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Abstract

Velocity and turbulence measurement uncertainty using acoustic methods in highly

energetic river flows are quantified by performing measurements to isolate specific

error terms, and by applying analytical methods and statistical analysis to recorded

data. A MATLAB code is developed for motion compensation and data filtering. The

methodology adopted is to perform acoustic measurements in a controlled laboratory

setting and in an energetic river test site at Reynolds number from 0.05 × 107 to

3 × 107. As the performance of hydrokinetic turbines operating in highly energetic

flows depends on localized velocity and turbulence parameters, uncertainty analysis

contributes to improving river site characterization for the marine industry. The

uncertainty analysis applies to acoustic instruments deployed from a stationary

platform, a moving vessel, or alternatively, suspended in the water column via a

cabling system in energetic river flows, which are typical configurations required by

this industry. A methodology to conduct measurement and estimate the uncertainty

is presented for these three configurations. The uncertainty analysis results are

dependent on multiple inputs which are processed using algorithms made accessible

online. A typical result of the error analysis at a velocity of 1.10 m/s a maximum

deviation of 23% is observed between the measured and expected streamwise velocity

at an instrument pitch angle of 45◦. After implementing angle compensation the

uncertainty reduces to 4%. Furthermore, by applying an IMU correction algorithm,

the maximum velocity error is reduced by 29.3% and the turbulence by 77.0% after

applying the motion compensation to river surface measurements. Processed flow

results from an energetic river test site show the ADV overestimate streamwise mean

time-averaged velocity and underestimate turbulence intensity measurements with an

average of 4.6% and 27.4%, respectively.
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Chapter 1

Introduction

1.1 World energy demand

According to the 2015 United Nations projections, the world population is expected to

rise to 9, 725 million by 2050 [6]. With this population rise, world energy consumption

is also expected to increase to 239 trillion kWh by 2040 at 1.4 % per year [7]. To

address this energy demand, stakeholders have identified renewable energy sources in

addition to fossil fuels and nuclear energy. Amongst energy resources, fossil fuel is

the most commonly used. In 2014, 78% of the total energy consumed in the world

was harnessed from fossil fuel [7–9]. This poses a problem as excessive use of fossil

fuels and nuclear causes not only global warming, but also causes environmental

issues such as air pollution, acid precipitation, ozone depletion, forest destruction,

and emission of radioactive materials [10]. However, the amount of fossil fuel resource

available is limited in quantity and is on a steady decline [11]. These environmental

effects of fossil fuel and increased energy demand makes renewable energy sourcing a

necessity [10].

According to the 2016 Renewable Energy Policy Network for the 21st Century

1
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Figure 1.1: Estimated renewable energy share of global energy consumption at the
end of 2014 [4]

(REN21)’s report [4, 7], renewable energy contributes 19.2% of the global energy

consumption with a growth rate of 2.6% per year, as shown in Figure 1.1. Unlike

fossil fuel, renewable energy sources have limited impact. Use of renewable energy

sources contributes to reduce global CO2 emissions and adds flexibility to the energy

resource mix by decreasing dependence on the limited reserves of fossil fuels [12].

Different renewable energy sources such as solar, wind, hydro, and biomass are

already displacing fossil fuels [13]. Renewable sources can effectively and economically

meet energy demands. However, due to the supporting policies from the government

for establishing sustainability, energy security, and cost reduction, the difference in

generation cost between fossil fuel and renewable energy is decreasing, with many

renewable options now achieving at a much lower cost [14]. Attention of researchers,

energy companies, and stakeholders are moving towards renewable energy sources to

meet growing energy demand and climate change challenges. Hydrokinetic energy is

part of the renewable energy portfolio that is emerging.
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1.2 River hydrokinetic turbine

Energy generation from hydro can be through a classical approach where potential

energy of water is extracted using suitable turbo machinery [15], or through conversion

of kinetic energy of flowing water using a hydrokinetic turbine (HKT) [16]. An

electromechanical energy converter used in harnessing kinetic energy from flowing

water source to generate electricity is known as a HKT [15]. The flowing water

sources are tidal, ocean, river or channels [17].

The working principle of a HKT and a wind turbine are similar, but higher power

density can be obtained from a hydrokinetic turbine compared to a wind turbine. A

HKT operating in a 2 to 3 m/s flow velocity region can generate four times higher

power density compared to a similarly rated wind turbine as the density of water is

higher than that of air [18]. Multiple turbines also can be installed in a multi-array

arrangement like in a wind farm to increase energy extraction or power production

from a specific location [19]. However, HKTs are limited by the total rotor area

when compared to wind energy. Power generation using HKT system also requires

minimum civil work [20]. For remote communities where transmission lines are not

available, developing HKTs can provide off-grid electricity because of its simplicity

and cost effectiveness [21]. From a deployment standpoint, HKTs can be deployed

in an energetic river site, but it is necessary to carry out a site characterization to

determine the viability of HKT operations.

Power generation from HKTs depends on the energy available in the flowing water

at the deployment location with performance varying depending on mechanical and

electrical components, as well as system design specifications. The kinetic energy

of flowing water is used to rotate the turbine blade secured to an electro-mechanical

generator to generate electricity. The geometry of turbine blades and their interaction

with the flow characteristics impacts the performance of HKT. These impacts faced by
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Figure 1.2: Typical distribution of velocity and turbulence profile in a highly energetic
River flow of HKT application

operating turbines makes the velocity and turbulence characterization of a potential

HKT location a necessity when planning a turbine project.

Figure 1.2 represents a typical velocity and turbulence intensity profile which impacts

the Energy Captured Area (ECA) of a HKT in a highly energetic river flow. Flow

characteristics varies with depth, location, and season. ECA is defined as the cross-

sectional area of a turbine’s rotor and calculated as

ECA = πr2 (1.1)

where r is the radius of the turbine blade from the center of the rotor.

The performance of a deployed turbine depends on the mean velocity and turbulence

statistics acting on the ECA of a HKT. The minimum workable flow velocity is above

1.5 m/s, but 2.5 m/s is preferable [22]. For higher speed river flow, more engineering

is required, and fewer sites are available. It is essential to characterize flow velocity

accurately as the power density is related to the cube of the velocity as

P =
1

2
CpρAu

3 (1.2)

where ρ is water density, u is instantaneous velocity component, A is ECA, and Cp
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is the performance coefficient.

The performance or power coefficient, Cp, of a turbine is defined as the ratio of actual

electric power produced by a turbine to the total power supplied to the turbine blade.

The maximum value of Cp is 0.59 which is referred to as the Betz limit. Change in flow

direction plays a role in the selection of a HKT. For example, vertical-axis turbines are

deployed in a flow region where the direction of the flow can change frequently, and

the addition of a shroud makes the turbine less influenced by flow directions.

Many other factors impact the performance of HKTs. Impacts of different flow

and site parameters on HKTs performance are stated in Table 1.1; Figure 1.3

shows the characterization of a highly energetic river site and different flow features

encountered during the process. These include anchoring of the measurement

platform, deployment of the instruments, large forces on deployed instruments,

instrument vibration, unsteady velocity, turbulence, river bed roughness, water level,

and measurement platform instability. These factors complicate characterization in a

high energetic river environment. Hence, the characterization of a HKT deployment

site is performed in three stages:

1. initial characterization,

2. detail characterization, and

3. long-term characterization.

Instruments such as an Acoustic Doppler Velocimetry (ADV), Acoustic Doppler

Current Profiler (ADCP), sonar, and shear probe are used for such characterization.

An ADCPs provides a velocity profile, uses a monostatic diverging beam pattern, and

typically samples a larger spatial region for velocity estimation while an ADV is a

point measurement system, uses a bistatic converging beam pattern, and samples a

small volume of water.
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Table 1.1: Effect of different flow and site parameters on HKT performance and site
selection

Characterization Tested parameter Instrumentation Effects
Initial Bathymetry Sonar Safety

ADCP Site selection
Deployment
Mooring system

Depth Sonar Safety
ADCP Site selection

Deployment
Turbine design

Width Range finder Safety
Mooring system
Deployment

Mean velocity ADV Turbine capacity
ADCP Mooring system
Flowmeter
Velocity meter

Detail Velocity profile ADV Turbine position
ADCP Turbine design

Turbine capacity
Flow direction ADV Turbine design
Turbulence intensity ADV Safety

ADCP Mooring system
Shear probe Turbine blade fatigue

Time scale ADV Turbine wear
Shear probe Cyclic load on turbine

Turbine design
Length scale ADV Turbine wear

Shear probe Cyclic load on turbine
Turbine design

Dissipation ADV Turbine wear
Shear probe Cyclic load on turbine

Turbine design
Boundary layer ADV Turbine position

ADCP Turbine design
Long term Flow velocity variation ADV Yearly power production

ADCP
Velocity meter

Water depth variation ADCP Safety
Turbine design

Ice cover Satellite Safety
Placement
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Figure 1.3: Schematic view of a river site characterization where ADV and ADCP
are deployed from the measurement platform to obtain flow velocity and turbulence
profile: (a) top view of a potential HKT site characterization, and (b) side view of
the site characterization. The position of ADCP is fixed and deployed at the front
of the measurement platform while the ADV-a point measuring device-is deployed to
different depths through the water column during the characterization exercise using
a cable. In between the dip and the boundary layer is the region with the highest
velocity and is preferable for HKTs placement.
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The ADCP is predominantly used for flow velocity distribution and discharge

measurements in open channel, river, and tidal applications [1, 23–28] while ADV

dominates laboratory environments [23, 29–35]. However, in recent times there has

been a surge in characterizing flow in high energetic riverine environments using

ADV [36–38]. This increase is because of ADV’s higher resolution in velocity

and turbulence measurement. In this study, the performance of ADV is tested in

controlled laboratory settings, and then ADV’s field measurement is compared with

the ADCP measurement data.

1.3 Energetic river site characterization

Flow velocities in energetic river site are three-dimensional with significant flow

fluctuations. They are affected spatially and temporally depending on flow interaction

with the river bank, rocks, surface, and bottom roughness of the flowing water [39,40].

In addition, surface wake, vortex shedding, and increased turbulence are generated

due to riverbed alignment, and in-stream structures like a dam, bridge piers,

docks, rocks greater than 500 mm in diameter, submerged cobbles, boulder, pebble

clusters [41, 42], large woody debris, and aquatic vegetation. These in-stream

structures impact on turbine deployment and performance. Therefore, it is important

to perform a bathymetry analysis of the energetic river site before deployment of a

HKT. Bathymetry provides information on geometry, riverbed roughness and depth

of the river. Furthermore, it also provides information regarding the potential site

hazards and helps to identify the type of turbine design suitable for that specific

location.

In addition to bathymetry, free stream velocity measurement is another important

factor that is determined during the characterization of an energetic river site. Free

stream velocity can be measured with an ADV and an ADCP. As part of the initial
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characterization, the velocity of different sections of the river is measured to identify

the region with the highest velocity and sufficient depth for HKT installation. After

identifying the locations with the highest velocity, a detailed in-depth analysis of the

selected locations is performed.

A detailed and long-term assessment of the flow characteristics is required to

obtain information at different depths of the selected locations. For this stage of

characterization, flow statistics such as boundary layer thickness, Turbulence Intensity

(TI), Turbulence Kinetic Energy (TKE), length scale, time scale, Reynolds stresses,

and dissipation rate are measured. The boundary layer is defined as the region close

to the bottom of the river bed where flow velocity varies from zero at the bed to

99% of the free stream velocity or the maximum velocity [43]. This distance is the

boundary layer thickness, δ. Near the free surface, the velocity decreases again and is

known as a dip, as shown in Figure 1.3b. At the bank of the river, another boundary

layer occurs. This type of boundary layer is known as the bank boundary layer,

as illustrated in Figure 1.3a. For HKT applications in an open channel and rivers,

the boundary layer thickness is considered not suitable for turbine deployment. It

is recommended to place a HKT in high velocity regions so that more power can be

extracted.

Meanwhile, turbulence impacts performance and operational lifetime of a turbine [44,

45]. This makes turbulent statistics calculations an important concept when

planning a HKT deployment in an energetic river site. According to Reynold’s

decomposition [46], a turbulent flow is the combination of average component and

a fluctuating component of flow velocity, defined as

u = u+ u′; v = v + v′; w = w + w′ (1.3)
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where u, v, and w represents average streamwise (longitudinal), spanwise (transverse)

and vertical (depth) velocity components, while their corresponding fluctuating

components are u′, v′, and w′, respectively. Root-mean-square (RMS) of fluctuating

components are known as the strength of turbulence and are represented as

urms =
√
u′2, vrms =

√
v′2, and wrms =

√
w′2. TI and TKE can be calculated

using the mean fluctuation and RMS values of velocity components. A larger RMS

value represents a higher TI although they have the same mean velocity.

The Reynolds normal stresses, also known as mean pressure stresses, are defined

as u′2, v′2, and w′2, whereas Reynolds shear stress or mean stresses are defined as

u′v′, v′w′, and w′u′. The difference in mean shear load induced on the blades causes

the rotation of the blade while the orientation of the eddies in the flow is identified

from Reynold’s shear stresses. These differently oriented eddies and forces impact the

performance of a turbine. Therefore, it is important to quantify the potential eddies

and the load they induce on the turbine [47].

1.4 Measurement uncertainty in an energetic river-

ine application

Velocity measurements in energetic river sites require the capturing flow features such

as flow velocity, turbulence, surface and riverbed roughness. In a river site, these flow

features are variable. Therefore, any measurement technique adopted for velocity

flow characterization must be able to work in high velocity and river depths. The

flow velocity of an energetic river site varies from 2 to 3 m/s which results in high

drag effects on instruments such as the ADV, ADCP, and their support structure.

Drag force experienced by these measurement instruments and support components

can be calculated by
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FD =
1

2
CDρU

2A (1.4)

where CD is the drag coefficient of the body, and A is the ECA. For example, an

ADV submerged in a river site with an average velocity of 2.5 m/s experiences

drag force of approximately 100 N, considering a value of CD as 0.35 obtained from

Fox and McDonald [48]. With this force acting on a body, it is difficult to keep

such instruments in a stationary position during measurements. Moreover, from a

recent test conducted at energetic river sites it was observed that when the ADV is

deployed near the riverbed with a cable, it experiences a large force and hence lifts

the ADV upwards, as shown in Figure 1.3. This has made obtaining the boundary

layer data a more difficult task. A possible solution to this could be achieved by

adding more weights at the end of the ADV deployment cable. The sources of

uncertainty in energetic riverine measurements are listed in Table 1.2. However,

this research focuses on particle size, turbulence, motion, vibration, and instrument

orientation uncertainty, as highlighted in Table 1.2, as these are prevalent in the

riverine application.

