharge follows an oscillating
function of type

q(t) = a+ b · sin(c · t)

The time delay can be determined by solving the implicit equation

V = aτ3(t) +
b

c
· [cos(c · t)− cos (c · (t+ τ3(t)))] (19)

The signal Cout(t) is squeezed and stretched locally due to the periodicity
of the oscillations. The negative impact on the measurements increases with
higher amplitude and lower frequency. Of course, the integrals do not coincide.
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Figure 1: Constant extraction discharge q(t) = a
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Figure 2: Extraction discharge q(t) = a+ b · t
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Figure 3: Extraction discharge q(t) = a+ b · sin(c · t)
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Figure 4: Discrete extraction discharge q(t) = ai for t ∈ [ti, ti+1]
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Discrete Extraction Finally consider the following time behavior of the dis-
charge of extraction

q(t) =

n∑
i=1

ai · [Θ(t− ti)−Θ(t− ti+1)]

whereas Θ(t−t0) denotes the Heaviside function. The time delay is only constant
over a certain period of time. The evaluation of the time delay has to be done
by the implicit formula

V = ai · (ti − t) +

n−1∑
j=i+1

aj · (tj+1 − tj) + an · (τ3(t)− tn) (20)

The shape of the signal Cout(t) is reproduced only correctly within fragments.
This a�ects the shape of Cout(t) and therefore also the integration value.

Conclusions

The de�nition of the concentration parameter (mass of tracer per total mass,
mass of tracer per total volume) impacts directly onto the calculation of the
corresponding �ow parameter (Ṁ , Q), and it may a�ect successively the mea-
surement uncertainty. That is, searching for the mass �ow Ṁ with low uncer-
tainty prefers the de�nition of tracer mass per total mass. Furthermore, it has
an in�uence on the choice of �owmeter for monitoring the injection rate of initial
solution. Using the mass per total mass de�nition prefers such high accuracy
devices like Coriolis mass �owmeters (|f(ṁ)| ∼= 0.25%) whereas special man-
ufactured, piston-driven pumps may lead to lower measurement uncertainties
using the de�nition of tracer mass per total volume.
A general formula for determining the discharge Q or the mass �ow Ṁ could be
deduced what represents the general version of the sudden injection procedure.
The author prefers � in contrast to the relevant standard test codes � this evalu-
ation technique, since the �ow calculation is considered to be more trustworthy.
The special case of the constant rate injection procedure could be deduced from
the general formulation. Unfortunately, there exists no clear instructions in the
test codes in choosing the time window at the plateau to obtain an average value
of the dilution factor. Hence, the author recommends to use similar lengths of
time when averaging the injection rate and the diluton factor. Everything else
gives rise to arbitrariness.
A simpli�ed time transformation scheme is introduced revealing the possibil-
ity to correct transient measurements of the dilution factor in presence of �ow
instabilities of the extraction �ow and/or pre-dilution �ow.
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Abstract

The four-river project is a government enterprise to prevent floods and secure water resources 

with 16 weirs including 41 small hydropower units. This study concerns the four-river hydraulic 

turbine efficiency test using the Acoustic Scintillation Flow Meter(ASFM) and index test.

Turbine efficiency test was performed at Sejong hydropower plant unit No. 2 on October 10 

to 18, 2011. This test is to verify the hydraulic performance of Sejong hydraulic turbines 

with a turbine efficiency test. Sejong HPP is equipped with three horizontal Kaplan turbines 

(770kW*3) which rated net head is 2.51m.

Sejong HPP has a short intake and a low head, which is generally performed by current 

meters as absolute method. But in this case, the discharge was measured by the ASFM as 

absolute method because of convenient and economical aspects. And also index test was 

conducted simultaneously to compare with the ASFM results. The results show that the 

efficiency by the ASFM is 89.8% and one by index test is 90.2% at rated output.

It seems like that the results are reliable and this is a good example of the efficiency 

measurement by the ASFM and index test. This study shows the procedures, analysis and 

results of two methods.

1. Introduction

In order to be accurate performance test of hydraulic turbine, K-water has exerted to secure 

the test technique and adopted the ASFM system for reliable efficiency test in the mid-2000s 

as part of this. The efficiency test using the ASFM was first applied to Yongdam hydraulic 

power plant(rated net head 41.7m, rated discharge 5.21㎥/s, output 1,800kW). Since then, 

Namgang and Hapchen hydraulic power plants were applied in turn.

The results showed that the ASFM is reliable as the efficiency test method, especially 

Hapchen's result showed the ASFM is applicable for performance verification of the 4river 

hydraulic power plants that have short intakes and low-head turbines.

This paper concerns the application of Sejong hydropower plant unit No.2, which was built as 

part of 4river project.



2. Measurements

The discharge was measured by the ASFM as absolute method because of convenient and 

economical aspects. Index test is conducted simultaneously to compare with the ASFM results 

and details on index test complied with the IEC code for hydraulic turbines(IEC60041, 1991). 

The measurements were done at four points, and the rest of the units(No.1 & 3) was not 

operated during the measurement

2.1 ASFM

The frame was designed to install the transducers(Rx & Tx). It was divided into 8 pieces 

made of steel, the transducer was mounted on each piece(see Fig 1). It was inserted into the 

slot, which were constructed in advance(not gate slot). The slot is away from approximately 6 

meters downstream of the trash rack and located in uniform cross-sectional area(see Fig 2). 

The measuring section is 7.40m and the height is 5.60m.

Fig 1 - Frame for the transducers installation

Fig 2 - Cross-section of Sejong HPP



The sampling time was approximately 660 seconds, in the meantime, other factors(output, G/V 

stroke, pressure, etc.) were measured by data acquisition system(DAQ).

2.2 Index test

Index test was performed to compare with the ASFM result. The IEC60041 code(section 15) 

states that an index test is a relative measure of flow and efficiency, not an absolute one. 

The results are on an arbitrary scale, but unless the flow data from the Winter-Kennedy taps 

has been calibrated by making measurements using another, absolute flow method, they can 

only be used to measure how the efficiency of the turbine changes, but not what its absolute 

value is.

In this case, the relative value was calibrated by a method of the ASFM, and therefore the 

results can be considered as a part of the field acceptance test as well as an absolute value. 

The differential pressures were measured simultaneously with the discharge measurement using 

the ASFM, and the discharge was calculated by the coefficient values(k, n), which were 

derived from the discharge measurement results using the ASFM and the differential pressures.

3. Results and Discussions

3.1 ASFM

- Discharge

The discharge measurements were done at four points(Generator, 310~770kW). They were 

performed twice at the same point, and the velocity profiles are generally repetitive(see Fig 3).

  

620-1 620-2

Fig 3 - Velocity profiles in measuring cross-section at 620kW point



The discharge at the each point was computed using multiple file averaged(Qavg, Number of 

runs : 3) and the results show that the discharge is similar at the each point. They are listed 

in table 1

310-1 310-2 460-1 460-2 620-1 620-2 770-1 770-2

15.5(cms) 15.7(cms) 21.2(cms) 21.4(cms) 27.2(cms) 27.1(cms) 35.6(cms) 35.4(cms)

Table 1 - ASFM discharge

- Efficiency

The results show that the highest efficiency is 91.8% at 620-1 point and the efficiency at 

rated output(Generator, 770kW) is 90.0~90.1%.(see table 2)

Table 2 - Efficiency test results(ASFM)

If the deviation of net head is within ±3% under testing condition, i.e. when the following 

term is satisfied,


   (H : net head,  Hr : rated head)

the turbine output(Pm) can be converted into the rated head as follows(JEC4002, 1992).

 







 (Pc : converted turbine output, Pm : measured turbine output)

At this time, turbine efficiency is not changed, and the turbine efficiency curve converted into 

this way is shown in Fig 4. The criteria of turbine efficiency curve, the highest efficiency is 

91.6% and the efficiency at rated output is 89.8%.



Fig 4 - Turbine efficiency curve(ASFM)

3.2 Index test

- Discharge

The coefficient values(k:40.369, n:0.4852) were derived from the discharge measurement 

results using the ASFM and the differential pressures. The discharge was calculated by this 

values, and the results are listed in table 3.

310-1 310-2 460-1 460-2 620-1 620-2 770-1 770-2

15.5(cms) 15.5(cms) 21.5(cms) 21.5(cms) 27.3(cms) 27.2(cms) 35.4(cms) 35.1(cms)

Table 3 - Index test discharge

- Efficiency

The results show that the highest efficiency is 91.6% at 620-1 point and the efficiency at 

rated output(Generator, 770kW) is 90.4~90.8%.(see table 4)

Table 4 - Efficiency test results(Index test)



Fig 5 shows the turbine efficiency curve. The criteria of turbine efficiency curve, the highest 

efficiency is 91.7% and the efficiency at rated output is 90.2%.

Fig 5 - Turbine efficiency curve(Index test)

3.3 Comparison

Simultaneous measurements taken with the ASFM and index test in Sejong HPP unit NO.2 

have allowed comparison of the efficiency measured by two methods.

The comparison of efficiency test results shows good general agreement between the two 

methods, although there are difference in the details. The values at each point are very 

similar, the biggest difference is 1.3% at 460-1 point, and the overall agreement between the 

two method was within 1%. Also in the same manner, the turbine efficiency curves have 

similar characteristics(see Fig 6).

ASFM

Index test

Fig 6 - Comparison of turbine efficiency curve(ASFM vs index test)



4. Conclusions

It seems like that the results are reliable and this is a good example of the efficiency 

measurement by the ASFM and index test. And the significance is that the ASFM is 

applicable for performance verification of the 4river hydraulic power plants that have short 

intakes and low-head turbines.

In spite of good results, work remains to be done to resolve the transducer's signal detection. 

In this case, two pairs of transducers were not operated during the measurement. The causes 

were not verified, and it is necessary to analyze the causes and to supplement the faults. If 

this gets solved, the results will be more reliable.
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Abstract 

Laboratory measurements using  the pressure‐time method showed a velocity or Reynolds number 

dependent error of the flow estimate. It was suspected that the quasi steady friction formulation of 

the method was the cause. This was investigated, and it was proved that implementing a model for 

unsteady  friction  into  the calculations  improved  the  result. This paper presents  the process of  this 

investigation, and proposes a new method  for  treatment of  the  friction  term  in  the pressure‐time 

method. 

Key words: Gibson method, Pressure‐Time, Unsteady friction 

   



Introduction 

NTNU and LTU collaborated on  the development of  the pressure‐time method, also known as  the 

Gibson method, through the PhD‐projects of Pontus Jonsson[3] and Jørgen Ramdal [4]. The Gibson 

method is commonly used for measuring flow in closed conduits. It is based on Newton’s second law. 

The retardation of  the water during a valve closure generates a pressure  force  in  the conduit. The 

differential  pressure  between  two  cross‐sections  is  measured  during  the  deceleration,  and  the 

discharge is then calculated by integrating the differential pressure over time [1,2]; 

 

∆ ξ +q.                   (1) 

where Q is the discharge, A is the cross‐sectional area, L is the distance between the cross sections, ρ 

is the water density, ΔP is the differential pressure, ξ is the pressure loss due to friction, t is the time 

and q is the leakage flow after the closure. Figure 1 shows an example of a Gibson’s calculation. 

 
Figure  1:  Example  of  a  Gibson’s  integrated  velocity  with  corresponding  differential  pressure  and 

pressure  losses.  Data  obtained  from  a  simulated  valve  closure  using  a  1‐dimensional  model 

(Re=0.65∙106, D=0.3 m), Jonsson [3]. 

For  this  article  the  treatment  of  the  friction,  ξ,  is  the main  issue,  and  the  other  elements  of  the 

Gibson  method  are  not  further  explained.  Previous  work  with  laboratory  measurements  and 

numerical  simulations  performed  by  Jonsson  et  al.  [1]  led  to  an  overestimation  and  an 

underestimation of  the calculated  flow rate.  It  indicated  that  the assumption of a constant  friction 

factor may not be  appropriate.  The Gibson method uses  a quasi‐steady  state  assumption  for  the 

pressure loss calculation during the closure, i.e., the pressure losses are calculated at each time step, 

assuming a steady state. Furthermore, the friction factor, obtained from the initial flow, is assumed 

constant  throughout  the closure. This  type of assumption  is only valid  for a rough pipe and a very 

slow  closure. However,  the effect of unsteadiness may be  significant on  the  losses  [5] and  should 

therefore be included in the Gibson method, the object of the present paper. 
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Unsteady friction 

Friction for decelerating flows is a topic that has been, and still is, subjected to research. Shuy [6] and 

Kurokawa and Morikawa  [7]  found that the unsteady wall shear stress was greater than the quasi‐

steady  shear  stress  in decelerated  flows. However, Ariyarante et al.  [8]  showed  that  the unsteady 

wall  friction can either under‐shoot or over‐shoot  the quasi‐steady  friction, depending on  the  flow 

conditions. Key features of decelerating flow may be described by the non‐dimensionless parameter 

δ according to Ariyarante et al. [8]: 

 

                     (2) 

 

v/(u2
τ0)  represents  the  viscous  time  scale  and U0/(dU/dt)  represents  the  time  scale  related  to  the 

acceleration. As δ increases, the effects of viscosity will be more pronounced and the profile will be 

similar to a quasi‐steady profile. On the other hand, for small values of δ, the effects of viscosity will 

be confined near  the wall and most of  the  flow will act  like a plug  flow. More  information on  the 

subject may be found in [8]. 