Furthermore, flow measurements in high energetic river environment require personnel

training, safety, knowledge of underwater hazards such as rocks, environmental

conditions like rain, flood or ice formation, transportation, logistics, and access to

the measurement site. Other factors include rugged instrument support and their

ongoing maintenance, workforce, slipping and tripping hazards, and anchoring of

the measurement platform. For such measurement the marine Industry needs to

develop best practice to reduce the uncertainty in velocity measurement in energetic

rivers.
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Table 1.2: Measurement uncertainty of acoustic instruments in an energetic riverine
application highlighting the five terms addressed in this study as these are prevalent
in HKT riverine application. Other error sources are covered in the literature already.

Source Uncertainties Remarks
Instrument Doppler noise

Sampling volume
Sampling frequency
Sampling time
Spatial and temporal resolution

Error sources are covered in
the literature already.
Section 2.4

Environment Particle size Section 2.5, 3.3.1, and 4.2
Turbulence Section 2.5, 3.3.2, and 4.3
Air bubbles
Sound speed
Presence of magnetic field

Literature. Section 2.5

Deployment Instrument inclination Section 2.6, 3.3.3, and 4.4
Motion Section 2.6, 3.3.4, and 4.5
Vibration Section 2.6, 3.3.4, and 4.5

Data analysis Coordinate transformation
Post processing

Literature. Section 2.7

1.5 Objectives

The focus of this research is to perform an investigation on flow measuring instruments

such as ADV in a high energetic riverine environment. This involves inherent

uncertainty of the instrument and the measurement procedure employed during site

characterization, including:

1. Identify the sources of ADV uncertainty during deployment and environmental

impacts on the ADV in high energetic flow applications,

2. Determine the effect of particle size, turbulence, instrument orientation,

vibration, and motion in ADV measurement in a controlled laboratory setting

by isolating each error terms, applying analytical methods, and statistical

analysis,

3. Develop a MATLAB code to compensate ADV’s motion and instrument

orientation in high energetic flow characterization, and
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4. Evaluate the compensation method developed for the ADV uncertainties for the

high energetic riverine application and comparing with the ADCP measurement

data.

5. Develop best practice for these type of flow measurements in energetic rivers.

1.6 Methodology

To achieve research objectives, the following methodology was applied. Tests

investigating the effect of seeding particle size, instrument orientation, motion, and

vibration were performed in a controlled environment using a water tunnel and shaker

table. During laboratory tests, the value of the parameters such as vibration frequency

and displacement, water flow velocity, instrument motion, position, and bed roughness

were controlled and isolated to find their effect on measurement uncertainty. Field

experiments were carried out in high energetic river site at the Canadian Hydrokinetic

Turbine Test Center (CHTTC) and the results obtained compared with the results

obtained from the controlled environment experiments. Finally best practice is

developed for the field experiments to minimize uncertainty of the measurement.

The methodology applied in this study is illustrated in Figure 1.4.

1.7 Thesis contribution

Performance of the ADV was tested in a controlled laboratory setting with different

seeding particle, turbulence level, and surface roughness. Different sized seeding

particle was used to increase the signal strength of the ADV, while rocks of various

size and shape were used to change the roughness and turbulence statistics of the

water tunnel. In this study, five measurement uncertainty were quantified: particle

size, turbulence, instrument orientation, vibration, and motion.
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Figure 1.4: Methodology to estimate uncertainty of velocity measurement in high
energetic river flow

A MATLAB code was developed to detect and correct angular position and remove

ADV movements due to the high energetic flow velocity. The code uses the Inertial
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Measurement Unit (IMU) data for compensation. The performance of this IMU

unit was tested and validated using a uniaxial shaker table in this study. Then

the performance of the Matlab code developed was tested in a water tunnel with

known flow specification. This code was then applied in less controlled environments

at the CHTTC. To demonstrate the flexibility of the compensation code developed,

measurements were performed from a platform using three point anchoring system,

two points anchoring with support from a rigid structure, one point anchoring system,

and without any anchoring point. The code has been documented and is available

online and detailed in Appendix B.

Factors were identified and compensated to enhance the accuracy of the measurements

applied to energetic river flows. Site characterization with the analysis performed will

help companies to perform accurate turbine performance predictions and contribute to

International Electrotechnical Commission TC−114 marine energy−wave, tidal and

other water current converters standard certification. Best practice are listed in the

conclusion in term of data post processing and how to minimize the uncertainty.
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Sources of uncertainty in energetic

riverine measurements

2.1 Measurement uncertainty of acoustic instru-

ments

The measurement of a physical quantity has uncertainty. Measurement uncertainty

is the chance that an error physically exists in a measurement [49]. There are many

factors that may influence measurements. Although measurement conditions can be

controlled, they cannot be predicted completely, leading to additional error associated

with the results. Error and uncertainty are not the same. The error is the difference

between the true value and the measured value. The true value is the actual value

of the measured parameter. Identifying the true value is the first step of uncertainty

analysis. As there is no method to measure true value, an accepted reference value

established from the repeated measurements is considered as the true value. However,

uncertainty is the value of a result within which the true value is asserted with a

specified level of confidence. Two numbers are required to quantify an uncertainty,

16
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Figure 2.1: Error terminologies showing error, uncertainty, and bias

the margin of value or interval and the confidence level. For example 2.00 ± .01 m/s

at 95% level of confidence means that the true value lies between 1.99 to 2.01 m/s with

a certainty of 95%. The relationship between different error terminology is illustrated

in Figure 2.1. Trueness is the closeness between the average value of multiple test

results and the accepted true value; the closeness of independent measurements with

its true value, is known as precision. Low uncertainty is achieved when precision and

accuracy of the test result are high.

2.1.1 Uncertainty of acoustic Doppler velocimeters

Laser Doppler velocimetry and particle image velocimetry are used in laboratory

settings for measuring flow velocity and turbulence but are difficult to apply in

riverine environments due to the their complexities. Hot-wire is also another popular

instrument for flow characterization with a good temporal resolution but preferably

used in laboratory settings. On the other hand, ADV can be used in laboratory
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and field applications in river [25, 28, 38, 50–52], tidal [26, 53–57], estuaries [58, 59],

and in open channels [60] with good accuracy. The ADV can be used in a wide

range of operations due to its robustness, ability to measure three-dimensional

instantaneous velocities, high sampling rate, with no calibration needed, and relatively

low cost.

Acoustic methods offer the ability to perform point and profile measurement. ADV

is a single point measurement instrument. So multiple ADVs have to be used for

velocity and turbulence profile measurement of a river site, or the position of the

ADV changed within the water column. Using multiple ADVs or changing the ADV

position during measurement process in high energetic river site is difficult and adds

more uncertainty to measurements. Other sources of instrument uncertainty are

Doppler noise, sampling frequency, time, and volume as well as spatial, and temporal

resolution.

Performance of an ADV is also affected by flow conditions, deployment techniques

and the post data analysis method. For example, according to the manufacturer

guide, ADV can auto correct pitch angle of the instrument up to 10◦ angle [2]. For

full profile measurement in a high energetic river, it is difficult to maintain below the

recommended value of 10◦ angle. In that case, if the pitch angle is more than the

limit recommended by the manufacturer, an external correction routine needs to be

implemented to reduce the uncertainty.

2.1.2 Uncertainty of acoustic Doppler current profilers

ADCP can be used to obtain the velocity and turbulence profiles of a river or

channel. Deployment of an ADCP is relatively simple compared to an ADV

as the position of an ADCP does not have to be changed while measurements

are carried out. Amongst other factors considered in choosing an ADCP over
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Figure 2.2: Schematic view of the ADCP uncertainty in vertical profile measurement
in an undisturbed channel flow (not to scale). The uncertainty includes an
unmeasured area at top and bottom of the test section, blockage effect, ringing effect,
and blanking distance [1].

other acoustic instruments, ADCP is robust and has good resolution. Hence, it

is commonly used for site resource assessment like river discharge measurement,

streamwise velocity distribution, turbulence characteristics, sediment transportation,

the spatial distribution of velocities, riverbed survey, and longitudinal dispersion

estimation [61,62].

ADCP measures flow velocity by averaging flow velocity over a relatively large volume

of water. With increase in the separation distance between the sensor and the volume

of the water, the sampling volume increases. This leads to higher uncertainty due to

the spatial resolution at a longer distance from the deployment point. At the longer

distance, the acoustic signal has to travel a longer length, decreasing the ability of

ADCP to measure the higher frequency range. The accuracy of the measurement

especially decreases near the riverbed and wake region [63]. However, ADCP uses

internal velocity distribution model to estimate the velocity of the unmeasured area

near the river bed and the free surface, as shown in Figure 2.2. Doppler noise in the

ADCP data set also causes inaccuracy in velocity measurements [64].

There are other factors which affect ADCP measurements. Muste [1] identified
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nineteen sources of error in ADCP for discharge measurement which are common for

velocity and turbulence profile measurements in an energetic river site. In addition,

instability of the measurement platform adds more uncertainty to the measurement.

Muste [1] classified the sources into three groups- major, significant, and minor

factors. Some of them can be controlled or limited by changing the settings or

by post-processing parameters such as noise, velocity ambiguity, sampling time,

depth, temporal resolution, and edge estimation. Others are difficult to control or to

estimate like side lobe-interference, blanking distance, vertical profile model, beam

angel effect and discharge model. A visual representation of some factors are presented

in Figure 2.2.

2.2 Error sources of acoustic instruments

Muste [1] classified measurement uncertainty of the acoustic flow measuring instru-

ments into three major rank based on their influence in the overall characterization

process and mentioned in Table 2.1. Some of the major error terms are discussed in

this section.

2.2.1 Doppler noise

ADV works on Doppler shift concept. Initially ADV transducer transmits short

periodic acoustic pulses, a small portion of the acoustic pulse reflected form suspended

water particles of the small sampling volume. These pulses are then reflected back to

the ADV, where the frequency of these pulses are then measured. ADCP also works

on the same principle with relatively wide sampling area. The actual flow velocity is

calculated based on change in the Doppler shift between the sent and return acoustic

signal of particle within the sampling volume. The return signal contain noise and

spikes along with the velocity recordings. This noise creates an insignificant effect on
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Table 2.1: Error sources of the ADCP and their ranking for characterization proposed
by Muste [1]. Table also shows if error term is relevant to ADV measurements.
Highlight sections are addressed in this study.

S/N Uncertainty Error rank
Total

uncertainty
ADV

relevance

1 Spatial resolution
Significant: can be
limited

NA
√

2 Noise
Major: can be
imited

Variable
√

3 Velocity ambiguity
Significant: can be
limited

Variable
√

4 Side-lobe interference
Major: difficult to
control/limited

NA ×

5 Temporal resolution
Minor: can be
limited

NA
√

6 Sound speed
Significant: can be
limited

Variable
√

7 Beam angle
Minor: difficult to
control/limited

1% ×

8 Boat speed
Major: can be
limited

Variable
√

9 Sampling time
Significant: can be
limited

3% to 21.9%
√

10
Reference boat velocity
(bottom-track profiling)

Major: can be
limited

NA ×

11 Blanking distance
Major: difficult to
control/limited

NA ×

12
Depth
(bottom-track profiling)

Significant: can be
limited

2%/ping
(RDI-ADCP)

×

13 Time
Minor: difficult to
control/limited

0.01 sec
√

14 Rotation
Minor: difficult to
control/limited

NA
√

15 Edge
Minor: can be
limited

NA ×

16 Vertical profile model
Significant: difficult to
control/limited

1% to 4.3% ×

17 Discharge model
Minor: difficult to
control/limited

-0.2% to -0.6% ×

18 Finite summation
Minor: can be
limited

<1% ×

19
Site selection &
vessel navigation

Significant: can be
limited

NA ×
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Table 2.2: Vector ADV wake spots [2]

Nominal velocity range (m/s) Wake spots (m)
7.00 0.02, 0.04
4.00 0.03, 0.06
2.00 0.05, 0.09
1.00 0.08, 0.20
0.30 0.20
0.10 0.46
0.01 3.12

the mean statistics of the flow.

2.2.2 Sampling volume

The sampling volume of the ADV instrument is a 0.015 m diameter cylinder with

0.005 - 0.020 m in height, located 0.15 m away from the ADV transmitter. These

sampling volume can be adjusted from ADV settings by changing the height of

the cylinder. A small sampling volume will lead to weaker signal strength. Micro

turbulence characteristics may not be captured when using a large sampling volume.

Furthermore, if the sampling volume is close to the solid boundary it may increase

uncertainties in velocity measurements. This phenomenon is known as wake spot.

Wake spot depends upon the nominal velocity selected in ADV configuration setup

and it can varies from 0.02 to 3.12 m. A complete chart of the relation between wake

spot and nominal velocity is given in Table 2.2.

2.2.3 Signal-to-Noise Ratio (SNR)

The consistency of returned signals within the sample volume in the sample period is

measured by the percentage correlation and SNR value. These are primarily used to

identify the quality of the measurements and accuracy of the acoustic instruments.

SNR value indicates the strength of return signals compared it to the instrument

noise level and calculated by
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SNR = 20 log10(Amplitudesignal/Amplitudenoise) (2.1)

Percent correlation indicates the relative consistency of the signal from the scattered

particle within the sampling volume [65]. Manufacturer recommended SNR value is

greater than 5 dB for mean velocity measurement and for turbulence measurement

it is greater than 15 dB [2,66]. A correlation greater than 70% is also recommended

to achieve good data [67].

2.2.4 Sampling frequency and time

Sampling time also plays an important role in determining of the turbulence

characteristics of the flow velocity [1]. Biased error of the mean flow measurement

results due to the insufficient sampling time. This bias error can be minimized by

sampling long enough at the highest sampling frequency so that a statistically large

sample of the flow structures is captured. At the mean time, faster sampling frequency

is required for small sample volumes [68] and sampling time should be long enough

to capture all turbulence properties. These sampling volume, time, frequency and

location of the sampling volume all are correlated. Limited sampling also biases

the discharge estimation through the unmeasured layers as the ADCP extrapolation

algorithms does not apply to the instantaneous velocities.

2.3 Flow characterization in high energetic sites

The importance of site characterization was presented in Section 1.3, and the difficulty

associated with these measurements were discussed in Section 1.4. Many studies

have focused on coastal and tidal flow measurement for marine energy [69–71].

Relatively little development has been done in the field of a riverine hydrokinetic
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energy field. Among them, the best practice for tidal and riverine HKT is outlined

by the researchers at Oakridge National Laboratory [63, 72, 73]. In their study, they

discuss acoustic instrumentations like ADV and ADCP, deployment procedure, and

also the methods for post-processing the data. These practices are not universally

adopted, and developments are still ongoing [74]. Some of the research work and their

findings are summarized in Tables 2.3 and 2.4.

Gunawan et al. [74] investigate a tidal site to deploy up to 30 turbines in different array

positions. This study focused on the instantaneous velocity component, direction,

turbulence characteristics, and hydrodynamic power density of the site at rotor hub

height. During the study period, the maximum velocity of the tidal site was 2.4 m/s

with an average velocity of 1.4 m/s. A comparison of the experimental analysis

and model base resource assessment of the site was conducted and found that the

calculated power density of 2.26 to 2.31 kW/m2 was one order higher than the

model predicted power density. The main reason behind the deviation was assumed

to be the spatial and temporal resolution of the numerical model. Finally, it was

recommended to use the model-based result for initial assessment, but to obtain an

accurate estimation of the flow characteristics and site measurement with appropriate

instruments is required. This study shows that resource assessment at the tidal site

can be challenging.

Researchers from Acadia University, Dalhousie University, Mavi Innovations, and

Fundy Tidal conducted researches at Petit Passage to characterize tidal flows and

maximize turbine power generation [27]. ADCP data were collected and compared

with computer models. During the experiment, the flow speed varied from 0.25

to 4.0 m/s. There was a good agreement observed between the computer model’s

prediction and the field experiments data at higher flow speeds in the tidal cycle.

Later computational fluid dynamics model was used to configure two 10 m diameter

- 24 of 132 -



Chapter 2. Sources of uncertainty in energetic riverine measurements

Table 2.3: Summary of literature review of ocean and tidal site flow characterization

Author Instrumentation Site specification Findings

Guerra et al.
[75]

ADV and
ADCP

U = 1 to 4 m/s

Vessel-mounted ADCP was used for the
long-term velocity measurements whereas
Tidal Turbulence Moored ADV was used
for turbulence measurement. The results
showed that the mean kinetic power
density was above 5 kW/m2 found at a
depths less than 60 m.

Karsten et al.
[27]

ADCP and
computer-
aided
model

U = 4 m/s
(max)

Computer-aided models under-predicted
the flow velocity at the early stage while
the flow was slow but with the increase
in the flow speed better agreement was
observed between the models and the
ADCP dataset. Later these data were
used to simulate two 500 kW turbines in
an array arrangement to maximize energy
extraction by avoiding wake interaction.

Gu-
nawan [74]

ADV
U = 2.40 m/s
(max)

ADV at HKT hub height was used to
estimate current speeds, current
directions, turbulence intensities, and
power densities for a tidal energy site and
compared with the national tidal
resource assessment data. A significant
difference was found between power
density calculated using model and site
assessment.

Matt et al.
[56]

ADV, Shear
probe, and
Underwater
imaging

NA

Optical signal transmission technology
was used to characterize turbulence
properties (TKED and TD) then
compare with share probe and ADV
data. ADV estimate TKED successfully
in the high energetic environment then
comparison with share probe to estimate
error.

Hay et al.
[26]

ADV and
ADCP

U = 1.60 m/s
(max)

ADV velocity data found noisy, the
average correlation was below 60%, and
the variance method was used in ADCP
velocity spectra to estimate turbulence
properties.

Georgia
TecRe-
search
Corp [55]

Numerical Varied

Regional ocean modeling system
numerical model is used to predict the
tidal current and power density of the
Georgia coast of the USA. No
characteristics data was provided.

Thyng and
Riley [54]

Numerical NA

From this study, they were able to find
out the region with the highest mean
kinetic power density which will
eventually help to narrow down the
region where proper realistic site
characterization is required before
turbine deployment.
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turbines rated at 500 kW in 3 m/s flows in three different array arrangement. From

the experiment, it was found that turbine performance is affected by the wake

interaction if they were placed in the same streamline, which was avoided by changing

turbine configurations. At the end of the study, researchers recommended more R&D

works to improve computer models and more field experiments to provide accurate

information.

Arango [50] performed a numerical assessment of hydrokinetic power located down-

stream of a dam to examine the performance of the turbine in a riverine setting.

The average mean river velocity of the site was around 2.70 m/s calculated based on

the discharge rate and the cross-sectional area of the dam while Reynolds numbers

of the site varied from 1 × 107 to 3 × 107. The power density of the site and the

performance parameter provided by the turbine developer were used to calculate the

performance of the turbine. Higher power density was observed in the upper section

of the water column, and this location was recommended for the surface mounted

turbine to maximize turbine performance. It was also found that the capacity factor

of the turbine decreases with increasing rotor size and capacity of the turbine. In the

study, there was no discussion on turbulence phenomena, and it’s the effect on the

turbine performance.

Birjandi [51] performed a field survey upstream of a 25 kW turbine on Winnipeg river.

The site water depth varied from 7 to 10 m while the average velocity of the river

was over 2 m/s, and turbulence intensity varied from 2.5% to 15.4%. Subsequently,

scaling law was used to model river condition in a controlled laboratory where more

experiments were performed with a small-scale model turbine to understand it’s

performance effect with different solidity, pitch angle, free surface, and Reynolds

number. The study shows that a low-velocity region was generated at one diameter

upstream of a turbine which causes higher fluctuation in the turbine power output
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Table 2.4: Summary of literature review of river site flow characterization

Author Instrumentation Site specification Findings

Gunawan
et al. [76]

Eco sounder,
survey boat,
ADV, and
ADCP

NA

Provided an overview of the properties of a
potential HKT site and deployment methods
of instruments for flow characterization.
ADCP was suggested for velocity
measurement while ADV was proposed for
high-resolution velocity and turbulence
measurement.

J.
Woods [28]

ADCP U = 2.1 m/s (max)

5 and 25 kW vertical axis hydrokinetic
turbine were tested at -36◦C to 30◦C and 2
to 2.6 m/s. Experimental results showed that
HKT could provide reliable power in cold
climates if they were deployed below the
water surface.

Samuel [38]
ADV,
ADCP, and
Shear probe

U = 0.8 - 2.70 m/s
Depth = 11 m
Re =
1.34 - 1.86×107

Fr = 0.27 (max)

Developed a new method of ADV and ADCP
deployment in an energetic riverine
environment. Form analysis 4.38% difference
was found between ADV and ADCP velocity
data whereas for turbulence the maximum
difference is 87.74%.

Karsten [27]
CFD and
ADCP

U = 1 - 1.8 m/s
Depth =
4.5 - 11.5 m

A correlation of 0.96 was found between the
ADCP measured flow rate and simulated
velocities. A power curve was generated
using these velocities. Power generation of
the ten turbines located downstream of the
dam was calculated by using a computer
model and found that 2.04 GWh of
electricity could be generated from the
available energy resource. This result
demonstrated the potential of the available
energy downstream of a hydroelectric plant.

Bir-
jandi [51]

ADV,
ADCP, and
Shear probe

U = 2.1 - 2.5 m/s
Depth = 7 to 10 m

A vertical axis hydrokinetic turbine of 25 kW
capacity was tested upstream of a dam and
near a walking bridge. From the experiment,
it was found that at x/D = 1 upstream of
the turbine turbulence kinetic energy of the
flow increases whereas the mean velocity
dropped by 20%.

Arango [50] Numerical
U = 1.57 - 3.5 m/s
Depth =
5.4 - 9.88 m
Re > 3×107

A 50 kW horizontal axis turbine was
deployed at low flow but higher depth region
and a 25 kW vertical axis turbine deployed
at high velocity and shallow area to analyzed
their performance at the downstream of a
dam. Average power was calculated by 8 kW
and 31.5 kW respectively.

Toniolo et
al. [25]

ADCP,
multi-beam
echosounder,
and
numerical

Depth = 5 - 15 m
Width = 90 - 190 m
U = 1.90 m/s (max)
Fr = 0.30

Provided information about river discharge,
velocity, power density, Fr number, and
suitability of installing and operating HKT.
Maximum velocity was found at 0.6 m depth
from the riverbed.
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when the turbine was in an operational state.

2.4 Acoustic instrument uncertainty

The uncertainty of acoustic flow measuring instruments are Doppler noise, sampling

volume, frequency, time, spatial and temporal resolution, near transducer error, side

lobe interference, and blanking distance, as mentioned in Table 1.2. The ADV

measured data contain Doppler noise aliases from the return signal over the Nyquist

frequency. This Nyquist frequency is defined as the minimum sampling frequency

without introducing errors, which is twice the highest frequency present within the

signal. It occurs if the flow velocity reaches above or below the nominal velocity

range [77]. Scattered velocity signal variance of the particles in the sampling volume

creates a immense velocity gradient in the acoustic beam, which is source of Doppler

noise in the acoustic instrument velocity measurements [78]. Some of the research

work and their findings are summarized in Table 2.5.

According to McLelland et al. [33] turbulence decorrelation, the phase difference of

particles between the measurements of transmitter and receiver beam divergence are

the sources for the scattered velocity signal. McLelland et al. also found that, with the

increase in sampling rate from 25 to 100 Hz average Reynolds normal stresses of u′2, v′2

and w′2 velocity component increased by 10%, 4% and 40% respectively. However,

Reynolds shear stresses are less affected by increasing Doppler noise and sampling

rate, which is less than 1%. At the end of the study, the authors recommended using

high-frequency noise filter to achieve a good result. Furthermore, K. Miller [80] found

that Doppler noise decreases with the increase in SNR value up to a 420 dB and

subsequently a little change was observed in Doppler noise.

The ADCP’s has a lower sampling frequency with a higher sampling volume,

while ADV’s has a higher sampling frequency with a smaller sampling volume;
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Table 2.5: Summary of literature review of acoustic instrument uncertainty in
laboratory and field experiments

Author Instrumentation Specification Findings

Voul-
garis [32]

ADV and
LDV

Open-channel
flume experiment

Found out three causes of the
Doppler noise as (1) flow turbulence
and scattering particles (2) probe
beam divergence and (3) mean
velocity variance of the particles
within the sampling volume.

Chanson [35] ADVP Open-channel

Developed a method to reduce noise
level from the 3D acoustic velocity
profiler in mean turbulence
measurement with a relative error
lower than 10%.

McLelland
et al. [33]

ADV
Statistical and
laboratory
experiment

The error associated with Reynolds
normal stress was higher as
compared with Reynolds share stress
in ADV measurements, which was
improved by filtering higher
frequency noise, using higher
sampling frequency instruments and
replacing removed data.

Richard [79]
ADV,
ADCP

Statistical and
experimental

Developed a method to estimate
Doppler noise.

McLelland
et al. [33]

ADV
Statistical and
laboratory
experiment

Measurement uncertainty increases
with the increases in the sampling
frequency as instrument noise
increases, but it also increases the
resolution of the measurement which
helps to understand the different flow
phenomena correctly.

Muste [1]
ADV,
ADCP

Open-channel

Error magnitude depended upon the
measurement depth and turbulence
intensity of the measurement site.
For the tested site, error varied from
3% to 21.9% in velocity measurement
for measurement time greater than 3
minutes.

Koch and
Chanson
[34,35]

ADV
Laboratory and
field experiment

Discussed the effect of near wall
boundary proximity on the sampling
volume location. A laboratory
experiment showed that streamwise
velocity was affected by the
boundary proximity if the location of
the sampling volume was less than
30 to 45 mm.

Nystrom et
al. [23]

ADCP and
ADV

Laboratory
experiment

Found out spatial averaging of the
ADCP bin data caused bias
estimation of the highly
three-dimensional mean flow and also
limited the ability of ADCP of
turbulence characteristics
measurements.
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measurements are affected by Doppler noise. Doppler noise can be estimated from

sensor configuration or manufacturer information. Alternatively, if the sampling

frequency is high enough, it also can be calculated from the signal spectra of the

instrument [81]. An alternative method for estimating Doppler noise is proposed by

Richard [79] for an instrument with lower sampling frequency like the ADCP.

2.5 Environmental uncertainty

In laboratory settings, flow velocity, turbulence, the roughness of the boundary

layer, and the orientation of instruments can be controlled as per the experimental

requirement. The quality of the water can be controlled by using filters, and

seeding particles can be added to increase instruments performance. However, the

flow velocity of the river is always changing due to precipitation and upstream

dam operations. Large obstructions and river bank change the flow direction.

There is limited opportunity to add seeding particle, although Milk can be added

as in Reference [37]. Thus in riverine measurements, there is limited control

over the environments, and this creates complexity and uncertainty in instrument

measurements. Some of the research work and their findings on the environmental

effect on instrument performance are presented in Table 2.6 and 2.7, and some of the

important findings are reviewed below.

Nikora [31] performed experiments with salty water, 8 - 10 µm sized hollow glass

sphere seeding particles, air bubbles, and organic particle in laboratory settings

to calculate measurement errors of ADV in turbulence measurement. The average

velocity of the test ranged from 0.003 to 0.90 m/s. Results show that even in highly

turbulent flow, seeding particle has a significant influence on noise detection, which is

4 - 5 times higher than air bubbles and 2 - 3 times more than fine silt particles.

In rivers seeding particles or any foreign materials cannot be added due to the
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Table 2.6: Summary of literature review of environmental uncertainty for acoustic
devices in flow measurements

Author Instrumentation Site specification Findings

Under-
wood [30]

ADV,
LDP, and
pitot tube

Wave tank and
wave flume,
U =
±(0.10 - 1.0) m/s

10 µm sized seeding particle was used for
the experiment and found that in some
cases obtained SNR value was below 20 dB
which caused noisy data. To achieved
velocity data with low variance, higher sized
seeding particle with a nominal velocity
close to the actual velocity was proposed.

Nikora [31]
ADV

Storage tank, and
laboratory flume,
U = 0.90 m/s
Particle size =
8 - 10 µm

Performance of ADV measurement in high
turbulent flow was influenced by seeding
particle or air bubble presence in water.
Results showed that the presence of seeding
particle was 4 - 5 times effective than air
bubble in noise detection.

Buykx et
al. [82]

Laser light
scattering

River and lake

Found that for of the river the particle size
falls one range and particle size distribution
of the river falls between 3 to 300 µm. For
all of the tested river site has a higher
percentage particle size of 20 µm or more.

Mori et
al. [83]

ADV, DVP

Wave Flume
Slope = 1/30
Wave height =
0.115 - 0.163 m
Wave period =
1.6 - 3.8 s

Found that the formation of air bubble
larger than 0.1 mm was independent of
water depth and location. Strong
turbulence was generated when these air
bubble break near surface region. The
dual-tip resistive void probe was used to
measure the size of bubbles. Experimental
results showed that a linear relationship
between void fraction and TKE.