 

Numerical investigation 

A quantification of  the different physical quantities  involved  in  the Gibson method was performed 

with the help of numerical simulation. In previous stages of the project, Jonsson [3] had developed a 

numerical model  that gave good agreement between  simulated and  laboratory measurements on 

the method. The geometry, valve characteristics,  flows and pipe  roughness used  in  the  laboratory 

measurements  were  used  as  boundary  conditions  for  the  simulations.  The  specifications  for  the 

laboratory measurements are found in Table 1, and a schematic of the test rig is presented in Figure 

2. More detailed specifications for the laboratory measurements can be found in Jonsson et al. [1]. 

Table 1: Specifications of the NTNU test rig. 

Pipe diameter  0.3 m   

Measurement cross section distances  3–21 m (For this paper 6 and 9 m are 
evaluated) 

 

Pressure  9.75 m w.c*   

Valve closure time  5 s   

Investigated flow rates  0.16, 0.3 and 0.4 m3/s   

Corresponding Reynolds number  0.65∙106, 1.25∙106and 1.70∙106   

Total pipe length  40 m   

*w.c: water column 
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New proposed calculation procedure 

After  the numerical analysis, a modification of  the Gibson method, with  the  addition of unsteady 

friction,  is  proposed.  The  modified  method  is  referred  to  as  "unsteady  Gibson"  (UG)  and  the 

unmodified method as "standard Gibson" (SG). The unsteady friction  is  implemented  in the Gibson 

method (UG) through a simplified version of the Brunone friction model: 

| |
                    (7) 

To  implement unsteady  friction  in  the calculations,  the velocity at each  time step  (dashed curve  in 

Fig. 1)  is needed for the calculation of  fq, Re, k and du/dt. The velocity  is found from the  following 

equation: 

∆ ξ ,                  (8) 

where Q0  is  the  flow rate  found  from previous  iteration. The  flow rate  (Q0)  for  the  first  iteration  is 

estimated by assuming a  linear pressure  loss  in  time. New pressure  losses  for each  time  step are 

calculated using the unsteady expression of the friction factor, and the relation between the friction 

factor, f, and the pressure loss, ξ: 

ξ ∙
∙ ∙

∙
                      (9) 

Another parameter that is calculated and inserted into the calculations is the pipe roughness. This is 

found  by  inserting  initial  friction  factor  and  Reynolds  number  into  equation  6.  A  new  Gibson 

integration can thereafter be performed with the updated pressure  losses, and this  loop continues 

until a convergence criterion is satisfied. Figure 4 shows an overview of the procedure. 



 
Figure 4: Procedure of unsteady Gibson’s calculation. 

Results 

Comparisons of the Standard Gibson (SG) (IEC 41 [2]) and the Unsteady Gibson (UG) were made with 

both simulated valve closures and the experiments performed at the NTNU test rig. As mentioned, 

the  simulations  were  performed  with  same  geometry  (simplified),  boundary  conditions  and  pipe 

roughness  as  in  the  experiments.  The  pressure  was  extracted  at  the  same  positions  as  in  the 

experiments. 

Figure  5  shows  the  flow  rate  estimation  error  for  SG  and  UG  calculated  from  a  simulated  valve 

closure.  It  can  be  seen  that  for,  most  points,  the  estimation  from  UG  is  closer  to  the  reference 

compared to SG. For a test section length of 6 m, UG corrects both the over and underestimation of 

the SG estimated flow rate. 

Figure  6  shows  the  flow  rate  estimation  error  for  SG  and  UG  calculated  from  the  experiments 

(compared to an accurate magnetic flow meter). The experimental results show similar trend as from 

the  simulated,  where  UG  gives  an  estimate  closer  to  the  reference  for  most  of  the  points.  The 

uncertainty bars (UG) enclose or are close to the zero value for most of the tested points. However, 

because  the  bars  from  both  SG  and UG  overlap  each  other,  the  deviation  from  the mean  of  the 

difference was calculated, i.e., the difference between SG and UG at the same closure event. This will 

reduce the random error between each run and enhance the systematic behavior. Table 2 shows the 

deviation from the mean of the difference at a 95% confidence level. The deviation is small and, thus, 

the difference between SG and UG is almost constant for each run. 



   
Figure 5: Deviation of the standard and unsteady Gibson‐estimated flow rate relative the initial flow 

from simulations. Left figure corresponds to a test section length of 6 m and right figure to a length 

of 9 m.  

 
Figure 6: Deviation of the standard and unsteady Gibson‐estimated flow rate from the reference.  

Left figure corresponds to a test section length of 6 m and right figure to a length of 9 m. The bars 

correspond to the uncertainty of the mean at the 95% confidence level. 

 

Table 2: The difference between the unsteady and standard Gibson estimates, and the uncertainty 

from the mean of the difference at 95 % confidence level (calculated from 12 runs). 

Reynolds number  Re=0.65∙106  Re= 1.25∙106  Re=1.70∙106 

6 m distance between 
measurement cross sections 

Difference  0.4 %  0 %  ‐0.3 % 

Uncertainty  0.01 %  0.02 %  0.06% 

9 m distance between 
measurement cross sections 

Difference  0.4 %  0.1 %  ‐0.05 % 

Uncertainty  0.05 %  0.02 %  0.04 % 
 

Further work 

The result in this article is based on one test set up with a quite small diameter of 0.3 m. Validation of 

the data and method is also needed on site efficiency tests against an accurate reference, in order to 

find limitations on the method and maybe find a calibration for the influence from unsteady friction 

at higher Reynolds numbers.  
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Conclusion 

A modification of  the Gibson procedure, where a  simplified version of Brunone's  friction model  is 

implemented  in  the  calculations, has proved  to  give  a more  accurate  estimation of  the  flow  rate 

compared  to  the  standard  Gibson  method  procedure.  The  new  procedure  corrects  both 

overestimation  and  underestimation  of  the  flow,  and  the  estimation  error was  reduced  by  up  to 

0.4%. Such improvement can be of great importance for site efficiency tests. 
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Abstract 
 
The paper discusses the experiences with two types of commercial clamp-on acoustic flow meters: one 
meter based on transit time measurement and another using the Doppler method.  
 
Experience was gained on the one hand with systematic comparative tests in the laboratory, with and 
without disturbed flow conditions at various positions of the flow meters and various measurement 
setups (reflection mode, diagonal mode or cross section mode). The deviations of the clamp-on meters 
to a reference magnetic inductive flow meter will be presented and the sensitivity of each variable of 
the tests on the uncertainties will be reviewed. 
 
On the other hand field experience with the clamp-on flow meters will be presented. In the power 
plant of Sassello with a two injector Pelton turbine clamp-on measurements were performed on each 
of the thick-walled injector pipes and compared to the discharge data deduced form the 
thermodynamic efficiency measurement. In the power plant of Fieschertal, with high silt loads, both 
the clamp-on transit time and the Doppler instrument could be compared to a 4-path acoustic transit 
time (ATT) flow meter. 
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In�uene of Protrusion E�et on the Auray of theAousti Disharge MeasurementPeter GruberRittmeyer Ltd., BaarSwitzerlandpeter.gruber�hslu.h Thomas StaubliHSLU T&A, LuerneSwitzerlandthomas.staubli�hslu.h Fabian WermelingerHSLU T&A, LuerneSwitzerlandfabian.wermelinger�hslu.hFabian DeshwandenHSLU T&A, LuerneSwitzerlandfabian.deshwanden�stud.hslu.hAbstratThe in�uene of the protrusion e�et has gained in importane beause of the in-trodution of multipath Aousti Transit time (att) installations with a high numberof paths. The transduers of the outermost paths tend to protrude in these asesmuh more into the pipe in order to be aligned orretly. Therefore its in�uene hasto be estimated by taking its position into aount. Protrusion e�ets aused by wet-ted aousti transduers are twofold: 1) Overestimation of the mean path veloitiesdue to the fat that the smaller veloities of the boundary layer are not taken intoaount when the mean path veloity is evaluated from sensor pill to sensor pill. Thisphenomenon is termed redued path length e�et. 2) The distortion of the veloitypro�le due to the protrusion of the transduer. This e�et is di�erent for the twoadjaent sensors and an lead to underestimation. This phenomenon is termed �ow�eld distortion e�et. The �rst e�et has been desribed by Sugishita et al. [3℄ forthe Nikuradse pro�le and enter paths. This paper extends the formula of Sug-ishita to general veloity pro�les and path positions. Corretion diagrams are shownfor di�erent pro�les and sensor positions in funtion of the protrusion depth. Themathematial faility derived in this paper to alulate these geometrial orretionsan generally be used to alulate the geometrial properties of any aousti path on-tained in a irular onduit. The seond e�et is determined by CFD simulations forspei� transduer types. The goal of the paper is to speify bounds on the in�uenein funtion of the ratio protrusion depth to path length.1 IntrodutionIf the Aousti Disharge Measurement (adm) based on the transit time method (att) isused for the determination of the �ow in irular onduits, di�erent error soures ontributeto an overall measurement unertainty. There are the following soures:Flow determination error due to the determination of the �ow Q. This error ontainstiming errors for the determination of the transit times and transit time di�ereneas well as geometrial errors in the measurement of the geometrial quantities likepath lengths, path angles and pipe geometry. The measured times and geometri-al quantities are then used for the determination of the veloity aording to theformula:

vax =
L

2 cosϕ

(

1

td
−

1

tu

) (1)1



IGHEM 2012, TrondheimIntegration error due to the integration of the atual veloity �eld. This error inludesall the inauraies introdued by the numerial integration of the veloity �eld viaa weighted sum of a number of disrete mean path veloities. This error depends onthe hydrauli onditions and the hosen integration method1.Protrusion error due to the protrusion e�et of the installed transduers. This error isdependent on the transduer geometry, pipe size respetively path length and the�ow ondition (veloity pro�le).Ambient error due to the ambient in�uenes of temperature, pressure and other wateronditionsClamp-on systems do not have protrusion error problems but su�er from other additionalmajor error soures and are therefore not inluded in adm systems for aurate �ow mea-surement. In this study, only the protrusion error is examined. Estimates for the range ofits magnitude are derived. An adm system an be installed in two ways depending on thesite spei� situation:
• The transduers are mounted by drilling holes through the pipe wall. In this ase thepositions of the sensor pill surfaes are dependent on the transduer type and on howmuh the transduers are srewed in. Usually the positions are suh that the entresof the sensor pills are loated inside the pipe by a small value (less than 1-2m).
• The transduers are mounted from the inside. In this ase the positions of the entreof the sensor pills are only dependent on the transduer type and are loated alwaysinside the pipe by a transduer spei� more or less onstant value. This value anbe as big as 5m.If the transduers protrude inside the �uid �ow, they redue the path length from pillto pill and they distort the veloity �eld. Both e�ets have an in�uene on the alulationof the mean path veloity. The amount is, as noted earlier, dependent on the transduer ge-ometry, the path positions, path lengths and the veloity pro�le vax at the �xed oordinate

y.Redued path length e�et The protruding transduers shorten the aousti path lengthfrom pill to pill due to its physial dimensions. The portions of the veloity �eld loseto the pipe wall will be ignored. As every veloity pro�le is suh that it is dereasingtowards zero lose to the pipe wall, the resulting measured mean path veloities willalways be higher in magnitude than the atual mean path veloity. This orretionfator for the i-th path will be denoted as kr,i. This fator is a generalisation of thefator introdued by Sugishita [3℄.Flow �eld distortion e�et The diretion of the veloity vetors of the �ow �eld isaltered in the neighbourhood of the transduers. The e�et is strongly dependenton the transduer geometry. Usually the distortion is suh that the measured meanpath veloities will be lower in magnitude. This orretion fator for the i-th pathwill be denoted as kf,iThe overall protrusion oe�ient kprot,i of path i for a given transduer pair is then ap-proximated by the produt
kprot,i = kf,ikr,i (2)1For further reading on quadrature errors, see [2℄2