Blanck-
aert and
Lem-
min [84]

ADV,
ADVP

Open-channel
laboratory
U = 0.62 m/s
Re = 108×103

Fr = 0.47

Developed a non-polluting method of
generating micro hydrogen bubble in the
flow to improve acoustic scattering level.
Laboratory test shows that measurement
with the hydrogen bubble increase signal
strength and contains considerably less
noise in turbulence estimation.

Bibeau et
al. [36]

ADV Laboratory and
river
U = 0 m/s (lab)
U = variable (river)

ADV recorded dataset has different size of
spikes on the velocity component depending
on the location and the size of the air
bubbles. Although it does not affect the
mean velocity components measurement,
while power spectra and autocorrelation are
affected by it.

Bir-
jandi [37]

ADV Laboratory and
river
U = 0 m/s (lab)
U = 2.4 m/s (river)

A hybrid despiking method is proposed and
analyzed to remove spikes generated in the
velocity component due to bubbles in the
flow. With the implementation of the
despising routine on most noise river
dataset skewness and kurtosis value
improved from -10.92 and 310.30 to -0.7
and 0.03 respectively, which support
Gaussian distribution.
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sensitivity of the environment and volume flow rate. To solve the problem Blanckaert

and Lemmin [84], developed a technique to generate micro hydrogen bubble to

improve acoustic instrument performance by increasing acoustic scattering level in

the flowing water. Laboratory test results indicate improvement in turbulent normal

stress measurement as compared with low scattering level. Signal above 1 Hz contains

most of the noisy data in both cases. This method is non-polluting but cannot be

used in practical fields like river or ocean due to its complexity to deploy.

Woods et al. [51] use milk upstream of the flow to improve ADV measurement

performance during winter conditions when there is no algae in rivers as milk is

not toxic and has almost same density as of water. The largest amplitude counts was

achieved from 1:1 and 1:2 milk to water ratio. From the study it is found that milk

improves the auto-correlation and the signal-to-noise ratio. However, larger particles

of the milk can be the source of unwanted signal.

Buykx et al. [82] studied particle size in water samples from rivers and lakes. The

measurements were done with a laser light scattering method to identify the particle

concentration in the surface water. From the analysis, it was found that particle size

distribution of all of the tested river fell between 3 to 300 µm and had one typical

particle size range except for one river. The three tops particle size for the examined

rivers were 0.45, 9.7, and 125 µm. The typical particle size range of the river was

around 20 µm. For this reason, 20 µm was selected as the highest particle size for

the laboratories experiment in this research work.

However, sediment particles, organic particles, and air bubbles of the river water act

as seeding particles and improve the performance of acoustic devices. Birjandi [37]

conducted a comprehensive study on the effect of air bubbles on ADV performance.

Experiments were performed in a controlled laboratory water tunnel with 1.5 cm

average sized air bubbles and stagnant water. From the study, it was found that
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if the size of the air bubble was larger then the size of the sampling volume, large

spikes were generated in the ADV measurement. Furthermore, if the air bubble

passed through the sampling volume, all three velocity component was affected, and

if bubbles passed in between the ADV probe and sampling volume, one or two velocity

components were affected whereas other remains unaffected.

Turbulence is characterized by the chaotic flow or irregular fluctuation of the flow. In

the laboratory when the flow is slow, and there is no disturbance between the layer,

laminar flow can be achieved. In all other cases, the flows are turbulent. Level of

turbulence in different media may be different which is measured by TI. If the TI

is lower than 1%, it is regarded as low-turbulence and is achievable in a controlled

laboratory [90]. If the TI is between the 1% to 5% like in the deep-wide rivers or

shallow rivers with low velocity, the flow is considered as medium-turbulence [91,92].

High turbulence is observed near the surface-zone, and near the gravel bed or any

obstacle in the flow and the TI is between 5% and 20% [93–95].

Martin et al. [85] suggested that even when the correlation of the measurement drops

below the manufacturer recommended 70% [2] the data set can still be valid to be

considered for characterizing the flow. Possible reasons for the low correlation are

turbulent flow, flow near the boundary layer, large velocity gradient or particle size in

sampling volume. For the experiment, the selected velocity range was 0.60 to 0.90 m/s

with the sampling time of 60 to 65 s. An uncertainty of 3% to 10% in mean velocity

measurement was observed during measurement due to the short sampling time and

low sampling frequency as point out by the researchers. At the end of the study,

more analysis was recommended for the analysis of the turbulence characteristics of

the sampling volume.

Oak Ridge National Laboratory also performed different tests on ADV and ADCP’s

performance on turbulence measurements and suggested that to resolve small eddies
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Table 2.7: Summary of literature review of environmental uncertainty for acoustic
devices in flow measurements (continued)

Author Instrumentation Site specification Findings

Martin et
al. [85]

ADV

Tilted flume
Dimension
(L×W):
15.0×0.5 m
U = 0.25 m/s
(max)

Found out velocity measurement near the
boundary becomes less correlated due to
the high turbulence level and eddies size
similar or smaller to sampling volume. This
problem can be solved by increasing
velocity range, but attention must be paid
as increasing velocity range might also
decrease the measurement accuracy.

Gunawan
et
al. [86, 87]

ADV and
ADCP

Flume channel
Dimension
(L×W×H):
83.80×2.75×1.1 m
U = 0.84 m/s

Turbulence creates noise and fluctuation in
velocity time series. These noises do not
affect mean velocity calculation but must
be removed from the velocity time series
before turbulence intensity and Reynolds
stress calculation. ADV has higher
resolution in turbulence measurement
compare then ADCP. By using data
reduction method, velocity data can be
improved by reducing RMS/standard
deviation and ADCP data get closer to
ADV measurement.

Neary et
al. [63]

ADV and
ADCP

River

Experimental result showed that
longitudinal TI, normal stresses increases
exponentially from the free surface of the
water and reaches the maximum values
near to the riverbed. For first-order
approximations of the mean velocity and
turbulence intensity profiles in rivers, the
authors proposed to use the power law with
1/6 exponent and the semi-theoretical
exponential decay model.

Ruonan et
al. [88]

ADV and
PIV

Open channel
U = 0.696 m/s
Re = 36,700
Fr = 0.74

Found that ADV turbulence measurement
was related to the sampling rate of the
instrument. When ADV sampling rate was
above 40 Hz, a good agreement was
observed with PIV for turbulence intensity
and Reynolds stress measurements.

Sutherland
et al. [89]

ADV and
ADCP

FloWave facility
and tidal site
U = 0.9 - 1.6 m/s

An area of the tank was selected based on
best matched to a specific set of site
conditions to compare the results. Same
order of magnitude was found between TI
of the tank 6% - 7% and the site 5% - 10%,
but higher dissimilarity was observed in the
Reynolds stresses value and distribution.

Lohrman [29]
ADV Calibration test

Depending upon the temperature sound
speed can vary from 1440 to 1540 m/s.
Without calibration, the maximum error of
3.3% can be obtained from measurement;
otherwise, the error is limited to 0.2% for
the known temperature (within 1◦C).
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and the turbulent dissipation of the flow, and the measurement must have to

be conducted at a high sampling frequency. Further, to resolve the turbulence

characteristics, measurements have to be performed for a sufficiently long time [86,87].

So, there is no one perfect configuration to resolve all of the flow properties, it is a

combination of a different parameter of the instrument, and it depends upon the site

specification and instrument capability.

2.6 Effect of deployment method on uncertainty

Deployment methods for flow characterization with acoustic instruments can be

classified into bottom mounted deployment [47, 62, 74, 96] and surface mounted

deployment [38, 57, 97, 98]. Bottom mounted deployment from a stable platform is

conducted for long-term measurement varying from a couple of days to months. The

ADCP is used for full profile measurement whereas ADV is used for one [47,62] or a

couple of fixed-point measurement [74,96] depending upon the number of ADV is used

for the experiment. In general, for higher accuracy of ADV in turbulent properties

measurement, the instrument is deployed at a turbine hub height of a potential MHK

turbine deployment site to get a better resolution of the flow properties. Some of the

research work and their findings are summarized in Table 2.8.

Thomson et al. [96] used two versions of Tidal Turbulence Mooring (TTM) system

for flow characteristics measurement in a tidal site. TTM-1 has provision for three

ADV deployment with the total height of 19 m while the height of the TTM-2 was

12 m with provision for one ADV deployment. Three stacks of wheel anchors of

approximately 2500 lbs were attached at the bottom of the mooring system to hold

the setup in place, and a steel buoy of approximately 700 lbs buoyancy was used

at the top to hold the ADV nearly vertical. A bottom mounted ADCP was used

to measure the full flow profile. The mooring system is shown in Figure 2.3. The
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Table 2.8: Summary of literature review of deployment methods for flow
characterization in river and tidal sites

Author
Instrumentation
(profile/point)

Site specification Measurement setup

Gunawan et
al. [74]

ADV: 2 point
Ocean
U = 2.40 m/s(max)
Duration = 67 days

Two ADV was used at a hub height of a
turbine at 4.25 m for 67 days. No difference
was found between two ADV dataset due to
the small distance between the two of them.

Richmond et
al. [62]

ADCP: profile
ADV: point

Ocean
depth: 22 m (avg)
U = 1.5 m/s (max)
Duration = 1467 days

A tripod instrumental mount was used to
deployment at the bottom of the seabed
where ADCP and ADV were used to collect
data at a height of 2.6 and 4.6 m from
seabed respectively. The result showed that
ADV has less noisy data with higher
temporal resolution as compare with
ADCP.

Thomson et
al. [96] ADCP: profile

ADV: 1 or 3 point

Tidal channel
U = 3 m/s (max)
Depth = 56 m (max)
Duration: 2 days

Two versions of the Tidal Turbulence
Mooring (TTM) system was used to
measure flow characteristics. A 1.15-ton
weight at the bottom was used to anchor
the TTM on the place while GPS location
of the deployment and recovery confirm the
stability of the mooring system. The
maximum pitch angle of 38◦ was recorded
at 3 m/s flow.

Kilcher et
al. [47]

ADCP: profile
ADV: point

Tidal channel
U = 0.80 to 2 m/s
Depth = 50 m

A modified Stable Tidal Turbulence
Mooring (STTM), was used to measure
turbulence and flow characteristics at
turbine hub height. A 1.2 tone weight was
used as an anchor for the system where
ADP is deployed at the bottom on top of
the weight and ADV is deployed on a
crossbeam end.

Lueck et
al. [57]

ADV,
ADCP, and
Shear probe

Tidal channel
U = 3 m/s
Depth = 53 m
Duration = 16 days

Performed long-term measurements with
ADV, ADCP and share probe. Mooring
line was angled about 50◦ which affect the
readings.

Holmes and
Garcia [97]

ADCP: profile
ADV: 3 point

River
U = 1.03 - 1.52 m/s
Depth = 4.87 - 6.46 m
Fr: 0.149 - 0.20
Duration = 10 min

The stationary boat was used for the
measurement. ADCP was deployed from
the side of the boat, one ADV was mounted
on the boat for surface measurement, and
two ADV was mounted on modified P-61
sediment sampler for data collection at 0.06
and 0.42 m height from the river bed.
Three-point anchoring was used for the
measurement.

Egeland [98] ADCP: profile
ADV: point

Tidal channel
U = 2.50 m/s (max)
Depth = 304 m

A towfish was designed to hold the ADV
for measure velocity at a certain depth from
a surface vessel or moored buoy.
Experimental results showed that ADV
recorded data was affected by the
oscillation of the towfish.

Samuel [38]
ACDP: profile
ADV: profile
Shear probe

River
U = 0.8 - 2.70 m/s
Depth = 11 m (agv.)
Re = 1.34 - 1.86×107

Fr = 0.27(max)
Duration = 1.5 hr

4.38% difference was found between ADV
and ADCP velocity data. ADCP over
predict turbulence data and were not
recommended for turbulence characteristics
measurement.

Lacey [42] ADV: 3 point
River
U = 0.41 - 0.86 m/s
Width = 30 m
Re = 1.49 - 5.13×105

Fr = 0.24 - 0.43

3 ADV was used from a 1.5 m by 1.5 m
aluminum support. The support was rigid.
It was possible as the maximum depth of
the river was only 0.62 m and the three side
by side ADV was used to measure velocity
at the different height at the same time.
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Figure 2.3: Schematic view of different mooring system used for flow velocity
characterization (a) Tripod, (b) Tidal Turbulence Mooring (TTM), and (c) Stable
Tidal Turbulence Mooring (STTM)

average nominal velocity of the tested site varied from 2.1 to 3.0 m/s and a GPS was

used to ensure the stability of the mooring system. During the measurement process,

the mooring line was inclined from 22◦ to 38◦ as the flow speed varied from 2.0 to

3.0 m/s. This angle of the upper mooring caused problems in ADCP recorded data.

Another problem of the system was the impact of vibration and motion of ADV itself

during the measurement process. To reduce vibration of the mooring line a filament

warp was used. The author also recommends performing motion correction to achieve

accurate calculation of flow properties.

Kilcher et al. [47] used Stable Tidal Turbulence Mooring (STTM) for turbulence

measurement which was an updated version of the TTM system. A buoy of 3.5 m

long and 0.46 m in diameter was used for deep-water buoyancy, as shown in Figure 2.3.
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The buoy had space for deployment of two ADV and an ADCP at the same time.

The ADV was deployed such a way that the probe was pointing upward to measure

flow characteristics while ADCP was deployed as pointing downward to the seafloor

to measure bottom motion. Velocity measured by ADCP was used to understand

the motion of the mooring system and helped to resolve to quantify uncertainty.

The author developed a method to perform motion correction and applied for both

TTM and STTM deployment method. From the spectral analysis of the systems,

the improvement was found in the STTM mooring system. From the further study,

the author was able to remove spikes caused by the instrument motion from the

energy spectra [99]. However, the author did not present any results of the velocity

component after applying motion correction. The downside of the STTM mooring

system is the size of the system which adds difficulties in deployment, retrieval, and

the fabrication cost, as compared with the TTM system.

Surface mounted measurement is performed by using a mobile boat or a floating

platform. The ADV is used for measuring flow properties near the surface, while

the ADCP is used for full profile measurements [38, 57, 98, 100]. Towsfish [101] can

be used to measure flow statistics of a certain height from a measurement platform.

However, as discussed in the section 2.5, ADCP data is not accurate for measuring

turbulence characteristics, ADV measurements at different water depth are required

for proper assessment of a potential MHK site selection and turbine design.

Homes and Garcia [97] made the first attempted to perform full profile measurement

using a stationary boat. However, their data collection was limited to three sampling

points with three ADVs. Two of them were positioned near the bottom of the

riverbed, and one was placed near the surface region. The method was applied to a

river height varying from 4.87 to 6.46 m with a velocity range of 1.03 to 1.52 m/s.

A modified version of the P-61 sediment sampler was used for ADV deployment
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near the boundary layer and boat mounted ADV was used to take near the surface

measurement. The system is not ideal for a high velocity region and deep water depth

measurement as for highly energetic flows.

d’Auteuil [38] developed a method for full flow profile characterization of a high

energetic river. The average depth of the tested site was 11 m, and flow speed varied

from 0.80 to 2.80 m/s. A schematic view of the process is shown in Figure 1.2.

In this study, instead of using multiple ADV, the location of the same ADV was

changed at different water depths, and measurements were performed for 8 minutes

interval. In this case, the effect of the temporal resolution was ignored. Results

shows that ADCP was sufficient for mean velocity measurement as 4.38% difference

was observed with the ADV recorded streamwise velocity. However, in turbulence

intensity measurements the difference was 188%. Therefore, it was recommended to

be used ADV for turbulence characteristics measurements. According to the author,

the ADV data also contained Doppler noise caused by the instrument vibration and

motion, which had to be removed prior to turbulence characteristics calculation to

achieve accurate results.

Platform motion, instrument vibration, and angular position are the primary

sources of uncertainty in measurements with acoustic instruments like ADV and

ADCP [38, 47, 56, 98]. In addition to that, there are other factors like side lobe

interference, reference boat speed (bottom-track profiling), blanking distance, near

transducer error, cell mapping and orientation of the instrument [24].

A detailed observation of ADCP uncertainty from a moving boat was performed by

Gonzalez-Castro [24] to estimate the total uncertainty in the discharge measurement.

In the study, an uncertainty analysis standard developed by the American Institute

of Aeronautics and Astronautics (AIAA - 1995) was used to develop a framework for

estimating total uncertainty in ADCP measurement. The framework was developed
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to analytically and statistically estimate total uncertainty based on data reduction

equation used for ADCP discharge measurement only. Effect of turbulence was not

discussed in the study. The researchers proposed a joint effort between the expert

end user and manufacturer for in-depth uncertainty assessment of the device.

Muste et al. [102], performed experiments in a channel to observed the ADCP’s

performance in estimating velocities near the transducer and the bed region. The

depth of the rectangular channel varied from 0.3 to 0.9 m while the test velocity

varied from 0.3 to 0.9 m/s. A high performance 16 MHz MicroADV was used to

collect data at the different depths of the water column and then compared with

the data collected by the ADCP. Results showed that, the ADCP measured velocity

was biased to have a lower value caused by the flow disturbance introduced by the

submerged portion of the device and near transducer error depends upon the probe

geometry, magnitude of the flow velocity, the submerged depth of the ADCP, drag

force induced by ADCP, ringing effect, signal decorrelation, and signal processing

errors.

2.7 Data analysis uncertainty

In addition to Doppler noise, acoustic instruments can contain large amplitude of

spikes in the data, which are hard to detect and eliminate from measurement, as

sometimes they appear like the natural fluctuation of the flow. Sources and effect of

the Doppler noise were discussed in Section 2.4. Different despiking methods can be

used to remove these spikes [37,77,103–106]. Despiking a data set consists of detecting

spikes and replacing the spikes with a valid data point as to not affect the average

and turbulence quantity. Summary of literature review of data analysis uncertainty

are presented in Table 2.9.

Goring and Nikora [77] introduced a Phase-Space Thresholding Method where all
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Table 2.9: Summary of literature review of data analysis uncertainty of acoustic
instrument in flow characterization

Author Instrumentation Site specification Findings

Muste et
al. [1]

ADV and
ADCP

Open-channel
U = 0.09 - 0.15 m/s
Depth = 1.22 - 2.13 m
Width = 30.48 m

Used RD Instrument (RDI 2001),
mid-section and mean-section
algorithms to calculate discharge from
ADCP measurements and found 0.50%
and 0.49% error in mid-section and
mean-section algorithm considering
RDI algorithm as a reference.

Gonzalez-
Castro [24]

ADCP Analytical method

Developed a framework to calculated
total uncertainty in discharge
measurement by using data reduction
equations following the AIAA
standard.

Elgar et
al [107,108]

ADV,
ADCP, and
EMC

Ocean
U = 0.30 m/s
Depth = variable

Correlation threshold of 0.7 to 0.3 (for
a sampling frequency of 25 Hz) was
used to identify inaccurate data. Later
1 s running mean was used to replace
incoherent values. The result showed
that corrected dataset was more
accurate and agreed with the values
recorded by the Electromagnetic
Current Meter (EMC).

Goring and
Nikora [77]

ADV Not specified

Introduced the phase-space threshold
method for removing spikes from the
ADV data set and found better results
as compared with other conventional
despiking algorithms. The final
standard deviation of 0.12 m/s was
achieved from the threshold method
which was lower than the original
value of 0.24 m/s. Numerical analysis
of the method also showed satisfactory
results with 10% higher for iteration
greater than 1000.

Birjandi [37] ADV
Laboratory and
river measurement
U = 0 m/s (lab)
U = 2.4 m/s (river)

Combined phase-space and
acceleration threshold and introduce a
new hybrid despiking method which
was independent of spikes density of
the data set. Experimental results
showed that the new hybrid method
improves the performance of the
phase-space method by decreasing the
standard deviation of the principal
axes of the ellipsoid from 0.047 to
0.04 m/s.

Doroudian
et al. [103]

ADV Open channel
U = 0.60 m/s
Dimension (D×L×H):
0.60×17×014 m

Suggested to record data in beam
coordinates. Then apply despiking
routine in beam time series and
transformed into Cartesian or ENU
coordinates to remove spikes properly.
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the data points were plotted in a three-dimensional space, and then points were

enclosed by an ellipsoid defined by a criterion. The point outside the ellipsoid was

then defined as spikes and replace by using interpolation of the third-order polynomial

fit of 12 points before the starting and after the end point of the spike. The author

compared the phase-space thresholding method with RC filter [105], turkey 53H [105],

acceleration thresholding [104], and wavelet thresholding method [106] with both a

clean and contaminated data. Results showed that for clean data filtration method

works well except the RC filtration method which detected many false spikes. In the

case of contaminated data, acceleration thresholding and phase-space thresholding

methods had a low standard deviation of 0.13 and 0.14 m/s compared to the 0.24 m/s

of the original signal. Acceleration thresholding had a lower standard deviation, but

from the analysis, the author found that in some cases, good data was also detected

as spikes. The author also found that for a down facing ADV the vertical velocity

component had fewer spikes compared with the horizontal component.

From Goring and Nikora’s [77] experimental and numerical analysis, it was observed

that phase-space universal thresholding and acceleration thresholding despiking

method had better results in the ADV data correction process compare to other

conventional methods. Subsequently, Birjandi [37] used these two thresholding

methods and introduced a new hybrid method for despiking in bubbly river flow.

According to the new method, high amplitude spikes were removed by several

iterations until a standard deviation of clean data was achieved. The mean velocity

and low frequencies were removed before the phase-space thresholding model was

applied; later these values were added again. Phase-space thresholding ellipsoid was

used to remove spikes only until a standard deviation of clean data was achieved. Then

all the flow statistics were calculated based on these clean data. Linear interpolation

was then used to replace spikes for power spectra and autocorrelation coefficient

calculations. Like Goring and Nikora [77], the author also tested the new hybrid
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method and other methods like simple SNR, acceleration threshold, and phase-space;

in clean and contaminated data. For the contaminated data, a standard deviation of

0.04 m/s was achieved in the new hybrid method, whereas the phase-space method

obtained a 0.05 m/s standard deviation for principal axes of the ellipsoid calculation.

For both cases, the new hybrid method performed better than the phase-space

threshold method as the new method was not affected by the spikes density. This

despiking method is applied for data analysis in our study.

All acoustic instruments record data in beam coordinates. ADV or ADCP internal

algorithm then converts the data into Cartesian or Earth East North UP, whatever

was defined by the user. When data is collected in beam coordinates, spikes

or noise may occur in the measurement due to different reasons as discussed in

Section 2.4, 2.5 and 2.6. Garcia [103] found that these spikes usually appears in

one beam coordinates. If the coordinate transformation is performed in those spike

time series, spikes from one coordinate may appear in other coordinates. Therefore,

it was recommended by the researcher to use despiking method in beam coordinate

and subsequently convert into the desired coordinate system.
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Instrumentation, test facilities, and

experimental procedures

3.1 Instruments

In order to perform flow characterization in the high energetic river, as shown in

Figure 1.3, acoustic instruments are required. ADV and ADCP are used in this

study for field measurements and are reviewed here.

3.1.1 Acoustic Doppler velocimeters

The ADV is a point-based flow measurement device which measures flow velocity

and turbulence in three directions using the Doppler shift technique. The Nortek

Vector ADV with the fixed arm is used for the velocity measurements in this work.

The ADV and measurement probe orientation are shown in Figure 3.1. The ADV

holds three receiving probes and one transmitting transducer where the probe with

red marking represents the streamwise direction. The transmitting transducer sends

a short acoustic pulse that travels through the fluid to a sample volume and is
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Figure 3.1: (a)Working principle of ADV and location of sampling volume, (b) picture
of the Norket Vector ADV, and (c) different component of ADV and axis orientation
of the probe [2]

reflected from the scattering particles of the water with a maximum sampling rate

of 250 Hz. The particles are assumed to move at the average water velocity and

hence the velocity of the flowing water is calculated. Sampling volume is located

157 mm away from the transmitter of the ADV. The shape of the sampling volume

is cylindrical with 14 mm in diameter and a height of 5 - 20 mm. According

to the measurement requirement, the sampling volume size can be adjusted from

the instrument configuration. Parameter setting includes; nominal velocity range,

sampling rates, salinity, and measurement time can be changed to obtain accurate

results. However, ADV is considered an accurate measurement device with the

manufacturer [2] specified relative error of ±0.5% of the measured value and an

absolute error of ±1 mm/s. The specification of the ADV used in this experiment is

given in Table 3.1.

The Nortek Vector ADV has an integrated Microstrain Inertial Measurement
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Table 3.1: Nortek Vector ADV specification [2]

ADV model Vector
Velocity Range ±0.01, 0.1, 0.3, 2, 4, 7 m/s (software selectable)
Accuracy ±0.5% of measured value, ±1 mm/s
Output sampling frequency 1− 64 Hz
Internal sampling frequency 100− 250 Hz
Acoustic frequency 6 MHz
Maximum tilt 30◦

Figure 3.2: Microstrain IMU mounted on circuit board inside ADV pressure
housing [5]

Unit (IMU) model 3DM-GX3-25-OEM. This IMU has three sensors: a triaxial

accelerometer to measure the linear acceleration, triaxial gyroscope to measure

the rotational movement and triaxial magnetometer used for dynamic orientation

calculation. The IMU is located inside the ADV housing, as shown in Figure 3.2.

This IMU unit motion is considered as the ADV’s motion and is used to compensate

ADV’s motion in high energetic river flow. Instead of compass and tilt sensor,

magnetometer measured data is used for coordinate conversion from beam to XYZ or

ENU coordinate in an IMU integrated ADV. Note that the IMU and ADV orientations

are not the same, as shown in Figure 3.2.

3.1.2 Acoustic Doppler current profilers

The Acoustic Doppler Current Profilers (ADCP) is also an acoustic flow measuring

device. ADCP is used to measure discharge rate, 3-dimensional water velocity, depth

and bathymetry of a specific location [3]. The difference is the ADCP measures

- 46 of 132 -



Chapter 3. Instrumentation, test facilities, and experimental procedures

Figure 3.3: Features and working principle of the SonTek M9 ADCP used for the
riverine measurements [3]

Doppler frequency shift to calculate velocity whereas ADV measures Doppler phase

shift. The SonTek M9 ADCP is used for site characterization at the CHTTC and is

too big to be used in the water tunnel. The ADCP contains four transducers which

operate at 3.0 MHz, four at 1.0 MHz, and the last sensor is a 0.5 MHz echo sounder,

as shown in Figure 3.3. The eight transducer measures velocity while the center echo

sounder records depth. The beam from the transducer spreads as it gets further away

from the ADCP. The spread angle of the ADCP used in the experiments for this

study is 50◦. The beam is split up into numerous cells, and the size of the cell gets

larger as it goes more in-depth from the device to the bottom of the river. This means

that the velocity is averaged over a larger cell as it moves further, which causes a loss

in spatial resolution. Specification of the ADCP is given in Table 3.2.

3.2 Test facility overview

To evaluate the 5 uncertainty terms mentioned on Table 1.2 different experiments are

performed in a controlled laboratory environment using the water tunnel and shaker

table first to investigate the performance of the ADV. Later field experiments are
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Table 3.2: Specification of SonTek vertical ADCP [3]

Specification Model: M9
Profiling range - distance 0.06 to 40 m
Profiling range - velocity ±20 m/s
Profiling range - accuracy ±0.25% of measured velocity, ±0.2 cm/s
Velocity - resolution 0.001 m/s
Depth - range 0.20 to 80 m
Depth - accuracy 1%
Depth - resolution 0.001 m
Number of cells Up to 128
Cell size 0.02 to 4 m
Transducer configuration 9 transducers, dual 4-beam 3.0 MHz/1.0 MHz

performed at the CHTTC site to investigate ADV’s performance further.

3.2.1 Water tunnel

The water tunnel is a controlled laboratory testing facility located at the University

of Manitoba. The test section of the water tunnel is 61 cm wide and 183 cm long

with a maximum water height of 60 cm, as shown in Figure 3.4. The water height

in the test section can be adjusted. The bottom and side of the test section of

the water tunnel are made of plexiglass for visual observation and video recording.

Flow around the water tunnel is circulated by a single stage, axial propeller pump.