IGHEM 2012, TrondheimIn many situations the two e�ets are suh that they partly ompensate eah another.The international ode of ASME-PTC 18 [4℄ reports of ombined negative errors between
0.05% (1m path lengths) and 0.35% (5m path lengths) for ertain tranduers. The fol-lowing two setions will disuss these e�ets in more detail.2 Redued Path Length E�etIt is desired to have a mathematial desription of an aousti path in R

3. This desriptionallows the alulation of the atual path length, as well as the orientation of the transduerfae. The following derives suh a desription.2.1 General Problem FormulationThis setion gives a brief introdution to the notation used for the following derivation.Let rAB ∈ R
3 be a vetor in three dimensional Eulidean spae, whih is direted frompoint A to point B. Any vetor spae must obey addition and salar multipliation, inpartiular, rAC = rAB + rBC . In order to perform the addition, some frame of referene(for) is neessary. There is an unlimited number of possible hoies to de�ne a for. Inthe following, the I frame is an inertial for and O is its origin. The unit vetors of I are

e
I
x, eIy and e

I
z for the x, y and z diretions, respetively. Therefore, rI AB is the abovevetor desribed in the inertial for I with omponents (x y z)T .Suppose we have a transduer whih is mounted from outside by drilling a hole throughthe onduit wall. Suh transduer has a rotational degree of freedom about its prinipalaxis. This dof will be referred to as γ in the following. Additionaly, the normal to thefae of the transduer that radiates the aousti signal may be aligned at an angle δ to theprinipal axis of the transduer. For an illustration, refer to Figure 1b. In addition to theabove features, the transduer may be mounted at any angle α on the irumferene of theonduit wall. The main onern in this setion is to derive expressions for the oordinatesof vetor rTP in a suitable oordinate system. As an be seen from Figure 1a, rTP pointsin the diretion of the aousti path and ‖rTP ‖ is its length. The idea to determine rTP isto �nd its interseting point P on the onduit surfae. Ideally, the aousti path is inidentnormal to the transduer fae. Hene, the most suitable oordinate system in whih rTPshould be desribed is the one with two axes in the plane of the transduer fae and thethird axis is normal to the other two.As already introdued above, we wish to �nd rTP , whih is the vetor pointing fromthe transduer fae T to the interseting point, P , on the onduit surfae. As depited inFigure 1a, the relation

rTP = rTO + rOP (3)must hold.Vetor rC TP is the vetor of Eq. (3) represented in for C. In that oordinate system,
rC TP is equal to a straight line with diretion along −e

C
y , the minus sign arises from thede�nition of for C (see Figure 1b). Equating the two quantities yields the system





h sin δ + x cos γ cos δ +R(c11 cos β + c12 sin β − sin δ)
h cos δ − x cos γ sin δ +R(c21 cos β + c22 sin β − cos δ)

x tan γ −R(sinα cos β − cosα sinβ)



 =





0
−t
0



 (4)
3
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(b) Orientation of the transduer in R
3.Figure 1 Illustrations to help understand the involved oordinate transformations. Sub-�gure (a) shows the orientation in R

3 of an aousti path inside a irular onduit. Thepath must lie in the aousti plane (elevation plane ε) whih is parallel to the prini-pal axis of the onduit. The orientation of the transduer is shown in �gure (b). Thetransformations ABA and ACB, whih are determined by the angles γ and δ, are alsoillustrated.with onstants
c11 = sin δ cosα+ sin γ cos δ sinα (5)
c12 = sin δ sinα− sin γ cos δ cosα (6)
c21 = cos δ cosα− sin γ sin δ sinα (7)
c22 = cos δ sinα+ sin γ sin δ cosα (8)A derivation of this system is given in Appendix A.The system of Eq. (4) an be used to alulate an arbitrary aousti path in R

3. How-ever, the system of equations introdues �ve unknowns, of whih three are related to �ndingthe interseting point P . Therefore, two unknows must be eliminated by introduing twoonstraints.It is desired for an adm appliation that the aousti paths are parallel to the prinipalaxis of the onduit (they lie in the ε-plane) and that the paths are aligned at an angle ϕin the ε-plane, see Figure 2. This information is su�ient to eliminate the two unknowns
γ and δ in a �rst step and then solve for the intersetion point P , i.e., x, β and t, in aseond step.2.2 Path Constraints for Determination of γ and δIn this setion we derive two relations by introduing two onstraints. This will reduethe unknows in system of Eq. (4) to three and, hene, an be solved with three equations.These onstraints are: 4



IGHEM 2012, Trondheimi.) The aousti path must lie in the ε-plane, whih is parallel to the prinipal axis ofthe onduit. Beause e
I
x is ollinear with the prinipal axis, the two points T and Pan only lie in ε if

‖ rB TO‖ = R (9)Eq. (9) an only hold if h = 0, i.e., the point T on the transduer fae is on theonduit surfae. Due to symmetry
h = 0 =⇒ β = −α (10)ii.) The aousti path is aligned at an angle ϕ in the ε-plane. If the onstraint in i.)holds, then the length of the aousti path and the x-oordinate for the intersetingpoint P are given by, respetively

L0 =
2R′

sinϕ
= 2R

sinα

sinϕ
(11)

x0 = L0 cosϕ = 2R
sinα

tanϕ
(12)The subsript 0 indiates that h = 0. See Figure 2 for a visualization. Sine t is thelength of the aousti path, it follows that t = L0.Given these two onstraints, the system of Eq. (4) redues to





cosϕ cos γ cos δ − sinϕ sinα sin δ + sinϕ cosα sin γ cos δ
cosϕ cos γ sin δ + sinϕ sinα cos δ + sinϕ cosα sin γ sin δ

tan γ − tanϕ cosα



 =





0
1
0



 (13)The third equation of the above system is deoupled and an be used to expliitly alulate
γ with given ϕ and α, i.e.,

tan γ = tanϕ cosα (14)The angle α de�nes the elevation of the ε-plane. An expliit relation for δ an be obtainedfrom the �rst equation of the set in Eq. (13), i.e.,
tan δ =

cos γ

tanϕ sinα
(1 + tanϕ cosα tan γ) (15)
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Figure 2 Con�gurations in the elevation plane ε. Figure shows a on�guration fromwall to wall, where T and P do not protrude into the �ow �eld.5
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(a) Rotational degree of freedom γ aboutthe prinipal axis of the transduer as afuntion of the angular loation α of theend points of the aousti path.
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(b) Inlination δ of the transduer fae asa funtion of the angular loation α of theend points of the aousti path.Figure 3 Evaluation of γ and δ on the interval 0 ≤ α ≤ π, suh that the aousti pathlies in the plane ε of Figure 1a. These angles de�ne the oordinate transformations ABAand ACB.The last of the three equations in Eq. (13) an be used as a hek.Given Eq. (14) and (15), one an �rst alulate γ and then δ. The system of Eq. (4)then redues to the three unknowns x, β and t. γ and δ are illustrated in Figure 3 for
ϕ = 45◦ and ϕ = 65◦, for positions of the ε-plane ranging from 0 ≤ α ≤ π. Note that these�gures are only valid if the path is ontained in ε. The very general approah to alulate
γ and δ without the onstraints used for an adm alulation is given in Appendix B.2.3 Determination of Protrusion LengthsAssuming the radius R, point T , γ and δ are known, then the system of three equationsgiven in Eq. (4) an be solved for the unknowns x, β and t, that is point P , where

x: The x-oordinate of point P in for I.
β: Angle on the onduit surfae between point P and e

I
y with intersetion at O. Thesign of β obeys the right hand rule along e

I
x.

t: Length of the straight line between point T and P .The proedure to arrive at P is to �rst determine γ and δ with Eq. (14) and Eq. (15),if the path angle ϕ is known. Alternatively, γ and δ an be determined by Eq. (38) andEq. (39) if two points on the aousti path are known, e.g., from measurements. Afterdetermination of γ and δ, the system of Eq. (4) an be solved with a suitable numerialalgorithm.The following is a post-alulation of the aousti paths with length Li and the asso-iated protrusion length LT for a spei� adm installation. Due to installation errors, themounted transduers may violate the assumption that they must lie in the ε-plane slightly.Therefore, we follow two approahes. First we alulate the path lengths exatly. A se-ond alulation uses a projetion of the aousti path onto the ε-plane and then follows6
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Li LT,1 LT,2 LT,1 + LT,2 Li LT,1 LT,2 LT,1 + LT,2 ∆yi

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 4854.53 33.20 29.60 62.80 4854.53 33.56 29.24 62.80 0.46
2 7956.70 11.75 16.11 27.86 7956.70 12.92 14.94 27.86 6.48
3 7941.68 22.43 26.47 48.90 7941.68 20.93 27.97 48.91 8.37
4 4834.36 51.99 61.18 113.17 4834.36 56.06 57.11 113.17 5.25Table 1 Exat and approximate alulation of the aousti path length (from transduerfae to transduer fae) and the protrusion length LT,i (from transduer fae to onduitwall). The approximate alulation is based on a projetion of the two measured pointsonto a plane whih is loated at the arithmeti mean of the y-oordinates of the twopoints. The value ∆yi is the absolute deviation in the y-diretion relative to the twopoints.� 2.2. The projetion therefore is an approximation to the exat alulation. The resultsof the alulations for four paths are summarized in Table 1. The table illustrates, thatthe projetion onto a plane is a reasonable approximation. However, note that the individ-ual protrusion lengths, LT,i, for either transduer, does vary rather signi�antly for somepaths. However, the e�et is ompensated when looking at the sum of the two protrusionlengths of an aousti path.2.4 Determination of kr,iThe orretion we wish to �nd must satisfy the relation

v̄x,i = kr,iv̂x,i (16)where v̄x,i is the mean veloity in the main �ow diretion along the aousti path i withoutany e�ets of protrusion and v̂x,i is the analogon with protrusion. Due to the redued pathlength e�et we have v̄x,i < v̂x,i and therefore it follows kr,i < 1, sine we wish to orretthe measured veloity in suh a way that we get the veloity as if there was no protrusione�ets. Hene, the orretion fator kr,i is de�ned by the ratio of mean veloities along theaousti path i.To �nd kr,i, we need to �nd the mean veloities along the aousti path. In general,any steady veloity pro�le vx = vx(r) is possible, where the vetor r = (x y z)T ontainsthe spatial oordinates. vx may be a mathematial model or a set of data for whihinterpolation an be used to �nd the value at x, y and z. The mean veloity along somepath with length Li is then omputed by
v̄x,i =

1

Li

c+Li
∫

c

vx(τ)dτ (17)with some onstant c. Beause we integrate along a path in R
3, the veloity pro�le mustbe parameterized with some parameter τ .If two points T, P ∈ R

3 are known to lie on a path, then the oordinates of any pointon that path are given by the relation
r(τ) = rOT +

τ

‖rOP − rOT ‖
(rOP − rOT ) (18)7



IGHEM 2012, Trondheimin for I. Assuming point T is on the tranduer fae, as shown in Figure 1b, the limits forintegration are readily determined. Determining Li, LT,1 and LT,2, as disussed in � 2.3,the orretion fator kr,i an be alulated by
kr,i =

Li

Li + LT,1 + LT,2

Li+LT,2
∫

−LT,1

vx(τ) dτ

Li
∫

0

vx(τ) dτ

(19)Note that due to the integration along the parameterized aousti path, Eq. (19) alsointrodues an impliit orretion for erroneously mounted transduers, sine LT,1 and LT,2expliitly appear in the limits of the integrals. This �hidden� error vanishes if the pathfrom transduer fae to transduer fae, de�ned by points T and P , is exatly enteredabout the prinipal axis of the onduit. Also, it is important to realize, that with the aboveintrodued de�nitions, the lengths LT,1 and LT,2 are positive if the points T and P lie insidethe onduit and negative if the orresponding point lies outside the onduit. Otherwise thelimits of integration will be wrong.Figure 4 shows the orretion fators kr,i aording to Eq. (19) for a 9-path adminstallation at Owis positions (full lines) and Gauss-Jaobi positions (dashed lines).The orretions depend on how far the transduer protrudes into the onduit. Therefore,the fration of protrusion, pf , is de�ned by
pf =

h

R
(20)The omputations shown in Figure 4 use the following model for the veloity pro�le

vx = vmax(1− y2 + z2

R2

)ζ (21)The oe�ients vmax and ζ are determined suh that the �ow has a Reynolds number of
5× 106 (Figure 4a) and 5× 107 (Figure 4b). Note that the model veloity of Eq. (21) hasthree important properties1. ∂vx/∂x = 0, i.e., the veloity pro�le is fully developed.2. The veloity pro�le has rotational symmetry.3. The area �ow funtion is of the same form as Eq. (21). However, the fator vmax willbe di�erent and the shape of the urvature is given by the exponent κ instead of ζ.The two exponents are related by κ = ζ + 1