According to the experimental requirement, the flow velocity in the water tunnel can

be adjusted using the frequency converter. At maximum water height of 60 cm and

the maximum operating frequency of 60 Hz flow velocity of 1.1 m/s can be achieved

in the test section. A series of honeycombs is used before the test section to breaks

the large eddies and reduces the TI. The velocity uncertainty of the water tunnel is

2.5% [51].
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Figure 3.4: Test facilities: (a) Test section of water tunnel, (b) shaker table with ADV
mount assembly with IMU located inside the instrument with probe immersed in a
water container, and (c) Google Earth view of the CHTTC site showing the location
of seven sister dam, CHTTC site office, and the buoys

3.2.2 Shaker table

A uniaxial shaker table provides a controlled movement of the ADV similar to an

energetic site where significant motion is transferred to the unit. Different type of

periodic and random motion such as ground motion and dynamic signals is simulated

to test the performance of the ADV IMU and effectiveness of the developed data

processing software.
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Table 3.3: Specification of the shaker table

Item Specification
Table

Size 0.6 × 0.6 m
Weight of the table 0.6 kN
Maximum payload 1 kN
Maximum displacement ± 75 mm
Maximum acceleration 3 g
Frequency range 0.1 - 80 Hz

Actuator
Model MTS 242.02
Thrust 10 kN
Stroke length 150 mm
Servo valve two stages, four-way

Supports
Shaft diameter 2.54 cm
travel life 50 km

The shaker table consists of a platform table, servo-hydraulic actuator, ball bush

bearing, linear support mechanism, and the reaction mass. The overall length and

width of the table are 0.6 by 0.6 m. It is moved linearly in the horizontal direction

by a servo-hydraulic actuator over a low friction ball bush bearing. The movement

frequency range is 0.1 to 80 Hz with a maximum payload of 1 kN. Depending on the

input signal the shaker table can have single harmonic, sweep sine or ramp motion.

The overall characteristics of the system and individual components are summarized

in Table 3.3. A view of the shaker table with ADV mount is shown in Figure 3.4.

Doranga [109] perform several tests using the shaker table and found that in most

of the cases the table displacement matches with the input displacement except for

low-frequency cases. The tested lowest harmonic frequency is 2.55 Hz with a displace

of 1 mm. In that test, a higher order of harmonics was found due to the noise from

bearing and the table, while the measured magnitude of the acceleration was found

to within acceptable limits.
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3.2.3 CHTTC

The Canadian Hydrokinetic Turbine Test Center (CHTTC) is located downstream of

the Manitoba Hydro’s Seven Sister’s dam. It is a man-made channel. Google Earth

view of the CHTTC site and Seven Sister Generation Station is shown in Figure 3.4.

The CHTTC at the University of Manitoba works with marine energy companies to

test HKT. The CHTTC has a depth of approximately 11 m, a width of approximately

60 m, and flow velocity varies from 1.5 to 3.0 m/s. This flow velocity range is ideal to

test HKT operations. The hydro dam removes most of the floating debris like tree,

and logs, which ensure uninterrupted operation of the turbines. Hourly discharge

data is available from Manitoba Hydro which helps to correlate turbine performance

throughout the operation of HKT. More details of the CHTTC site activities can be

found on the website [110].

3.3 Laboratory tests

Having identified and described the instruments and test facilities a test matrix for

laboratory tests was developed to achieve the research objectives and the matrix is

shown in Table 3.4. The test matrix is used to evaluate the 5 error terms listed in

Table 1.2. Tests 1 to 3 were used to identify the optimum suspended particle size for

the water tunnel experiment. Tests 4 and 5 were conducted to identify the effect of

ADV’s pitch angle on velocity measurement at 0.53 m/s and 1.1 m/s, respectively.

More experiments were performed to identify the effect of pitch, roll, and heading

angle on the performance of ADV measurements. The focus of the study was given on

effect of the pitch angle as ADV’s pitch angle dominates during flow measurements in

high energetic applications. Shaker table experiments were performed to evaluate the

performance of IMU in measuring acceleration. Finally, the performance of ADV was

tested by manually applying force on the support structure in the water tunnel.
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Table 3.4: Test matrix for water tunnel and shaker table experiment showing location
where measurement were taken, and measured parameter on those location. Position,
W = z/D represents the measurement location in spanwise direction and depth,
H = y/L represents the measurement location in vertical direction.

Water tunnel
Test specification

Experiment
Water
height

Velocity
Particle

size (µm) Region
Position
W = z/L

Depth
H = y/D

Tested
parameter

0.25
0.5Test 1 60 cm 1.1 m/s <5, 5 20 Upstream
0.75

0.75, 0.73
Suspended

water particle

0.25
0.5Test 2 60 cm 1.1 m/s <5, 5 20 Above rocks
0.75

0.75, 0.73,
0.66

0.25
0.5Test 3 60 cm 1.1 m/s <5, 5 20 Downstream
0.75

0.75, 0.73,
0.66

Suspended
water particle

and TI

Instrument orientation
Heading

(deg)
Roll
(deg)

Pitch
(deg)

Test 4 60 cm 0.53 m/s 20 0 0
0, 5, 10, 15,
20, 25, 30,

35, 40
Pitch angle

Test 5 60 cm 1.1 m/s 20 0 0

0, 5, 7.5, 10,
12.5, 15, 20,
25, 27.5, 30,
32.5, 35, 40,

45

Pitch angle

Test 6 60 cm 1.1 m/s 20 0 10, 20, 30 0 Roll angle
Test 7 60 cm 1.1 m/s 20 10, 20, 30 0 0 Heading angle

Test 8 60 cm 1.1 m/s 20 10, 20, 30 10, 20, 30 0
Roll and

heading angle

Test 9 60 cm 1.1 m/s 20 10, 20, 30 0 10, 20, 30
Pitch and

heading angle

Test 10 60 cm 1.1 m/s 20 0 10, 20, 30 10, 20, 30
Pitch and
roll angle

Test 11 60 cm 1.1 m/s 20 10, 20, 30 10, 20, 30 10, 20, 30
Pitch, roll, and
heading angle

Shaker table
Settings

Displacement
(mm)

Frequency
type

Frequency
(Hz)

Test 12 bucket 0 m/s NA 1 Periodic
2, 5, 7.5,
10, 12, 15

Test 13 bucket 0 m/s NA 0.5 Periodic
2, 5, 7.5,
10, 12, 15

Test 14 bucket 0 m/s NA 50 Periodic 2
Test 15 bucket 0 m/s NA 1 Periodic 5+10+15

Vibration

Water tunnel
Manual force applied on ADV

Test 16 60 cm 0.53 m/s 20 Fast forward force
Test 17 60 cm 0.53 m/s 20 Slow forward force
Test 18 60 cm 0.53 m/s 20 3 small forward force
Test 19 60 cm 0.53 m/s 20 Mixed force
Test 20 60 cm 0.53 m/s 20 Vibration

Motion and
vibration
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3.3.1 Suspended particle size

To verify the performance of the ADV on suspended particle size, it is important

to understand the relationship between the signal strength and Doppler noise for

acoustic flow measurements. The ADV works on the Doppler shift which is related

to the change in frequencies between the transmitted and received signals. These

reflections come from the scattering particles of the flowing water. If the particles

size is too small, the ADV will not receive any reflected signal. Meanwhile, if the signal

strength is too weak, the Doppler noise will become prominent, and the performance

of the ADV becomes abate. This signal strength can be improved by adding small

particles [29]. To examine the effect of the particle size on high energetic flow, the

size of the particle is changed while other parameters kept in constant. The Nortek

vector ADV can measure the maximum 78 µm sized particle which is calculated

from,

2πr

λ
= 1 (3.1)

or, 2r = Dp =
λ

π
=

c

fπ
(3.2)

where Dp = diameter of the particle, c = speed of the sound, and f = frequency of

ADV.

Figure 3.5 shows 5, and 20 µm sized particle used in the water tunnel to analyze

the effect of particles size on the ADV measurement. Adding these particles does

not impact the flow, when the water tunnel is left idle, the suspended water particles

are observed which ensures that they are not dissolved. Before applying different

sized seeding particles, the water of the tunnel is filtered using a 5 µm filter for

at least 48 hr to avoid mixing of different size particles. Experiments are also
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Figure 3.5: Seeding particles size (a) 5 µm, and (b) 20 µm used for analysing the
effect of particles size on the ADV performance

conducted without any added particles to compare the results. In general, the size

of the particles in a sampling volume increases or decreases the SNR value of the

measurement. According to the manufacturer recommendation, if the SNR value is

above 10, the ADV measurement is considered valid, and if the value is above 19,

then the measurement can be considered as accurate.

3.3.2 Turbulence intensity

To understand the effects of turbulence on the ADV measurements, experiments are

performed on a smooth surface water tunnel as mentioned in Section 3.2.1. The large

scale of turbulence is generated in the same water tunnel by using the irregular shape

of rocks approximately at an order of 10% of the water column height. Pictures

of the rocks used in this experiment are shown in Figure 3.6. The approximate

average height of the rocks is 10 cm. The rocks are placed after 40 cm of the

channel opening, so that creates one upstream region without any obstacle, then a

highly turbulent region on top of the rocks, and the downstream region, as shown in

Figure 3.6. Then the ADV is mounted on a rigid aluminum structure which is used to

make measurements at upstream: Region-1, above rock: Region-2, and downstream:

Region-3 which are respectively 6.75, 56.75, and 121.75 cm away from the opening of
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Figure 3.6: Position of the measurements at water tunnel: (a) Region-1: upstream,
(b) Region-2: on top of rocks, (c) Region-3: downstream, and (d) the pictures of the
rocks used to create high level of turbulence

the water tunnel. The measurements are performed at the height of 31 and 36 cm from

the tunnel bed at the upstream, on rocks and downstream of the rock. Additional

experiments are also performed at the height of 26 cm at the downstream to check the

effect of the obstacle on flow characteristics. Each region divided into three segments

and measurements were taken at W = 0.25: first quarter, W = 0.50: second quarter

and at the W = 0.75: third quarter along with the width of the tunnel, as shown

in Figure 3.7. Reynolds number, Reh of the water tunnel is calculated based on the

hydraulic diameter, Dh,

Reh =
Dhv

µ
=

2whv

(w + h)µ
(3.3)
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Figure 3.7: Position of the measurements at water tunnel: (a) ADV lateral position:
Position-1, W = 0.25 at the first quarter of the tunnel (15.25 cm from the side wall),
Position-2, W = 0.50 at the center (30.50 cm from the side wall), and Position-3,
W = 0.75 at third quarter of the tunnel (45.75 cm from the side wall), and (b) ADV
vertical position: H0, H = 0.75 average height of rocks, H1, H = 0.73 sampling point
10 mm above H0 and H2, H = 0.66 sampling point 60 mm above H0

where w and h is the width and height of the water tunnel, respectively.

3.3.3 Instrument orientation

Acoustic instruments measure velocity in beam coordinates and then the velocity

component is converted into a Cartesian coordinate system (XYZ) or Earth Normal

coordinate system (ENU). The XYZ coordinates are also known as instrument fixed
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coordinates, and the ENU coordinates are also known as Earth reference coordinates.

Coordinates conversion depends on the orientation of the instrument, pitch, roll,

and heading angles. In laboratory settings, the instrument orientation and the flow

direction are known or can be controlled as per the experiment requirement. However,

in a riverine side where flow direction changes frequently and the underwater ADV

orientation is unknown, it is recommended to working with ENU coordinates system.

If the velocity component in ENU coordinate is known, flow speed and direction can

be calculated as

Flow velocity, V =
√
V 2
E + V 2

N (3.4)

Flow dircetion, θ = arctan
(VE
VN

)
× 180

π
(3.5)

where VE and VN represent flow speed in East and North direction, respectively.

Then the transformation from ENU to XYZ coordinate system become,

VXY Z = T−1
E × (OM)× TL × VENU (3.6)

where OM is the 4×4 orientation matrix can be found from the ADV recording or can

be calculated from the pitch, roll, and heading angle. TE and TL are the 3× 3 earth

and local transformation matrix, respectively. For vector and micro-strain IMU, the

transformation matrix is

TE =


0 1 0

1 0 0

0 0 −1

 (3.7)
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TL =


0 0 −1

0 1 0

1 0 0

 (3.8)

For flow profile measurements in the riverine environment, the deployment of acoustic

instruments from a fixed and steady frame is not possible. In rivers, flow direction does

not change significantly, but the alignment of the instruments cannot be controlled.

So, before data analysis, the velocity components must be corrected in accordance

with flow and instrument orientation. The possible way of angle compensations

are:

(a) ENU method: using the East and North velocity component, as in Equation 3.4,

(b) Gravity−g method: using the standard gravitational force and

(c) PRH method: using heading, roll and pitch angle.

The IMU records acceleration in three coordinates. The IMU also records the

gravitational force acting on ADV. When the ADV is positioned vertically, the vertical

acceleration recorded by the IMU is the gravitational force, −g. The negative sign is

because of the IMU records in the opposite direction to the actual gravity is acting.

Moreover, if the ADV is not placed straight during measurement, the IMU will record

some value other than gravitational acceleration. This value can be used to correct

the ADV orientation. Note this angle compensation is applicable when pitch or roll

angle is present in the ADV deployment. If the deployed ADV contains both pitch

and roll angles, this conversion will not produce valid results. This is also true for

any measurements with a heading angle.

Another method for angle compensation is using pitch, roll, and heading angles. The

value of these angles can be found in IMU recorded data. Although the ADV is
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Figure 3.8: Water tunnel test setup for testing effect of different angle on ADV
deployment: (a) ADV orientation with the flow direction, and (b) ADV at different
pitch (P), roll (R), and heading (H) angle

deployed straight and in line with the flowing water, initial heading angle of the

testing site must be considered carefully, as the heading angle is not always zero like

pitch and roll angles. The initial heading angle of the ADV can be calculated from

the Global Positioning System (GPS) data. Then this angle can be used to correct

all the three velocity components.

Tests were performed in the water tunnel with a different angular position to find

out their effect on ADV measurements and to estimate the performance of the three

angle compensation methods. Figure 3.8 shows the experimental setup for testing the

effect of the ADV angle on flow characteristics measurements. For these tests, two

Item’s angle locking brackets are used for changing pitch and roll angles. However,

the heading angle is changed by using the ADV support structure. Results are shown

in Section 4.4.
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Figure 3.9: Common errors in IMU measurements showing bias, drift, and noise

3.3.4 Vibration and motion

The IMU of the ADV is used to correct for external disturbances to the ADV, but

the IMU itself has errors in measurement. Common IMU errors are illustrated in

Figure 3.9. The issue with correcting ADV motion with IMU velocity data is that the

IMU drifts causing the velocity data to ”walk” in one direction and even change the

speed or direction of flow measurements. Using a high pass filter the acceleration data

from the IMU to eliminate the drift error also does not work as the motion to be used

for the correction from the IMU has its peak energy at 0 Hz in the energy spectrum.