2
.If a veloity pro�le shows the �rst two harateristis, the orretion fators kr,i will neverdepend on the path angle ϕ.As an be seen from Figure 4, if the Reynolds number of the �ow inreases, theredued path length e�et dereases. At higher Reynolds numbers, the shape of theveloity pro�le tends towards a retangular pro�le and reahes the Gauss-Jaobi veloitypro�le at κ = 0.5 in the limit. In fat, if a retangular veloity pro�le is used, the reduedpath length e�et vanishes and the orretion fators on eah path would be unity. Thatis, high Reynolds numbers are preferable in order to minimize the redued path lengthe�et. 8
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4-path adm. The positions of the pathsorrespond to the Owis model.Figure 4 Figure 4a, 4b and 4 show the orretion fators kr,i for a 9-path adm for aveloity model given in Eq. (21). The �rst two use an adaptive approah to determine ζof the veloity pro�le with the given Reynolds numbers. The third �gure uses standardOwis, i.e., ζ = 0.1. Full lines represent paths at Owis positions, whereas the dashedlines represent paths loated at Gauss-Jaobi positions. Path 1 is the inner most pathand Path 5 is the outer most path. Note that the di�erent path loations get morerelevant on paths that are loated further away from the enter axis of the onduit. Also,the orretion fators tend towards one, the higher the turbulent energy of the �ow.Figure 4d ompares the Owis model with the power law model by Nikuradse. Thepaths are loated at Owis positions. The �gure shows that the Owis model needs aslightly stronger orretion than the power law model.3 Flow Field Distortion E�et3.1 Transduer ArrangementDepending on the geometry of the transduer and its orientation inside the onduit, twodi�erent ases an be distinguished as is illustrated in Figure 5.Figure 5a: This is the ase when the transduer faes upstream, i.e., against the maindiretion of �ow. It is assumed that the measurement membrane of the transduer is9
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������������(b) Separated �ow regime in the measure-ment zone.Figure 5 The present �gure illustrates the two di�erent ases whih an be distinguishedrelated to protrusion for a drilled in mounted transduer. Figure (a) shows the ase wherethe measurement fae of the transduer points upstream. Streamlines follow the outlineof the measurement fae. The main harateristi of that ase is that there is no �owseparation in the measurement area. Figure (b) illustrates the seond ase where thetransduer measurement fae points downstream. The harateristi here is that there isa region of separated �ow loated in the zone of measurement.aligned at an angle δ along its prinipal axis. Further, the streamlines of the �ow followthe ontour of the transduer without separating from the surfae. Reall that the veloityindued by the �ow �eld onto the aousti path is the projetion of the veloity vetor ina frame of referene that is aligned with the aousti path. For further reading on howthe transit time method works, see, e.g., �1.1 of [6℄. Due to the protruding transduer, thestreamlines are redireted in a region of �ow lose to it. The realignment of the streamlinesredues the angle between the veloity vetor and the normal axis of the frame of referenealigned with the aousti path. A redution of the angle results in a projeted veloity thatis smaller than the projeted veloity without protrusion. In the worst ase, the veloityvetor is normal to the aousti path and the projeted veloity is zero. Therefore, themeasured mean veloity will be lower in magnitude. Note that the sign of the projetedveloities will not hange.Figure 5b: This is the ase when the transduer faes downstream, i.e., along thediretion of �ow. The �uid �ow is interrupted by the transduer and �ow separation islikely to our in the zone of measurement. The e�et is the same as in Figure 5a, withthe exeption that the sign of the projeted veloity may hange due to the seondary�ow appearing in that region. The sign inversion allows a loally stronger in�uene ofprotrusion, hene, the overall e�et an be larger for this ase (Figure 5b) than for the asedepited in Figure 5a.3.2 Transduer TypesSeveral types of transduers exists depending on the installation requirements. Typiallythe size of the transduers vary with the emitting frequeny, with getting larger by de-reasing the frequeny. The larger impat on the protrusion e�et has however the waythe transduer is mounted, drilled in or mounted from the inside. The following twopitures show eah an example of a drilled in (Figure 6b) and mounted from the inside(Figure 6a) transduer. 10
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(a) Mounted from the inside, typesMFATB2.001 and MFATB05 (b) Mounted by drilling a hole through theonduit wall, type MFATAxxFigure 6 Two ommonly used transduer types. Figure 6b shows a transduer that ismounted by drilling a hole through the onduit wall. Figure 6a shows a transduer typethat is entirely mounted from the inside of the onduit.3.3 SimulationAs the �ow around the transduer loations is of partiular interest in this study, thesimulation domain was hosen suh that these irumstanes ould be met. Two regionswere seleted, one for a entre path loation (α=90◦) and one for an outermost path(α=18◦) of an 18 path (two 9 paths rossed) onfuguration. The path angle ϕ is hosen as45◦. It is assumed that the protrusion e�et for paths with positions with angles between18◦ and 90◦ lies between the two extreme onsidered situations. For eah of the two regionsa setor of 45◦ and of a depth of half of the radius. This allows to simulate half the pathlength for the outermost path and a quarter length for the entre path. The �ow �eld isassumed to be symmetrial with respet to the entre line of the onduit; therefore thesimulated parts of the �ow �eld ould be used for ertain transduers for its in�ueneon the upstream as well on the downstream mounted ases. As the length of the largestinside mounted transduer is around 25cm, the length of the simulated setion of the theonduit was hosen as 5m in order to ahieve a su�iently well modelled region aroundthe transduer, /ie, a fully developed veloity pro�le. For the boundary onditions of inletand outlet �ows and walls the following was hosen:
• Diameter of 5m and veloities of 1m/s and 10m/s leading to Reynolds numbers of

5× 106 and 5× 107.
• Periodi boundary onditions between inlet and outlet.
• No slip boundary onditions at the wall.The mesh for the simulation has been hosen as follows:
• Strutured grid with 376000 elements for the far �eld.
• Unstrutured grid with 126000 elements for the near �eld around the transduer.This disretization leads to ertain quantization e�ets as an an be seen in Figure 8.A �ner resolution of the veloities in the boundary layer would require a highernumber of elements. This approah will have to be taken in order to be more on�denton the results. 11
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(a) α = 90◦ (b) α = 18◦ () α = 18◦Figure 7 Illustration of the rotational veloity �eld in the viinity of the transduer fae.This �ow is indued by the physial presene of the transduer. The assoiated error thatours by this e�et is orreted with the fator kf,i.PSfrag replaements
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(d) α = 18◦, Re = 5× 107Figure 8 Veloities along an aousti path in the viinity of the transduer fae. Thehighly rotational �ow �eld (see Figure 7) auses the veloity to hange diretion. Thehange in diretion results in measured mean veloities that are too low and must beorreted with a fator kf,i > 1. The plots orrespond to the MFATB05 transduertypes.Overall simulations have been arried out for a ombinaton of 2 path positions, 2 �owonditions and 3 transduer types (two inside mounted, one drilled in). The smaller inside12



IGHEM 2012, Trondheimmounted sensor MFATB2.001 and the drilled in sensor MFATAxx were simulated for theoutermost path (α=18◦) only, therefore 8 ases have been onsidered. Figure 7a andFigure 7b show two ases of an inside mounted sensor at two di�erent positions. It islearly visible, that a vortex induing bak�ow is reated in the V-noth where the sensorpills are loated. This leads to veloity distributions along the aousti path as shown inFigure 8. It is interesting to notie that in the upstream as well as in the downstream asea bak�ow an be observed. This fat is muh dependent on the transduer design. Voserpresented results with transduers from a di�erent manufaturer where the bak�ow ouldonly be observed for the upstream ase [5℄. Figure 7 shows a simulation result for thedrilled in sensor. It an be seen that the disturbed �ow �eld a�ets the path line only for ashort distane of the path near the sensor. The greatest part of the distortion is de�etedaway from the aousti path. If the protruding height h of the transduers are small, itsin�uenes are also small. Further simulation results an be found in [1℄.4 Results4.1 Determination of orretion fators kr,i and kf,iThe simulations of � 3 and the results of � 2 allow to determine the orretion fators kr,iand kf,i in di�erent ways. The obtained results hold stritly spoken only for the onsideredase of a 5m diameter pipe and a path angle ϕ of 45◦ 2. The path index i is omitted in thefollowing as it is identi�ed from the angle α. The listed averaged veloities were extratedfrom the simulations:
• v̂meas

x : This is the measured veloity of an adm installation from transduer fae totransduer fae. It ontains both e�ets of protrusion, i.e., redued path length e�etand �ow �eld distortion e�et.
• v̂x: This is the veloity measured from transduer fae to transduer fae, where theveloity �eld ontains no distortion indued by the presene of a transduer. Thenotation for this mean veloity has already been introdued in � 2.4.
• v̄x: This is the mean veloity from onduit wall to onduit wall without any possibledistortions in the veloity �eld indued by the presene of a transduer. The notationfor this veloity has also already been disussed in � 2.4.From these quantities the following ratios an be obtained:
• the overall measurement error ǫ = v̂meas.

x /v̄x

• the �ow �eld distortion orretion fator kf = v̂x/v̂
meas.
x

• the redued path length orretion fator kr = v̄x/v̂xThe results of Table 2 lead to a number of onlusions:
• Di�erent Reynolds numbers (di�erent veloities) for the same ase have only a verysmall in�uene. The �ow distortion around the trandusers hange only slightly.2Note that if the veloity pro�le is fully developed and has rotational symmetry, then the path angle ϕhas only an e�et on kf,i but not kr,i. 13
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• The di�erene in path lengths between enter and outermost paths is re�eted in ain-/derease in the in�uene of the �ow �eld distortion. The formula for the pathlength LWi

= L0 for the ase of no protrusion is given by Eq. (11). It follows thatthe outermost path is redued by a fator of ≈ 0.3 for a path angle of ϕ = 45◦. The�ow �eld distortion orretion kf is dereased from ≈ 1.026 (ase MFATB05, α=18◦)to ≈ 1.005 (ase MFATB05, α=90◦), that means the error is inreased by a fator of
≈ 5 while the path length is shorten by fator of 3.33. Therefore one might onludethat the in�uene from enter to outermost paths grows more than proportional ifthe path length di�erene is eliminated. This might be beause the outer most pathremains for a longer distane lose to the boundary layer.

• The �ow distortion e�et leads always to an underestimation of the averaged veloity,whih is re�eted in a kf fator greater than one.
• If the α=18◦ ases are ompared, then one onludes, as an be expeted, that thesmaller the transduer is, the smaller is its �ow distortion e�et, whih means kfgets loser to one. Simulations for the other angles have to be arried out to on�rmthis result. A similar trend an be observed for the redued path length orretionfator kmod

r derived from the model orretion urves of Figure 4.
• The overall error ǫ is exept for two ases greater than one and in absolute termsalways smaller than 1%. For the listed α=90◦ ase there is a slight overestimation of0.15% (mean value) ompared to the true value. In this ase a orretion with themodel orretion fator kmod

r for ompensating the redued path length e�et givesnot a better result (last olumn).
• To get the overall in�uene for a multipath on�guration, eah path has to be treatedseparately and weighted aording to the �ow integration formula. For a 18-pathappliation one has to ope with the wide spread of path lengths: the inner pathsare less a�eted from the e�et than the outer paths.In the error analysis of an adm measurement system an overall protrusion error of lessthan 0.1% does no more ontribute signi�antly to the overall error and an therefore benegleted. As this ould be more or less veri�ed only for the α=90◦ ases (MFATB05)it remains open how small the e�et will be for the other transduers for other than the

α=18◦ positions.4.2 Generalization for orretion oe�ientAll simulations have been done so far for a 5m onduit. It is possible to extrapolate the re-sults for eah transduer and positions to smaller and larger diameter under the assumptionthat the �ow distortion around the transduer do not hange. This extrapolation is shownin Figure 9 for the MFATB05 α=90◦ ases (two Reynolds numbers). The ompensatinge�et of the two in�uenes an be seen. For small values of r, the spread between the twourves widens while for values of r greater than ≈ 4m both e�ets are very lose to one.
14



IGHEM 2012, TrondheimTransduer Re v̂meas.
x

a v̂x
b v̄x

 v̂meas.
x /v̄x kf

d kr
e kmod.

r
f kfkr kfk

mod.
rType [−] [m/s] [m/s] [m/s] [−] [−] [−] [−] [−] [−]MFATB05 5× 106 0.6356 0.6514 0.6358 0.9997 1.0250 0.9761 0.9698 1.0005 0.9941

α = 18◦ 5× 107 6.4059 6.5800 6.4487 0.9934 1.0270 0.9801 0.9739 1.0065 1.0002MFATB05 5× 106 0.7458 0.7482 0.7441 1.0024 1.0030 0.9945 0.9945 0.9975 0.9975
α = 90◦ 5× 107 7.2912 7.3469 7.2867 1.0006 1.0076 0.9918 0.9952 0.9994 1.0028MFATB2.001 5× 106 0.6327 0.6419 0.6268 1.0094 1.0150 0.9765 0.9755 0.9911 0.9901
α = 18◦ 5× 107 6.4142 6.5031 6.3608 1.0084 1.0140 0.9781 0.9788 0.9918 0.9925MFATAxx 5× 106 0.6187 0.6265 0.6171 1.0026 1.0130 0.9850 0.9848 0.9978 0.9976
α = 18◦ 5× 107 6.2777 6.3505 6.2604 1.0028 1.0120 0.9858 0.9868 0.9976 0.9986a This is the measured veloity of an adm installation from transduer fae to transduer fae.It ontains both e�ets of protrusion, i.e., redued path length e�et and �ow �eld distortione�et.b This is the veloity measured from transduer fae to transduer fae, where the veloity �eldontains no distortion indued by the presene of a transduer. The notation for this meanveloity has already been introdued in � 2.4. This is the mean veloity from onduit wall to onduit wall without any possible distortions inthe veloity �eld indued by the presene of a transduer. The notation for this veloity hasalso already been disussed in � 2.4.d Flow �eld distortion orretion fator, kf = v̂x/v̂

meas.
x .e Redued path length orretion fator, kr = v̄x/v̂x. The value for this fator is determined fromthe simulation.f The same orretion fator as in item e, but determined with the model veloity pro�le ofEq. (21).Table 2 Summary of the simulation results for the MFATB2.001, MFATB05 and MFA-TAxx transduers. The positions orresponding to α are Gauss-Jaobi positions. Themodeled orretion fators for the redued path length e�et, kmod.

r , are given by thedashed lines of Figure 4a and 4b for the two di�erent Reynolds numbers.
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(b) α = 90◦, Re = 5× 107Figure 9 Distribution of the orretion fators kf and kr dependent on the radius r forthe MFATB05 transduer. The produt of the two orretion fators is also shown.15



IGHEM 2012, Trondheim5 ConlusionsIn this study the two in�uenes, the redued path length e�et and the �ow �eld distortione�et has been studied. From the work done so far the following onlusions an be drawn:
• For the redued path length e�et, orretion urves ould be derived whih dependson the protrusion depth pf = h/R, the assumed veloity pro�le and the path position.These urves are a generalization of the results of the orretion given in [3℄. Notethat the redued path length orretion is an isolated geometrial problem.
• The simulation results on�rm the trend that for large onduits the in�uene of the�ow �eld distortion e�et gets smaller as the absolute distortion remains the same.The dependene on the Reynolds number for the ases onsidered is small.
• In order to quantify the �ow �eld distortion e�et more preisely, the disretizationhosen for the simulations has to be re�ned. Also it will be neessary to widen thesimulations for eah transduer type to all the important path positions (18◦, 36◦,45◦, 54◦, 72◦, 90◦). The ases hosen in this study were not onlusive enough.
• In addition, the in�uene of the radius of the onduit on the �ow �eld orretionfator kf,i, as extrapolated in Figure 9, should be veri�ed by further simulations too.
• The onsiderations in � 2 provides a general mean for the alulation of an aoustipath ontained in a irular onduit. Suh path has an origin point given by T andtwo additional degrees of freedom, i.e., rotation about the angles γ and δ, as de�nedin Figure 1b.Referenes[1℄ F. Deshwanden, Protrusione�ekt von Sensoren bei akustishen Durh�ussmessun-gen. Bahelor Thesis, June 2012.[2℄ P. Gruber, T. Staubli, T. Tresh, and F. Wermelinger, Optimization of theADM by adaptive weighting for the gaussian quadrature integration, in Roorkee 2010,IGHEM, 2010. http://www.ighem.org/.[3℄ K. Sugishita, A. Sakurai, H. Tanaka, and T. Suzuki, Evaluation of errorof aousti method and its veri�ation by omparative �eld tests, in Montreal 1996,IGHEM, 1996. http://www.ighem.org/.[4℄ Various, Hydrauli Turbines and Pump-Turbines: ASME PTC 18-2011: PerformaneTest Codes, 2011.[5℄ A. Voser, Analyse und Fehleroptimierung der mehrpfadigen akustishen Durh-�ussmessung in Wasserkraftanlagen, PhD thesis, ETH Zürih, 1999.[6℄ F. Wermelinger, Optimization of aousti disharge measurements with regard toprotrusion e�ets and transient veloity �elds. Bahelor Thesis, June 2010.
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IGHEM 2012, TrondheimA Coordinate TransformationsIt is most onvenient to represent rTP of Eq. (3) in a for C that has one axis normalto the transduer fae. In order to get from I to C, three rotations (i.e., oordinatetransformations) must be performed. These arei.) Rotation of α in the positive diretion along e
I
x = e

A
x . This rotation allows forarbitrary positioning of the transduer on the irumferene of the onduit, relativeto the position of the aousti plane ε. The transformation is represented by thematrix AAI ∈ R

3×3. The subsript of A reads �from for I to for A�.ii.) Rotation of γ in the positive diretion along e
A
y = e

B
y . This transformation allowsfor rotation about the prinipal axis of the transduer. The rotation takes plae in aplane tangent to the onduit surfae, where the plane is spanned by the two vetors

e
A
x and e

A
z . Sine the rotation takes plae in the tangent plane, it must also ontainthe two vetors of the rotated system, eBx and e

B
z . See Figure 1b for a visual aid.The transformation is represented by AAB.iii.) Rotation of δ in the positive diretion along e

B
z = e

C
z . This rotation allows theinlination of the transduer fae. After the transformation, the two unit vetors eCxand e

C
z span a plane that ontains the radiating fae of the transduer. Therefore,

e
C
y is the unit vetor normal to that plane and points in the diretion of the aoustipath, assuming the aousti path is indeed inident normal to the transduing fae.This unit vetor may then be used to model the aousti path in R

3. See Figure 1bfor a visual aid. The transformation is represented by the matrix ACB.The �rst transformation is straight forward, the seond and third are trikier to imagine,see Figure 1b for an aid. A positive rotation is in the sense of a mathematially positiverotation (right hand rule).The transformation matries an be written in terms of Givens rotations. Multiplede�nitions are possible, here we hoose
AAI =





1 0 0
0 cosα sinα
0 − sinα cosα



 (22)
ABA =





cos γ 0 − sin γ
0 1 0

sin γ 0 cos γ



 (23)
ACB =





cos δ sin δ 0
− sin δ cos δ 0

0 0 1



 (24)Vetor r
OP of Eq. (3) is very easy desribed in for I, i.e.,

rI OP =





x
R cosβ
R sinβ



 (25)and rTO
is most onveniently desribed in B

rB TO =





0
−(R− h)

0



 (26)17



IGHEM 2012, Trondheimwhere h is the distane from point T to the onduit surfae along e
B
y (see Figure 1b) and Ris the radius of the onduit. If h > 0, then point T is inside the onduit. If h < 0 then T iseither inside the onduit wall or outside the onduit, where the former may rarely happen,the latter is physially not possible.Sine we are looking for rC TP , we an now write, using Eq. (3),

rC TP = ACB rB TO +ACBABAAAI rI OP (27)The aousti path, represented by rC TP in the C system, is a straight line in R
3. Inthe C system, suh a line is given by

gC = teCy (28)where t is an unknown parameter, i.e., the length of the aousti path from point T topoint P . This is the reason why we wish to desribe rTP in the C system. We an nowwrite a sysem of three equations with three unknowns x, β and t related to P and twoonstraints γ and δ, i.e.,
rC TP = − gC (29)The minus sign arises from the de�nition of the C system, see Figure 1b. ExpandingEq. (27) and (28), the system an be written as





h sin δ + x cos γ cos δ +R(c11 cos β + c12 sin β − sin δ)
h cos δ − x cos γ sin δ +R(c21 cos β + c22 sin β − cos δ)

x tan γ −R(sinα cos β − cosα sinβ)



 =





0
−t
0



 (4)with onstants
c11 = sin δ cosα+ sin γ cos δ sinα (5)
c12 = sin δ sinα− sin γ cos δ cosα (6)
c21 = cos δ cosα− sin γ sin δ sinα (7)
c22 = cos δ sinα+ sin γ sin δ cosα (8)B General Determination of γ and δIn � 2.2 the angles γ and δ were determined by the two onstraints that the path must liein the plane ε and that it is aligned at the angle ϕ inside that plane. In general, a straightline is de�ned by two points. Thus, given two points T and P , one an alulate γ and

δ suh that the two points lie on the same path. The point T is neessarily the origin ofoordinate system C, see Figure 1b. Based on these two points, the following quantitiesan readily be omputed
tanα =

Tz

Ty
(30)

tan β =
Pz

Py
(31)

R =
√

P 2
y + P 2

z (32)
x = Px (33)
h = R−

√

T 2
y + T 2

z (34)18



IGHEM 2012, TrondheimThese alulations assume that P is on the surfae of the onduit, hene, h is de�ned asgiven in Eq. (34). The assumption that P is on the surfae allows these alulations inthe �rst plae and does not in�uene γ and δ, sine T is the origin of for C. One thesequantities are known, the following three intermediate values may be omputed
q1 =

x

R
(35)

q2 =

(

tanα

tan β
− 1

)

cosα sin β (36)
q3 = 1−

h

R
− (1 + tanα tan β) cosα cos β (37)The relations for the angles γ and δ then follow from the third and �rst equation,respetively, of the system given in Eq. (4). That is,

tan γ =
q2
q1

(38)
tan δ =

q2
q3

sin γ +
q1
q3

cos γ (39)By introduing the two onstraints disussed in � 2.2, Eq. (38) and (39) simplify toEq. (14) and (15), respetively.
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Abstract 
The uncertainty of an acoustic transit time (ATT) flow measurement can be estimated on the basis 
of computational fluid dynamics (CFD) simulations in advance of an installation. The paper 
illustrates an example of a flow simulation in the hydro power plant (HPP) Aratiatia, NZ, for 
heavily disturbed velocity distributions. In this power plant three turbines are fed from a common 
surge tank and are operated in parallel or individually. Details on the geometrical and numerical 
model are given, as well as the physical boundary conditions. 
The OWICS (Optimal Weighted Integration for Circular Sections) discharge integration method at 
Gauss-Jacobi positions is used to calculate the flow rates in the circular measuring sections 
immediately upstream of the spiral casing for different operating conditions.  
The procedures employed for extraction of the relevant data from the simulated flow fields needed 
for integration of the flow rates are described. A comparison of the axial and cross velocity 
components on the individual paths resulting from the CFD simulations and the measurement 
shows good agreement. From this agreement can be concluded that the shape of the disturbed 
velocity distributions as well the secondary flow is well predicted by the simulation. An analysis of 
the integrated path velocities show that the integration uncertainty remains below 1.3 % for the 
chosen 8 path, two plane configuration, even for the worst operating condition. 

1. CFD Simulation 

1.1. General procedure 

1.1.1. Geometrical model for CFD 
Basis of a reliable CFD simulation is an adequate model of the flow surfaces. This comprises: 
- Definition of the simulation domain (inlet, outlet)  
- The geometry must be modeled in a way that the flow predictions encompass the major 

influences on velocity distributions.  
- Drawings of plants are often incomplete or inaccurate. Geometrical checks are necessary or as-

built and approved drawings should be used. 
- Simplification of the geometry is allowed (e.g. inlet trash rack, bulkhead gate slots), in case 

where a negligible influence on velocity distributions may be assumed. 
- To enable a good meshing it is essential to set the geometrical tolerances of the CAD model to 

a minimum. This is especially important for transitions between different cross-sections or for 
edges so that the boundary layer can be accurately projected onto the geometry. 

- Export of the geometry from the CAD software in a suitable format to the used meshing 
program. 
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1.1.2. Numerical models 
- In general, steady state simulations will be sufficient to predict time averaged velocity 

distributions. However, it should be noted that bend flows, wake flows and swirling flows are 
inherently unsteady. 

- The SST (shear stress transport) turbulence model provides in general satisfying results. 
Dissipation is sometimes overestimated with the SST model, leading to secondary flows which 
are damped out within short distances. LES, DES (large/detached eddy) models are also well 
suited for conduit flow predictions. 