Consequently applying the filter causes the removal of most of the data. The IMU

data is converted instead into the ADV coordinate system using Equation 3.6, or all

data is recorded in the ENU coordinate system. Conversion of the coordinate system

was presented in Section 3.3.3. Since the ADV records gravity as acceleration, the

gravitational force is removed from the IMU recorded linear acceleration data

aIMU = [aIMU
y aIMU

x aIMU
z ]− [0 0 g] (3.9)

where g is the gravitational force which is a constant.
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After this transformation, mean acceleration is removed from the IMU acceleration

because it should not have a constant acceleration,

AIMU = aIMU − aIMU (3.10)

IMU acceleration is then converted into velocity by integrating acceleration assuming

that the IMU is initially stationary. A low-frequency drift is induced by integrating

acceleration. The cumulative integral is performed by the trapezoidal method with

unit spacing,

vIMU =

∫
aIMU .dt (3.11)

Angular rate, ω, is converted into linear motion by,

vω = ω × r (3.12)

where r is the position of the IMU which corresponds to the transducer head of ADV.

For this experiment fixed head ADV probe is used and the distance between the ADV

transducer head and IMU is 0.36 m.

The water velocity, Vwater, is then calculated by subtracting IMU velocity, vIMU , and

angular velocity, vω, from the ADV recorded velocity, vADV , as

Vwater = vADV − (vIMU + vω) (3.13)

After removing the IMU recorded velocity and angular movement from the ADV

recorded velocity, a trend is observed in each data. These trends are unwanted and

resulted from the integration of the IMU acceleration data. These trends are selected
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by using Kernel Smoothing Regression (KSR). The theory behind the KSR is that it

generates an expected value of a response variable, Y, based on a previously known

predictor variable, X. According to Watson [111], it can be presented as,

E(Y |X) = f(X) (3.14)

where f(X) is a non-parametric function that is unknown. Nadaraya [112] and

Watson [111] proposed as a moving average Kernel regression to determine the

function as,

fn(x) =

∑n
i=1 YiK

(
(x−Xi)
h(n)

)
∑n

i=1K
(

(x−Xi)
h(n)

) (3.15)

where K(X) is the Kernel function and h(n)→0 as n→∞. This regression function is

commonly referred to as the Nadaraya-Watson Function. Cao [113] implemented the

Nadaraya-Watson Function to develop a MATLAB code using the Gaussian kernel

and made it available at Mathworks File Exchange. The MATLAB code is used in

this thesis for the trend selections. After the trends are selected, they are set to have

a shift of zero so that when they are subtracted from the data set only the trends

created by the drift error are removed, and no shift is introduced.

3.4 Field experiments

Data collecting in a high energetic riverine environment is associated with many

challenges. It is not like experimenting in the laboratory where the test condition

is known and can be controlled. For characterization in a riverine environment

in addition to the natural obstacles, there are man-made obstacles like a bridge,

operating turbines, and mooring lines. Personnel safety with the environment has to
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consider during the operation, in addition to not damage the instruments. According

to the procedure described in this section the ADV and ADCP are used for velocity

and turbulence measurement at the Forks and highly energetic riverine site at the

CHTTC, as shown in the test matrix in Table 3.5. The data obtained are analyzed and

discussed in Chapter 4. Point F-6 is selected for detail analysis as large boat motion

was experienced during the surface measurement at the Forks and the maximum

average velocity of 2.52 m/s was measured at CP-D during profile measurement at

the CHTTC.

3.4.1 Surface measurements

Initial characterization of the potential hydrokinetic site includes measurement

of bathymetry and near-surface free stream velocity. A boat is required for

characterizing a site to minimize temporal resolution by quick maneuverability. For

this purpose, a zodiac boat is used, as shown in Figure 3.10. A 150 HP engine powers

the boat.

The bathymetry helps to identify the shallow region, hazardous region and the

potential location of turbine deployment depending on the height of the region. A

Humminbird 898c GPS System is used to perform bathymetry. The Humminbird is

connected with a sonar system mounted at the bottom of the zodiac boat. A single

beam sonar is preferred for narrow channels and one is taken not to hit steep river

banks. Sonar system provides a visual representation of the depth and underwater

obstruction on the Humminbird display which helps the driver to drive throughout

the testing site. This information with GPS tracking is recorded for more detail

analysis.

The measurement zodiac boat has a structure to attach the ADV for measuring near

surface and free stream velocity. The same structure is also used for the ADCPs to
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Table 3.5: Test matrix for field experiments showing location where measurement
were taken, and measured parameter on those location. Highlighted measurement
point F-6, SP, and CP-D is used for detail analysis in result section.

Measurement Point

Experiment
Method Instrument

Platform
and

location
Position

Depth from the
surface (m)

Parameters
measured

Test 21 Surface ADV Zodiac, F-1 1.23 Velocity
Test 22 Forks F-2 1.24 and
Test 23 F-3 1.23 turbulence
Test 24 F-4 1.22
Test 25 F-4-2 1.25
Test 26 F-5 1.20
Test 27 F-6 1.25

Test 28
Shore/fixed

platform
ADV

Floating
mobile

platform,
CHTTC

SP 0.32
Velocity

and
turbulence

Test 29 Profile
ADV and

ADCP
Floating
mobile

CP-A1
1.2, 2.2, 3.3, 4.3,
5.2, 6.3, 7.3, 8

Velocity
and

Test 30
platform,
CHTTC

CP-A2
1.2, 2.3, 3.2, 4.2,
5, 6.2, 7

turbulence

Test 31
CP-A

CP-A3
1.2, 2.2 3, 4.2,
5.1, 6

Test 32 CP-B1
1, 2, 3, 4.3, 5.1,
6, 7.2, 9.2

Test 33 CP-B2
1.5, 2.4, 3.6, 4.5,
5.8, 6.6, 6.9

Test 34
CP-B

CP-B3
1.5, 2.4, 3.5, 4.5,
6.2, 7, 7.5

Test 35 CP-C1
1, 3.1, 4.3, 5.3,
6.2, 7.2, 8.2

Test 36 CP-C2
2, 3.1, 4.3, 5.3,
6.2, 7.2, 8.2

Test 37
CP-C

CP-C3
1.2, 2.2, 3.2, 4.3,
5.3, 6.2, 7.3, 8.5

Test 38 CP-D1
1.2, 2.3, 3.3, 4.3,
5.3, 6.3, 7.4, 8.3

Test 39
CP-D

CP-D2
1, 2, 2.9, 3.9,
5.2, 6.4, 7.5

Test 40 CP-E1
1, 2 , 3, 4.2,
5.1, 6.2, 7, 7.5

Test 41 CP-E2
1.1, 2, 3.1, 4.2,
5, 6, 7, 7.5

Test 42
CP-E

CP-E3
1.2, 2.2, 3.2, 4,
5.2, 6.4, 8, 8.4

Test 43 CP-F1
1.5, 2.5, 3.5, 4.5,
5.6, 7, 7.1

Test 44
CP-F

CP-F3
1.7, 3, 3.9, 5,
6.2, 7.2, 7.5

Test 45 CP-G1
1, 2, 3.2, 4.2,
5.3, 6.3, 7.3, 8.9

Test 46 CP-G2
1.1, 2.1, 3.1, 4,
5, 6.2,7.1, 7.8

Test 47
CP-G

CP-G3
1.1, 2, 3, 4.3,
5.1, 6, 7.1, 9

Test 48 CP-H1
1.8, 2.7, 3.7, 4.7,
5.8, 6.5, 7.5, 8.5

Test 49
CP-H

CP-H2
1.8, 2.5, 3.8, 4.6,
5.6, 6.8, 7.3, 8
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Figure 3.10: Zodiac Pro 650 boat and the floating mobile pontoon platform used
for the measurements at the CHTTC. During the experiments the floating mobile
platform is not equipped with the gantry shown in the figure and profile measurements
by the ADV is performed from the center hatch to keep the pontoon horizontal.

measure flow velocity profile. With this attachment, one instrument can be used at

a time for the flow characteristics measurement.

Figure 3.10 shows the floating mobile platform referral to as the blue pontoon,

which is also used for surface measurements. Like the zodiac boat, a structure

with a horizontal and depth arm on the side of the pontoon is used for instrument

deployment. Horizontal ADCP, that is, HADCP or ADV can be installed on the

depth arm and then deployed for the flow characterization. When needed a universal

structure at the front of the floating mobile platform is used for near surface and free

stream velocity measurements by the ADV. There is an arrangement for installing

vertical ADCP at the front of the pontoon platform. In this way, the floating mobile

platform is used by ADV and ADCPs for flow characterization.

Floating mobile platform is ideal for using different instruments at the same time,

and to gather flow information. The step-by-step installation procedure of the
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measurement instruments is available at the CHTTC website [110]. A Humminbird

can be installed on the pontoon platform. As the pontoon is a slow-moving water-

craft, the zodiac is used as a secondary support boat as safety or transporting required

items. When the zodiac moves, it creates large wave. So, during measurements

process with the pontoon platform, there should not be any movement of the zodiac

near the measurement area. Depending upon requirements of the site specification,

surface measurement with the pontoon can be performed without or with mooring

lines.

Measurements without mooring line

Using a zodiac boat without any mooring line is the simplest way of flow characteriza-

tion and can cover a large flow area. Before starting the characterization, the ADV is

secured to the depth arm at the shore and then moved to the point of interest with the

zodiac boat. The ADV is then deployed with the help of the horizontal arm, as shown

in Figure 3.11. Data is recorded for 8 minutes as proposed by d’Auteuil [38]. During

the measurement time, the boat operator holds the water-craft steady in the flow by

using a reference point located along the shoreline. Although the boat driver tries to

hold the boat stationary there is some movement. This boat motion creates an error

in the ADV measurement. Depending upon the measurement site condition such as

heavy wind or high energetic and turbulent flow, the boat driver may find it difficult

to hold the boat steady. In that case, it is not feasible to perform characterization as

the recorded measurement might be affected by the boat motion, and the safety of

the personnel and the instrument is of concern.

The same procedure is also used for surface measurement with the pontoon platform.

Experimental setup with the depth arm of the pontoon is shown in Figure 3.12. For

this study, measurement data of the Red River near the Forks is analyzed. Zodiac boat

with the Nortek ADV attached with depth arm is used for the measurements.
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Figure 3.11: Surface measurement at the Forks: (a) Experimental setup used from
Zodiac, and (b) deployment of the ADV using depth arm

Figure 3.12: Experimental setup used for surface measurement at the CHTTC from
the floating mobile platform
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Measurements with mooring line

Anchor points are used for turbine deployment at a potential HKT site. These anchor

points also used for mooring of the measurement platform. At CHTTC site both the

shore anchors and bottom mounted anchoring system are available. As the CHTTC

is a man-made channel composed of large and stable granite rocks at the shore,

these rocks are used as drilling point for anchors, as shown in Figure 3.15b. Solid

reinforced concrete blocks, metal structure or even tree also used as an anchoring

point for mooring lines. Bottom mounted anchors are made of three concrete blocks

heavy enough to hold moored HKT. Each anchor blocks are attached to a buoy and

a common D-ring. This D-ring is used as an anchoring point for mooring lines. For

this experiment, the mooring line helps to hold the floating measurement platform

steady. Three types of mooring system as introduced here,

(a) Single point mooring from D-ring,

(b) Two-point mooring using shore anchor, and

(c) Two-point mooring with support from the step.

Schematic view of the mooring system is shown in Figure 3.13. For single point

mooring measurements, both the zodiac boat and pontoon platform are used. During

tests, enough distance from the measurement point and the anchoring point is

maintained so that, the mooring structure and the buoys do not influence the

flow.

For other cases, the pontoon platform is used. Like surface measurement without any

mooring line, side measurement arm of the pontoon is used for single and two-point

mooring measurements. However, the measurement arm side of the pontoon cannot

be used during the measurement from the steps as the steps block it. The universal

mount at the front of the pontoon is used, as shown in Figure 3.14. Using universal

- 68 of 132 -



Chapter 3. Instrumentation, test facilities, and experimental procedures

Figure 3.13: Schematic view of anchoring (a) Zodiac using single point mooring, (b)
floating mobile platform using single mooring, and (c) floating mobile platform using
two point mooring

mount helps to keep the measurement point out of the wake region generated by the

steps and the floating measurement platform itself. The floating mobile platform is

anchored to two shoreline anchors located on the same side of the shoreline using

two electric winches located on the same side of the vessel. One winch is located at

the front while the other winch is moved at the back of the measurement platform.

With the help of the winches, the measurement platform is then moved closer to the

concrete structure to make the platform more stable. A cylindrical shape floating

buoy is used in between the steps and floating mobile platform to avoid solid to solid

contact and any physical damage of the measurement platform. The design selected

avoids the front of the platform driving below the water surface.

3.4.2 Velocity profile measurements

Profile measurement is performed by the floating mobile measurement platform and

using two-point anchoring system. The measurement procedure is shown in the

Figure 3.15. The two front winches are used to moor the platform with the two
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Figure 3.14: (a) Schematic view of anchoring floating mobile platform using two-point
mooring with support from steps, and (b) ADV mounted on universal mount

shore anchors, as shown in Figure 3.15a. These winches are used to hold the platform

steady and to change the position of the measurement point by providing slack on the

winch rope. When the platform is secured, the ADV is deployed from the center of

the platform, as shown in Figure 3.15d. The center winch is used to deploy the weight

which is connected with it through a steel rope. The weight is used to hold the steel

rope downwards and eventually minimizes the ADV alignment. The steel rope is also

used as a guideway of the ADV deployment. Schematic view of the weight, steel rope,

and ADV is shown in Figure 1.3. The acrylic sheet fin is used to prevent angular

rotation of the ADV during measurements. The position of the ADV in different

water depth is changed by using a rope. This rope act as safety rope as it is also

used for safe retrieval of the ADV. At the same time, the ADCP is deployed from

the front of the pontoon boat, as shown in Figure 3.15e. This profile measurement

procedure is detailed by d’Auteuil [38], and more details are available at the CHTTC

website [110].
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Figure 3.15: Anchoring and deployment system for profile measurement at the
CHTTC: (a) Two-point mooring system of floating mobile platform for full velocity
profile measurement, (b) anchor point at shore, (c) one of the two front winches used
for the pontoon mooring, (d) ADV deployment setup at the center of the measurement
pontoon, and (e) deployment of ADCP at front of the pontoon
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Laboratory and field measurement

results

4.1 Laboratory test results and analysis

In this section, the data collected from the experiments are presented, and findings

from the analysis are discussed to develop a complete uncertainty analysis of these flow

measurement in energetic flows. Data is analyzed using a MATLAB code developed

by our research group. Excel is used for final calculations and presentation of tables

and graphs. The test matrix and procedures are detailed in Sections 3.3 and 3.4,

respectively.