- The high resolution advection scheme assures good convergence for most simulations. High 
resolution adapts locally the scheme of the equation solver. In areas with high local gradients 
the solver uses a first order scheme and in areas with low gradients is solved in general with a 
second order scheme. Using the high resolution scheme ensures in most cases a stable solver 
process. 

- Simulations with long and/or complicated geometries (cross-section changes, bifurcation, 
surge chambers, one of several turbines in operation, etc.) can be first simulated with an 
upwind scheme so that in a second step the high resolution solution converges. 

1.2. Procedure chosen for the HPP Aratiatia 

1.2.1. Geometrical model for CFD 
The simulation domain extends from a four diameter straight section in the intake tunnel down to 
the spiral casings of the 3 turbines as shown in figures 1 and 2. Downstream of the surge tank the 
penstock separates into three pipes. After the trifurcation, the rectangular cross-section changes to 
the circular cross section which remains constant down to the measuring plane. The three-
dimensional CAD file was prepared with UG NX 7.5, based on drawings from Mighty River Power, 
NZ.  

 
Figure 1: Simulation domain of the HPP Aratiatia 

1.2.2. CFD simulation 
The simulations were performed with ANSYS CFX 12.0. Figure 2 depicts the simulated flow 
surfaces of the HPP Aratiatia. The simulated flow measuring sections (marked as ATT) are located 
in the lower part of each penstock. In the following only the results of penstock 1 will be compared. 
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Figure 2: Overview of the parts of the simulation domain of the HPP Aratiatia 
 
Three different operating conditions were analysed: 

- Test 1: 3x90 m3/s (all three turbines in operation) 
- Test 2: 2x90 m3/s (turbine 1 and 2 in operation, turbine 3 shutdown) 
- Test 3: 1x50 m3/s (turbine 1 in operation, turbine 2 and 3 shutdown) 

 
The boundary conditions for these operating points are listed below: 
 
Inlet 
The straight intake tunnel of the power plant is about 50 diameters long with constant circular cross 
section. The range of the Reynolds numbers lies between Re=7·106 and 4.3·107 for the investigated 
operating points. Consequently, a fully developed velocity profile can be assumed at the inlet to the 
simulation domain. This profile is calculated beforehand for each of the given flow rates in a 
separate simulation with a 2 diameter short straight section with translationally periodic boundary 
conditions. These velocity distributions as well as the turbulence quantities are then used as inlet 
conditions for the main simulations. 
 
Outlets 
The number of outlets varies from 1 to 3 outlets depending on the operating conditions. The mass 
flow is set for each of the outlets. The outlet mass flows then are linked to the mass flow at the inlet 
in order to satisfy the mass flow balance.  
The expressions in the brackets show the boundary conditions, which are set at the outlet. 
Test 1: All three outlets have the same mass flow (massflow@inlet/3). 
Test 2: Outlet 1 and 2 have the same mass flow (massflow@inlet/2). Outlet 3 is defined as a no slip 
wall. This is a simplification, in reality the domain ends in the spiral casing upstream of the closed 
guide vanes. 
Test 3: Outlet 1 and inlet have the same mass flow (massflow@inlet/1). Outlet 2 and 3 are defined 
as no slip walls. 
 
Wall 
The wall is specified as a no slip wall assuming hydraulically smooth surfaces. 
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Free surface 
The free surface of the surge tank is defined as a free slip wall. This means that the water level is 
constant and the water has no friction at this boundary. 

2. Path velocities determined from CFD 

2.1. Flow rate integration 
The acoustic sensors are mounted in the three penstocks in accordance with IEC 60041 on the 
Gauss-Jacobi positions (table 1).  Due to an expected cross-flow, the paths are arranged in two 
crossed planes. The paths 1 to 4 are in plane A and the paths 5 to 8 are in plane B. Two crossed 
paths lie on the same layer, e.g. layer 1 is defined by path 1 and 5. 
The flow rate is evaluated with the position corrected OWICS weights [1]. The paths of length Li 
are oriented with an angle of ϕ = 45° to the axial pipe direction and the projected length of the 

acoustic path is )sin(_  iiproj LL . With this information and the distances di from the centre line 

the co-ordinates of the start and the end point of each path was determined in the CAD-model. 
After modelling the paths at each level in the CAD-model, the x, y, z co-ordinates of each point 
could be copied into CFX. 

 
Figure 3: Path positions within the penstock 1 
 
With a given area flow function )()()( zbzvzF ax  , the co-ordinate z in direction of the layers and 

with b(z) = Lproj the flow rate can be approximated with equation 3.1 [2]:
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The area flow function used to determine OWICS weights [2] for circular cross sections is: 
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With the corrected OWICS weights wi for each position, given in table 1, the flow rate Q can be 
determined with equation (2.4) [2]. 

 (2.4) 

 
 Gauss-Jacobi Positions

OWICS Weights 
path Positions 

di/(D/2) 
Weights 

wi 
1/5 
2/6 
3/7 
4/8 

-0.809017 
-0.309017 
0.309017 
0.809017 

0.365222 
0.598640 
0.598640 
0.365222 

Table 1: Gauss Jacobi positions and position corrected OWICS weights 
 
a) b)

c) d)

Figure 4: Normalized theoretical and simulated velocity profiles and path velocities in the  
penstock 1: a) OWICS velocity profile ( = 0.6); b) test 1; c) test 2; d) test 3 
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Figure 4 depicts the velocity profiles of the ideal velocity distribution and of the three test cases. 
The black lines in figure 4 represent the Gauss-Jacobi positions di which are listed in table 1.  
The simulated axial velocity distributions (blue lines for b), c) and d)) are averages of the 
simulation results of plane A and plane B, deviate considerably from the ideal distribution. 
Furthermore, the individual points of plane A (red) and plane B (green) show an important 
difference of the axial velocities in the two planes. 

2.2. Determination of the velocity components at the paths 
For the comparison of the results of the CFD simulations with the measurements it is important that 
the correct axial and transversal velocity components on the virtual paths are exported from the 
CFD result file. Figure 5 illustrates the simple case of the velocity components without cross-flow.  
For the measurements vproj is determined from the transit time differences of the upstream and 
downstream acoustic pulses. With the angle ϕ of the path, the mean axial flow velocity of the path 
can be calculated. 
The extraction of the mean axial flow velocity from the CFD solution demands the export of the 
geometrical information (x, y, z co-ordinates) and the corresponding velocity components (u, v, w) 
of each point along the path. 
 
ATT CFD 

v pr
oj

ϕ

v = vax = vax_CFD

Plane A

Figure 5: Comparison of the axial velocity components of the ATT-method (left) and CFD (right) 
without cross-flow 
 
For the majority of applications of ATT measurements cross-flow prevails. The cross-flow affects 
the transit time measurement. Depending on the direction of the cross-flow, a too long or a too 
short transit time is measured. If both paths experience the same cross-flow, the average of the 
crossed transit times cancels the cross-flow effect out. 
Figure 6 shows the velocity components, which affect the transit times in case of cross-flow. The 
velocity v is the real velocity of the fluid. This velocity has an axial component (vax) and a 
transversal component (vtrans). As the figure shows, vproj is larger on plane A than on plane B. This 
is because vtrans increases the transit time of the pulse on plane A while vtrans decreases on plane B. 
For the comparison of the CFD results with the measured data it is important that the cross-flow 
component is also considered. 

1. Export of the geometrical information (x, y, z co-ordinates) and the corresponding velocity 
component (u, v, w) of each path. 

2. Calculation of the mean velocities of each component (u, v, w) with the trapezoidal rule. 
3. Calculation of vax and vtrans 

vax: the axial velocity component is directed in the axial flow direction. 
vtrans: the transversal velocity component is directed normally to the axial velocity 
component and is located on a layer. 

4. Calculation of vax_proj and vcross 
)cos(_  axprojax vv  (2.5) 

)sin(_  transcrossax vv  (2.6) 
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5. Calculation of vproj 
Plane A: crossprojaxproj vvv  _  (2.7) 

Plane B: crossprojaxproj vvv  _  (2.8) 

6. Calculation of vax_CFD 

Plane A: )tan(
)cos(_ 


 transax

proj
CFDax vv

v
v  (2.9) 

 

Plane B: )tan(
)cos(_ 


 transax

proj
CFDax vv

v
v  (2.10) 
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Figure 6: Comparison of the velocity components of the ATT-Method and CFD with cross-flow 

2.3. CFD results 
All results are referenced to a specified volume flow of 90 m3/s respectively of 50m3/s. The table 2 
shows the relative deviations of the flow rates integrated with the OWICS (Gauss-Jacobi positions) 
method and the CFD flow rate, which is determined from the mass flow given in the CFD result 
file. The deviation eOWICS (2.11) results from average of the flow rates from plane A and plane B. In 
the worst case (test 2) the integration error of the OWICS method results to -1.21 %. The other two 
simulations show an integration error below 1 %. The smallest deviation is found for the simulation 
with all penstocks in use (test 1). 
The deviations of plane A and plane B are not identical. On the one hand cross-flow will be one of 
causes for this difference, but on the other hand the integration error of the OWICS method will 
also be different due to the difference of the disturbed velocity distributions in Plane A and B.  
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  2 planes (A and B) with each 4 paths 

Case Q_CFD 
[m3/s] 

e_owics 
[%] 

e_plane_A 
[%] 

e_plane_B 
[%] 

Test 1: 3x90 m3/s     

Penstock 1 90 0.79% 0.28% 1.29% 

Test 2: 2x90 m3/s (Pen 1&2)     

Penstock 1 90 -1.21% -2.94% 0.53% 

Test 3: 1x50 m3/s     

Penstock 1 50 0.90% 0.83% 0.97% 

Table 2: Results of the flow rates with the OWICS (Gauss-Jacobi positions) method in the 
penstock 1 

CFD

CFDOWICS
OWICS Q

QQ
e


  (2.11) 

CFD

CFDAplane
Aplane Q

QQ
e


 _

_  (2.12) 

CFD

CFDBplane
Bplane Q

QQ
e


 _

_  (2.13) 

It should be noted that the integration error is only part of the uncertainty of the ATT method. 
Further uncertainties such as the uncertainties due to protrusion, installation and electronics have 
also to be considered. 

3. Acoustic transit time measurement in the HPP Aratiatia 

3.1. Measurement 
During the tests in the HPP the Aratiatia the specified flow rates where reached as close as 
possible. Each test consisted of a 5-10 minutes stabilisation period, followed by a 5 minutes data 
acquisition period. The sampling frequency was set to 1 s-1. For test 1 and 2 the flow rate was 
almost constant at 90 m3/s during the entire measuring period of 300 s. The standard deviation were 
 = 0.999 m3/s for test 1 and = 0.807 m3/s for test 2. 
Test 3, with a specified flow rate of 50 m3/s, shows a flow rate increase in between 75 s and 150 s. 
Accordingly, the time mean flow rate was determined for sequence between 150 s and 300 s for this 
test 3. The standard deviation of the time signal of test 3 was = 0.574 m3/s. 

 
Figure 7: Flow rate recordings for the three different tests in penstock 1 
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4. Comparison of measured and simulated path velocities  

4.1. Path velocities 
The figures 8 to 10 show the measured axial velocity components (vax_ATT) and the simulated axial 
velocity components (vax_CFD) for each path (P1 to P8). Between the measured and the simulated 
data the ideal axial velocity is inserted in order to demonstrate the important profile distortion in 
the measuring section. All values are specified to the volume flow of 90 m3/s respectively to 
50 m3/s.  
Measured path velocities and simulated velocities agree fairly well with each other. For test 1 the 
maximum deviation between ATT measurement and CFD is only for P5 of the order of 10 % all 
other deviations are smaller. For test 2 the largest deviations are found for P5 and P8. The 
deviations of test 3 are more significant and peak for P1 with 17%.  
Comparing velocities in plane A (P1, P2, P3, P4) and plane B (P5, P6, P7, P8) considerable 
differences are observed, indicating heavily disturbed velocity distributions and cross-flow. 
 

 
Figure 8: Comparison of the axial velocities for test 1 in penstock 1 
 

 
Figure 9: Comparison of the axial velocities for test 2 in penstock 1 
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Figure 10: Comparison of the axial velocities for test 3 in penstock 1 
 
The figures 11 to 13 show the mean axial velocity (left) and the transversal velocity (right) in the 
layers 1 to 4. The maximum deviation of the mean axial velocity between the measured and the 
CFD results of a layer amounts to less than 10% at all cases. The majority of the deviations are near 
3% and smaller. The deviations of the transversal velocity are larger than the deviations of the axial 
velocity components. The sign of the transversal velocity components is well predicted, with the 
exception on layer 2 for test 3, with very small cross-flow. The transversal velocity components are 
slightly over predicted by CFD. The cross-flow of the ideal velocity distribution is obviously zero. 
For all 3 tests, the highest transversal velocities are found on layer 1. 
 
 

   
Figure 11: Comparison of the axial and the transversal velocities on the 4 layers of test 1 in 
penstock 1 
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Figure 12: Comparison of the axial and the transversal velocities on the 4 layers of test 2 in 
penstock 1 
 

  
Figure 13: Comparison of the axial and the transversal velocities on the 4 layers of test 3 in 
penstock 1 
 
In Figure 14 the secondary flow, which is developing downstream of the trifurcation, is shown in 3 
consecutive planes. It is this secondary flow which is responsible for the transverse velocity 
components on the acoustic paths. The colour from blue to red indicates the magnitude of the 
transverse velocity component in the cutting plane. The red zone in the lower part of the penstock 
shows the location of maximum secondary flow. Also located in the lower part of the penstock is 
the core of the counter rotating vortex with very low transverse velocities in the centre. The three 
consecutive cuts show that the whole system of the secondary flow is in rotation itself. This can be 
observed in the area with the highest velocities and also from the rotation of the vortex core. 
Further observation is that the intensity of the secondary flow decreases along the penstock. 
The negative transverse velocities in figures 11 to 13 on layer 1 correlate well with the high 
velocities from left to right at the height of this layer depicted in figure 14. On all other layers a 
transverse flow from right to left dominates. 
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Figure 14: Projected velocity vectors of test 1 in penstock 1 on 3 consecutive planes (left) and on 
the measuring plane (right) 

5. Conclusion 
The flow in the penstocks of the hydro power plant Aratiatia has been simulated for 3 operating 
points. Due to the trifurcation, the cross-section change and the bends, the velocity profile at the 
ATT measuring section is heavily disturbed and a cross-flow prevails. Uneven distributions and 
cross-flow, both, affect the accuracy of flow rate integration.  
For reliable CFD simulations, it is important, that the correct boundary conditions are set and only 
low impact simplifications are made to the geometry. 
The flow rate integration of the simulated velocities with the OWICS method at the Gauss-Jacobi 
positions shows that in the measurements an integration uncertainty of less than 1.3% has to be 
expected. The comparison of the measured and simulated mean axial and transverse velocities on 
the acoustic path show reasonably good agreement from what can be concluded that the predicted 
integration uncertainty is correct. 
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Discharge measurements at Chievo Dam power
plant using 24 ultrasonic paths (IGHEM 2012)

J. Lanzersdorfer1

ANDRITZ Hydro GmbH, Ostring 17, 4031 Linz, Austria

Abstract

This paper deals with the discharge measurements on the module at
Chievo Dam in Verona, Italy, which consists of 5 HYDROMATRIX R©
turbine-generator units. This test session took place in 2011.
The major challenge was to obtain reliable values of the discharge. It was
decided to apply acoustic transit time (ATT) being aware of the fact that
the in�ow conditions were not consistent with IEC recommendations. 24
ultrasonic paths were installed in the open channel ful�lling the ambitious
target concerning the measuring uncertainty (±2 . . . 3%). Four (4) vertical
frames were mounted on the side walls upstream the trash rake. Each one
of the frames was equipped with 12 sensors. The average uncertainty of the
total �ow is estimated to be ±2.3%. Finally, a criterion is introduced to
quantify the required number of samples to undergo a maximum allowable
random uncertainty of the main �ow velocity.

Introduction

Since no major excavations or civil works are necessary, the HYDROMATRIX R©
turbine-generator concept represents an interesting and cheap hydro-power vari-
ant at low heads. Due to their small dimensions such units can easily be in-
tegrated into existing dam or gate structures. At Chievo Dam, the distinctive
feature is that the complete module is installed into the existing lock chamber at
its downstream end and can be lifted and lowered (under balanced condition) in
order to evacuate the lock chamber for �ood release. This module is equipped
with �ve (5) turbine-generator units (TG units) with horizontal runner axis.
The runner has a diameter of 1.32 m and three (3) non-movable blades. The
blades are encircled by a metal ring which is equipped with permanent mag-
nets. This represents the generator's rotor part. The stator of the generator
is installed around that rotating ring. Fixed wicket gates are located upstream
the runner. A vertically moveable gate downstream the short draft tube cone is
used to start and stop the unit, and to synchronize the unit to the grid. In 2009
the HYDROMATRIX R© module at Chievo Dam/Italy has been commissioned
successfully by ANDRITZ Hydro.

In January 2011 e�ciency measurements were carried out at Chievo Dam by
measurement engineers from ANDRITZ Hydro. The target of this test session
was to determine the performance characteristics of the module for di�erent
gross heads (2.0 . . . 3.6 m). The only appropriate location where such measure-
ments could be executed was upstream the trash rake in the open channel. The
cross sectional shape of the channel represents a rectangle. The width is nearly
12.5 m, the maximum water depth 6 m. No applicable absolute measuring
method consistent with IEC 60041 [1] � i.e. current meters � was satisfying.
As far as the �nancial aspect was concerned, the application of current-meters

1Contact: johannes.lanzersdorfer@andritz.com
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would have required at least 100 propellers which was inappropriate. Tracer-
dilution measurements would have been strongly biased by deadwater regions
and recirculation zones. As a consequence of this, it was decided to apply
acoustic transit time (ATT) keeping in mind that the in�ow conditions were
not consistent with IEC recommendations. 24 ultrasonic paths were installed
in the open channel. Velocity pro�le and discharge evaluations are carried out
in accordance with ISO 6416:2004 [2].

Setup of the acoustic measurements

General aspects

The intake upstream the TG units has a vertical gate which could be lowered
during installation works. Unfortunately, it was leaking and the water level
downstream the closed gate could only be lowered to tailrace level if required.
A few meters downstream that gate a �sh ladder was built on the right-hand
side. Following the main �ow after the entrance to the �sh ladder the hydraulic
contour is a little bite broadened to the left-hand side. And a sharp vertical
wall edge appears on the right before entering a short straight part. This �ow
guidance results in visible turbulences and vortices. Discharge measurements
can only be performed reasonably just upstream the module in a short, straight
and rectangular shaped part of the intake (width is nearly 12.5 m, the maximum
water depth 6 m). The maximum average �ow velocity yields approximately
0.75 m/s. Accurate measurement of such small velocities represent another chal-
lenge in a metrological point of view.

The conditions for ATT measurements on that site were not the best and
recommendations from the standard test code [1] (straight intake with minium
length of 10 ·D, minimum velocity ≥ 1.5 m/s) could not be established. Despite
this fact, the ambitious plan was made to use 24 acoustic paths arranged in
crossed position to eliminate the main cross-�ow. Locally disturbed �ow within
the measuring section which could not be detected by both paths of the same
elevation is considered by additional uncertainty. The whole channel with set
intake gate could not be emptied without additional �nancial e�orts. Hence, it
was decided to use a setup with four (4) vertical frames mounted on the side
walls instead of installing each ultrasonic transducer individually on the walls.

Instrumentation and equipment

We used our equipment from ACCUSONIC for ATT measurements containing
the main processor unit 7500 and two (2) additional 7520 units. Each of these
units was equipped with 8 transducer pairs. These electronic devices were put
into a container of 10' length just next to the intake. 48 ultrasonic sensors of
type 7618 were used. Those work with a ultrasonic frequency of 500 kHz and
are suitable for conduits up to 25 m wide [3]. The ball-type transducers can
be adjusted on a protective mount. The connection between processor unit and
transducer was made by special cables with waterproof plugs and a length of 60
m.
The raw data (the forth and back transit times of each path) were sent with an
update rate of 1/3 Hz via RS232 connection to a laptop. The sampling time
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was set to 5 min yielding to 100 observations per measuring point. A selfmade
software written in NI LabView took care of the data recording and the real-
time analysis. The detailed analysis was executed with Excel including outlier
�ltering with the Grubbs test [1].

Installation of sensor frames

The frames were made of u-beams with 260 mm width. The ground plate where
the sensors were mounted on had been �nely machined to reduce any angular
curvature. Opposite to the ground plate a few plates were welded onto the bars
which served as buttstraps.
The frames were transported to the site after manufacturing. In detail, equip-
ping the frames with sensors � 12 sensors per frame � and the cabling had to be
done on site too. In order to determine the �ow behavior close to the bottom
as good as possible, the sensors on the frame were arranged in an appropriate
vertical position. The lowest path elevation required a minimum distance to the
bottom to avoid interference with re�ected ultrasonic waves.2 The same was
valid for acoustic paths next to the expected headwater level. The path angle of
each sensor with respect to the main �ow was adjusted outside the channel and
it yielded θ ∼= 60◦. That proceeding was required since at least sensor pairs be-
low tailrace level could not be aligned properly. But this default setting should
ensure a good operation of the system despite the incorrect alignment. Because
the main energy of the ultrasonic pulse is propagating within an angle of aper-
ature of ±5◦ [4]. The cables were guided in the hollow space of the u-beam.
A mobile crane hoisted the ready equipped frames into the intake channel where
the water level was lowered to tailrace level. Each frame was mounted at its
buttstraps onto the side wall with several anchor bolts. The construction of
the frames and their �xation on the walls avoided any remarkable vibrations.
The acoustic signals remained stable during the whole measuring session. The
protrusion of the sensors on the frames into the channel were approximatey
15 to 20 cm depending on the structure of the side wall. The distance was quite

2The determination of the arrival time of the incoming ultrasonic pulse on an opposite
transducer is mainly done by detecting the �rst full period of this pulse. Any re�ected pulse
would interfere with the signal of interest. Hence, it is necessary that the distance between
any surface/bottom and its neighbored acoustic path do not go below zmin. This parameter
can be calculated by the aid of the minimium required phase di�erence λ between normal
pulse and re�ected pulse

λ =
√
L2 + (2zmin)2 − L (1)

where L denotes the shortest distance between opposite transducers. Transforming (1) and
λ = c/ν yields

zmin =

√
Lc

2ν
+
( c

2ν

)2 ∼= √Lc

2ν
(2)

ν represents the pulse frequency. In case of the measurements at Chievo Dam the minimum
distance may be estimated by

zmin
∼=

√
(12.5 m)/ sin(60◦) · (1450 m/s)

2 · (5 · 105 Hz)
∼= 0.15 m (3)
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small compared to the channel width of 12.5 m.
The position of the individual sensors above the water level was determined by
means of a laser based distance measuring device. The geometric arrangement
of the non-accessible sensors was obtained by extrapolation and statistics.

Figure 1: General layout of the HYDROMATRIX R© module (sectional view)
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Figure 2: General layout of the HYDROMATRIX R© module (plan view)
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(a) View of the lifted module from the upstream side. The �sh ladder is located on the
right-hand side.

(b) View of the exit gates of the TG units

Figure 3: HYDROMATRIX R© module during commissioning
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(a) 3-dimensional view

1

2 3

4

(b) Plan view

Figure 4: Scheme of the acoustic path arrangement
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(a) Sensor mounting (θ = 60◦) and cabling outside the channel

(b) Mounted frames inside the intake channel: The water level in the intake part is equilibrated
with the tailrace level. It was not possible to adjust sensor pairs with a laser below the water
surface.

Figure 5: Installation of the sensor frames into the intake
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Theory

Velocity calculation

The superposition of individual velocities in the �ow at a certain elevation gives
the basic formulae yielding to

L1

t1�2
= c− v̄ · cos θ1 − v̄⊥ · sin θ1 (4)

L1

t2�1
= c+ v̄ · cos θ1 + v̄⊥ · sin θ1 (5)

L2

t3�4
= c− v̄ · cos θ2 + v̄⊥ · sin θ2 (6)

L2

t4�3
= c+ v̄ · cos θ2 − v̄⊥ · sin θ2 (7)

L1, L2 . . . minimum path length of path 1 (sensor pair 1�2) and path 2 (sen-
sor pair 3�4)
ti�j . . . transit time of ultrasonic pulse propagating from sensor i to sensor j
θi . . . angle between path i and main �ow direction
v̄ . . . axial �ow velocity (positive sign corresponds to downstream direction)
v̄⊥ . . . main cross �ow velocity (positive sign corresponds to �ow to the right
when looking downstream)
c sonic sound in water (depending on temperature, pressure, chemical admix-
ture)

Equations (4) to (7) represent an over-determined system of equations and,
hence, no exact solution exists. However, it is possible to �nd estimates of
the unknown parameters by linear regression analysis. Rewriting the equations
above in matrix notation yields

y = A · x (8)

with

y =
(

L1

t1�2
L1

t2�1
L2

t3�4
L2

t4�3

)T
(9)

A =


1 − cos θ1 − sin θ1
1 + cos θ1 + sin θ1
1 − cos θ2 + sin θ2
1 + cos θ2 − sin θ2

 (10)

x =
(
c v̄ v̄⊥

)T
(11)

Employing an equiweighted3 regression delivers

x =
(
ATA

)−1 ·AT · y (12)

3Because absolute uncertainties of y-values do not di�er signi�cantly in real measurements.
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or expressing the obtained regressors in individual equations, respectively,

c =
L1

4
·
(

1

t1�2
+

1

t2�1

)
+
L2

4
·
(

1

t3�4
+

1

t4�3

)
(13)

v̄ =
tan θ2 · v1 + tan θ1 · v2

tan θ1 + tan θ2
(14)

v̄⊥ =
v1 − v2

tan θ1 + tan θ2
(15)

where v1 and v2 denote the individual calculations of the axial velocities
with respect to each acoustic transducer pair:

v1 =
L1

2 cos θ1
·
(

1

t2�1
− 1

t1�2

)
(16)

v2 =
L2

2 cos θ2
·
(

1

t4�3
− 1

t3�4

)
(17)

Discharge calculation

The calculations above result in k = 12 values of main �ow velocities v̄i ≡ v̄(zi)
at di�erent elevations zi. The �ow velocities at the bottom v̄b and on the surface
v̄s need to be estimated. Therefore the procedure described in [2] is used. Al-
though the bottom velocity is zero per de�nitionem, a fraction of the calculated
velocity close to the bottom is used (typically kb = 0.5). The velocity value at
the water surface may be obtained by extrapolation.

The total discharge may be calculated by integrating the velocity pro�le
using Cartesian coordinates

Q =

x2∫
x1

dx

z2∫
z1

dz v(x, z) =

z2∫
z1

dz w(z) · v̄(z) (18)

where w(z) and v̄(z) denote the channel width and the mean axial velocity at
elevation z. Using a discrete number of elevations (nodes) changes the integral
sign into a sum sign yielding

Q ∼=
∑
i

(zi+1 − zi) ·
wi + wi+1

2
· v̄i + v̄i+1

2

=
1

4
·
∑
i

(zi+1 − zi) · [wi + wi+1] · [v̄i + v̄i+1] (19)

The number and the choice of nodes at distinct elevations may be done by
experience.4 Since the shape of �ow pro�les possesses higher gradients close to

4A special case occurs when the water level can be kept constant. Then the nodes may
be chosen that way to allow discharge calculation similar to ATT measurements in closed
conduits using Gaussian quadrature methods [5].
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solid phase transitions a denser arrangement of acoustic paths in that region is
recommended.
For the discharge evaluation at Chievo Dam the following formula is used

Q = Qb +Qint +Qs (20)

With the bottom discharge

Qb = (z1 − zb) · w · v̄1 ·
1 + kb

2
(21)

the intermediate proportion

Qint =
w

2
·

p∑
i=1

(zi+1 − zi) · [v̄i + v̄i+1] (22)

and the surface discharge

Qs = (zs − zp) · w · ks · v̄s + v̄p
ks + 1

(23)

The index p is equal to the elevation number of the highest lying and active
paths, i.e. p = k = 12 at maximum intake level. The velocity at water surface
v̄s is obtained by extrapolation but is limited to

v̄s = v̄p + (v̄p + v̄p−1) if (zs − zp) > (zp − zp−1) (24)

The constant ks = 0.5 represents a weighting factor of the surface velocity.

Uncertainty estimation

Velocity (regression regressors) The standard deviation of the chosen
model functions (4) to (7) may be obtained by calculating

sy =

√
1

n−m
(yT − xTAT ) (y −Ax) (25)

with the number of equations within the system of equations n = 4 and the
number of regressors m = 3. The covariance of the contributing regressors ri
yields

Cov(ri, rj) = s2y(ATA)−1 (26)

That is, the random5 uncertainty of a regressor yields using the Student
t-value t = 12.7 for 95 % con�dence level and n−m degrees of freedom

5This proportion of uncertainty to the total uncertainty of a regressor is of random type
since its standard deviation is proportional to the inverse of the square root of the number of
observations n:

sri =
√
Cov(ri, ri) =

√
Var(ri) ∝

1
√
n

(27)
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er(ri) = ±t ·
√
Cov(ri, ri) (28)

The total uncertainty of such a regressor is then obtained in the common
way

e(ri) = ±
√
e2r (ri) + e2s (ri) (29)

where es(ri) denotes the systematic uncertainty of the regressor obtained by
uncertainty propagation.

Discharge The uncertainty estimation of the �ow Q is mainly a�ected by
the uncertainty of the �ow pro�le versus elevation. That is, using common
uncertainty propagation for equations (21), (22) and (23) would lead to false
and underestimated values. The impact of the integration in equation (18) with
respect to the z-axis may be derived by

e(Q) = ±

√√√√√[f(z2 − z1) ·Q]
2

+

 z2∫
z1

dz v̄(z) · e(w(z))

2

+

 z2∫
z1

dz w(z) · e(v̄(z))

2

(30)
Here, the �rst term on the right-hand side considers the uncertainty of the

integration limits (relative uncertainty f(z2 − z1)). The uncertainties of the
intermediate elevations may be neglected. The second term is related to the
channel's width, and the last one to the velocity pro�le. One obtains in the
discrete case that

e(Q) = ±
{[

e2(zp) + e2(z1)

(zp − z1)2
·Q2

]

+

[
1

4
·
∑
i

(zi+1 − zi) · (v̄i + v̄i+1) · (e(wi) + e(wi+1))

]2

+

[
1

4
·
∑
i

(zi+1 − zi) · (wi + wi+1) · (e(v̄i) + e(v̄i+1))

]2
1/2

(31)

At Chievo Dam, the uncertainty of bottom discharge (21) may be estimated
by

e(Qb) = ±Qb ·

√
e2(z1) + e2(zb)

(z1 − zb)2
+ f2(w) + f2(v̄1) + f2(bottom) (32)

where f(bottom) = ±10% takes into account deviations from the actual �ow
behavior near the bottom. The intermediate discharge (22) is expected to be
measurable with an uncertainty of
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e(Qint) = ±
{[

e2(zp) + e2(z1)

(zp − z1)2
·Q2

int

]
+ (f(w) ·Qint)

2

+

[
w

2
·
∑
i

(zi+1 − zi) · (e(v̄i) + e(v̄i+1))

]2
1/2

(33)

The uncertainty of surface discharge (23) yields approximately

e(Qs) = ±Qs ·

√
e2(zs) + e2(zp)

(zs − zp)2
+ f2(w) + f2(v̄p) + f2(surface) (34)

where f(surface) = ±10% takes into account deviations from the actual �ow
behavior near the water surface. Finally, the uncertainty of the total �ow (20)
yields

e(Q) ∼= ±
√
e2(Qb) + e2(Qint) + e2(Qs + (f(conditions) ·Q)

2
) (35)

The available conditions for the ATT measurements at Chievo Dam are con-
sidered by f(conditions) = ±2%. This value should cover any local �ow e�ects
(vortices, protrusion, ...) whose impact on the results can not be quanti�ed.

Results

Two (2) of the 48 sensors did not work. Hence, the missing plane velocities are
obtained by interpolating values from the neighboring paths.
We get a good coincidence when comparing measurements with predicted values.
The calculations for di�erent gross heads revealed quite constant expectation
values of �ow between 50.7 m3/s and 55.2 m3/s with an average uncertainty of
±2.3%. Figure 6(b) shows the individual �ow pro�les hereunto. The pro�le
develops a bigger bulge at lower water levels. Interesting pro�les of a single
measuring point are depicted in �gure 6(a). One can observe the existence of
a strong main cross �ow to the left-hand side. This phenomenon a�ects the
individual �ow pro�les of the acoustic measuring planes. Using only one acous-
tic plane would bring drastical underestimation (plane 1�2) or overestimation
(plane 3�4) of the total discharge.
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(b) Main axial velocity pro�les of di�erent headwater levels: The total discharge remains quite
constantly over the whole operating range. Only the pro�le is getting bulgier with lower head.

Figure 6: Velocity pro�les at 5 TG units operation
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Discussion

Alignment of sensor pairs

The �ow reading started immediatly after turning on the processor unit. The
fact that the ultrasonic pulse detection went that well without accurate align-
ment of the sensor pairs happened to be quite unexpected. The emitters required
higher ampli�cation of the pulse. That is reasonable and it was expected. But
the most important conclusion can be drawn from the fact, that expensive sensor
alignment works done by specialized divers can be avoided in similar cases like
at Chievo Dam. It is necessary to take care of the sensor's working frequency,
because higher frequencies tend to narrow the angle of aperture.

Uncertainty of the main �ow velocity

According to equation (29) the random proportion obtained by the regression
analysis has to be added to the total uncertainty of the axial �ow velocity e(v̄).
But the unfavorable �ow conditions a�ect heavily the regression parameters and,
with this, their uncertainties. Hence, the calculations reveal typical uncertainty
values for the regressor v̄ of ±5000% (!). This enormous value may be explained
by either of the subsequent statements:

1. The normal equations (equations 4 to 7) can not describe the physical
behavior of the �ow and, therefore, they do not have any signi�cance
from a statistical point of view.

2. The normal equations are applied on only one single measuring point, i.e.
only the expectation values of the transit times are used what results in
4 equations for 3 unknown parameters (c, v̄, v̄⊥). In using n observations
the system would contain 4 · n equations. The uncertainty analysis could
give more plausible values with this proceeding.

3. The complete regression analysis makes no sense for such unfavorable �ow
conditions.

The author's opinion is that only the second statement can be considered as
plausible. Setting up the normal equations as described above yields

y = A · x (36)

with
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y =
(

L1

t1�2(1)
L1

t2�1(1)
L2

t3�4(1)
L2

t4�3(1)
. . . L1

t1�2(n)
L1

t2�1(n)
L2

t3�4(n)
L2

t4�3(n)

)T
(37)

A =



1 − cos θ1 − sin θ1
1 + cos θ1 + sin θ1
1 − cos θ2 + sin θ2
1 + cos θ2 − sin θ2
...

...
...

1 − cos θ1 − sin θ1
1 + cos θ1 + sin θ1
1 − cos θ2 + sin θ2
1 + cos θ2 − sin θ2


(38)

x =
(
c v̄ v̄⊥

)T
(39)

Doing the regression analysis straight forwardly yields to a typical random
uncertainty of er(v̄) = ±30%. This result is still abnormally high, but neverthe-
less is explainable by bad �ow conditions. Anyhow, it gives the possibility to
quantify the required number of observations nmin with respect to the choice of
a maximum relative random uncertainty fr,max:

nmin = n ·
(

fr
fr,max

)2

= n ·
(
er(v̄) · v̄
fr,max

)2

(40)

For Chievo Dam, a single measuring point would have required 90,000 ob-
servations to reduce the random uncertainty to ±1%. That would have taken
75 hours per measuring point.
As a consequence of this, the contribution of the random uncertainty to the to-
tal uncertainty of the main �ow velocity is omitted in the results of the Chievo
Dam measurements. The regression analysis reveals qualitatively that the in�ow
conditions were not favorable in the measuring section. The consideration of an
additive uncertainty of f(conditions) = ±2% is therefore an appropriate way.
Without such an additive parameter, the average uncertainty of the total �ow
would be approximately ±0.95% by using common uncertainty propagation.
This value is too low � in the author's opinion � in presence of such conditions
which were available at Chievo Dam.

Conclusion

• Discharge measurements were carried out on the HYDROMATRIX R©mod-
ule at Chievo Dam using ATT method.

• It turned out that the pre-alignment of transducer pairs on the frames
(�xation to a distinct angles) was su�cient outside the channel. Accurate
alignment at mounted positions on the side walls were not necessary due
to the pulse emission characteristics of the sensors.

• The average uncertainty of the total �ow is estimated to be ±2.3% con-
sidering the available, unfavorable �ow conditions and the application of
24 acoustic paths.
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• A criterion to quantify the required number of observations (samples) is
introduced which is based on a test sample and the choice of the maximum
allowable random uncertainty.

Vitae

Johannes Lanzersdorfer graduated in Technical Physics from the Technical Uni-
versity of Graz in 2008. He is working at ANDRITZ Hydro in Linz as a mea-
surement engineer since 2009. His �eld of activity includes �eld measurements
and the development of measuring techniques for the hydraulic laboratory and
for �eld testing.
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