4.2 Suspended water particle tests (Tests 1 to 3 in Table 3.4)

The test matrix, as shown in Table 3.4, sets the velocity of the water tunnel at

1.1 m/s for suspended particle tests. The experiments are performed upstream and

downstream of the rough surface generated by rocks. Figure 4.1 shows the streamwise

velocity measured upstream of the rough surface. The velocity is measured at the
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Figure 4.1: The ADV measured streamwise velocity with the particle size of lees then
5 µm, 5 µm, and 20 µm at upstream of the water tunnel at height ratios, H, of 0.73
and 0.66

centerline of the water tunnel, W = 0.50 and closer to the walls, W = 0.25 and 0.75.

With the particle size of 20 µm at H = 0.73 and W = 0.50, the measured mean

velocity is 1.08 m/s, surpassing the velocity with the particle size of less then 5 µm,

and 5 µm. Moving near to the surface at H = 0.66, W = 0.50, and with a particle

size 20 µm, the ADV measured velocity is 1.1 m/s which equals the set velocity.

Due to the wake from the rocks downstream of the water tunnel, the flow is more

turbulent compared to the upstream location. A higher velocity is measured in the

streamwise direction while the spanwise velocity remains negligible and the vertical

velocity component fluctuates with depth. Near the bottom of the tunnel at a height

ratio of H = 0.75, the U velocity is 1.04 m/s. However, this increases as the ADV

position moves towards the surface, as shown in Figure 4.2a. The average SNR of the

ADV measurements is 51 with the particle size of less then 5 µm, 5 µm, and 20 µm,

which is above the recommended value of 19 [2]. At the bottom surface of the water

tunnel, the ADV estimates a lower correlation with the particle size of 20 µm as a

result of the turbulent flow. The correlation increases from 60.9% to 87.5% as ADV
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Figure 4.2: The ADV measured velocity component a) U (left), b) V (middle), and
c) W (right) with particle size less then 5 µm, 5 µm, and 20 µm measured downstream
of the rough surface at water tunnel

Figure 4.3: Effect of the particle size of less then 5 µm, 5 µm, and 20 µm on the
correlation of ADV measurement conducted downstream of the rough surface at water
tunnel
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Table 4.1: Summary of the flow statistics measured with the particle size of less then
5 µm, 5 µm, and 20 µm at a height ratio of H = 0.66, and an axial position ratio of
W = 0.50

Upstream Above rocks Downstream
Particle size

(µm)
Particle size

(µm)
Particle size

(µm)Parameter
<5 5 20 <5 5 20 <5 5 20

U (m/s) 1.05 1.06 1.10 0.62 0.73 0.90 1.33 1.37 1.56
V (m/s) 0.04 0.04 0.06 -0.09 -0.07 -0.11 0.06 0.03 0.09
W (m/s) 0.03 0.02 0.01 -0.07 -0.10 -0.20 -0.18 -0.18 -0.17
Urms 1.05 1.06 1.10 0.97 1.01 1.11 1.35 1.39 1.57
Vrms 0.08 0.08 0.11 0.62 0.65 0.62 0.21 0.21 0.17
Wrms 0.04 0.03 0.02 0.22 0.24 0.28 0.21 0.21 0.18
TKE (m2/s2) 0.00 0.00 0.01 0.49 0.48 0.41 0.05 0.05 0.02
TI (%) 5.22 5.19 5.74 91.2 76.9 56.7 13.4 12.9 8.14
Correlation (%) 94.7 94.8 94.5 45.7 46.3 47.2 81.7 82.4 87.5
SNR 53.2 52.9 52.0 51.3 52.1 50.7 52.6 52.5 52.2

moves upward towards the surface at H = 0.66, as shown in Figure 4.3. Summary

of the flow statistics with a particle size of less then 5 µm, 5 µm, and 20 µm are

shown in Table 4.1. With the particle size of 20 µm, the highest correlation of 87.5%

is achieved downstream of the rough surface while the upstream streamwise velocity

corresponds to the set velocity. Based on these results, the 20 µm sized particle was

selected for the lab experiments to minimize the uncertainty. The uncertainty interval

of 4.8% is reduced to 0.2% by using particles size of 20 µm.

4.3 Water tunnel turbulence intensity tests (Tests 2

and 3 in Table 3.4)

Water flowing in the water tunnel passes through a series of honeycombs before

entering the test section. These honeycombs assist in breaking eddies generated

by the pump while maintaining the turbulence intensity between 3% to 6% at a set

velocity of 1.1 m/s. With the introduction of rocks to create a rough surface, as
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Figure 4.4: Streamwise velocity measured by the ADV upstream, above, and
downstream of the rough surface at a height ratio of H = 0.73 and 0.66 as measured
in the water tunnel using 20 µm particles

shown in Figure 3.6, the turbulence intensity in the water tunnel increases by 113%.

At centerline of the water tunnel and upstream of the rough surface, the streamwise

velocity is 1.1 m/s, but over the rough surface, at H = 0.73, and W = 0.5 velocity

obtained within the boundary layer. However, over the rough surface and closer to

the wall at W = 0.25 and 0.75, an increase in velocity is obtained at the height of

H = 0.73 and 0.66 due to uneven roughness as velocity increases from 0.01 m/s to

0.98 m/s. The 41.8% streamwise velocity increase is obtained downstream of the

rough surface, as shown in Figure 4.4. This increase in streamwise velocity is due to

the wake of the surface roughness.

Figure 4.4 shows the turbulence intensity obtained upstream, above, and downstream

of the rough surface while corresponding correlation coefficient is shown in Figure 4.5.

A medium TI between 5% to 6% is observed at the upstream of the rough surface

and increase above 15% at downstream and a height ratio of H = 0.73. However, TI
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Figure 4.5: The ADV measured a) TI (top), and b) correlation (bottom) at upstream,
above, and downstream of the rough surface at a height ratio of H = 0.73 and 0.66.
At H = 0.73 and above the rough surface no data point is presented for TI, as the
minimum TI of 71% is outside the scale of the figure which could be consider as
outlier.

decreases when moving upwards towards the surface. Above the rocks at H = 0.73,

the TI is higher than 70%. Although ADV has a good signal strength with an SNR

over 51, the correlation is lower than 70%. This low correlation is associated with flow

turbulence. Near the walls and H = 0.73, the TI and correlation improves, while at

center, the TI increases to 56% due to the boundary layer condition. The summary
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of the results obtained upstream, above, and downstream of the rough surface are

stated in Table 4.1. A relationship between TI and correlation is observed as when

TI increases, there is a decrease in correlation.

4.4 Instrument orientation tests (Tests 4 to 11 in Table 3.4)

According to the measurement procedure developed for the CHHTC site, when the

ADV is deployed to different water column heights, it creates an angle with the flow.

The Gravity−‘g’, ENU, and PRH angle compensation methods are used to reduce the

uncertainty, as discussed in Section 3.3.3. To implement PRH method, GPS heading

angle of the testing site had to be determined first. GPS heading angle of the water

tunnel is 58◦ identified from the GPS location and Google Earth. This angle is used

as an initial heading angle. This heading angle along with the ADV measured pitch,

roll, and heading angles is used to compensate the orientation of ADV.

Experimental results of the ADV measurements at different pitch angle shows

that without angle compensation, deviation from the expected streamwise velocity

increases with increase in pitch angle, as shown in Figures 4.6 and 4.7. From

the experimental analysis, it is observed that the ADV has an angle compensation

mechanism up to 10◦ as mentioned in the manuals [2]. Further corrective action is

required beyond 10◦ to minimize the measurement uncertainty.

At a velocity of 0.53 m/s, the three angle compensation methods are effective at

reducing instrument orientation uncertainty. From Figure 4.6, a maximum deviation

of 20% is observed between the measured and expected streamwise velocity at a

pitch angle of 40◦. After implementing the PRH angle compensation, the uncertainty

interval reduces to 2%; the Gravity−‘g’, and ENU methods agree within 1%.

Increasing the velocity to 1.1 m/s, the effect of the orientation angle becomes
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Figure 4.6: Effect of ADV’s pitch on streamwise velocity measurements before and
after applying Gravity−‘g’, ENU, and PRH angle correction methods at a water
tunnel set velocity of 0.53 m/s

dominant and increases the velocity uncertainty. In this situation, the three angle

compensation methods have identical results. A maximum uncertainty reduces from

23% at a 45◦ pitch angle to 4% at a 27.5◦ pitch angle, as shown in Figure 4.7.

However, for the W velocity component of the ADV measurement, the ADV’s auto-

alignment error varies, as shown in Figure 4.8. In this case, angle compensation with

ENU and PRH method shows better performance in reducing uncertainty compared

to the Gravity−‘g’ method. The U and W velocity component can be corrected by

using the ENU and Gravity−‘g’ methods. However, all three velocity components

can be compensated by using the PRH method. It should be highlighted that for the

static ADV, the IMU has a ±0.5◦ error in PRH altitude calculation while in dynamic

condition the error is ±2.0◦ [2].

In field measurements with a variable pitch angle, there is an effect of the ADV
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Figure 4.7: Effect of ADV’s pitch on streamwise velocity before and after applying
Gravity−‘g’, ENU, and PRH angle correction methods at a water tunnel set velocity
of 1.1 m/s

heading and roll angle. The ENU and PRH method works well with pitch, roll and

heading angles because in these methods three angles are used to correct the ADV

orientation. However, Gravity−‘g’ compensation only works if there is a pitch or

roll angle present in the deployed instrument. It is not efficient if there is a heading

angle, or both pitch and roll angle, or if all 3 angles are present during tests. From

Table 4.2 a maximum uncertainty interval of 12.25%, 4.60%, and 2.72% is observed

in the compensated streamwise velocity using Gravity−‘g’, ENU, and PRH method,

respectively.
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Table 4.2: Performance comparison of Gravity−‘g’, ENU, and PRH angle
compensation methods on the ADV orientation during velocity measurement at the
water tunnel

Angle
Measured

mean
velocity

Corrected
by

Gravity-‘g’

Corrected
by

ENU

Corrected
by

PRH
P

(deg)
R

(deg)
H

(deg)
U

(m/s)
U

(m/s)
Diff
(%)

U
(m/s)

Diff
(%)

U
(m/s)

Diff
(%)

0 0 0 1.108 1.109 0.12 1.117 0.84 1.104 0.35
0 10 0 1.114 1.097 1.03 1.120 1.11 1.110 0.22
0 20 0 1.110 1.047 5.54 1.118 0.89 1.109 0.07
0 30 0 1.110 0.972 12.25 1.120 1.05 1.112 0.32
10 0 0 1.117 1.136 2.56 1.144 3.28 1.125 1.51
20 0 0 1.054 1.125 1.53 1.133 2.23 1.110 0.19
30 0 0 0.967 1.125 1.49 1.132 2.19 1.096 1.10
0 0 10 1.115 1.115 0.67 1.118 0.89 1.110 0.17
0 0 20 1.084 1.084 2.21 1.119 1.02 1.117 0.77
0 0 30 1.024 1.024 7.57 1.126 1.63 1.123 1.37
10 0 10 1.116 1.137 2.61 1.139 2.76 1.126 1.63
20 0 20 1.020 1.106 0.21 1.131 2.05 1.122 1.29
30 0 30 0.887 1.027 7.34 1.133 2.27 1.129 1.86
0 10 10 1.112 1.101 0.63 1.117 0.81 1.111 0.30
0 20 20 1.102 1.090 1.60 1.140 2.86 1.127 1.68
0 30 30 1.020 1.068 3.61 1.134 2.36 1.078 2.72
10 10 0 1.118 1.127 1.75 1.143 3.17 1.128 1.81
20 20 0 1.037 1.085 2.12 1.128 1.84 1.111 0.23
30 30 0 0.943 1.038 6.30 1.159 4.60 1.125 1.51
10 10 10 1.117 1.136 2.51 1.140 2.91 1.131 2.11
20 20 20 1.021 1.127 1.68 1.139 2.76 1.130 1.95
30 30 30 0.869 1.109 0.10 1.122 1.25 1.104 0.35

Maximum uncertainty 12.25 4.60 2.72
Average uncertainty 2.97 2.03 1.07
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Figure 4.8: Effect of ADV’s pitch angle on a) V, and b) W component of the velocity
before and after applying Gravity−‘g’, ENU, and PRH angle correction methods at
a water tunnel set velocity of 1.1 m/s

4.5 Vibration and motion tests (Tests 12 to 20 in Table 3.4)

The performance of the ADV’s IMU is analyzed using a shaker table at the vibration

lab by utilizing a sine wave signal with known displacement to asses the uncertainty

of measurement for correction. The resulting vibration is measured by the IMU for

validation. Numerous test at different frequencies were conducted, as listed in the test

matrix in Table 3.4. Amongst them, the results of tested frequencies 2 and 5 Hz, as

shown in Figure 4.9, with Figure 4.9a showing the linear acceleration spectrum of the

tested frequency of 2 Hz. Along with the excitation frequency, several higher order

frequencies are registered by the IMU accelerometer. These higher order frequencies

are visible also at an exciting frequency of 5 Hz, as shown in Figure 4.9b. The exciting

frequency of 5 Hz is reported at the highest peak, and corresponding higher orders
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Figure 4.9: Linear acceleration spectrum as measured by IMU of ADV recoding data
at 64 Hz while the shaker table has an excitation frequency of (a) 2 Hz, and (b) 5 Hz
which are characteristics of Boat and ADV motion in energetic river

of harmonic frequencies are obtained at 7.5, 10, 12.5, 15, 17.5 Hz, and so on. As

reported by Doranga [109], these higher order harmonic frequencies also occur when

using the shaker table due to the low-performance bearing and table noise. For the

IMU performance test, the ADV support mounting adds to the harmonic vibration

noise.

To further investigate the IMU’s accuracy on ADV motion correction, additional

tests are performed in the water tunnel. Starting with the ADV at rest, a force is

applied in the direction of the flow to the ADV support structure to create motion

and create an error the velocity measurement. This additional motion is detected by

the IMU accelerometer and is noticeable in Figure 4.10. IMU obtained velocity is

then subtracted from the ADV velocity. The trend in IMU corrected ADV velocity is

detected by the Kernel Regression (see Section 3.3.4), as shown in Figure 4.11. This
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Figure 4.10: Effect of an additional force applied to the ADV support structure:
(a) IMU obtained streamwise acceleration, and (b) IMU acceleration converted into
velocity

trend is then removed from the ADV velocity, and the final ADV corrected velocity

together with the ADV measured velocity is shown in Figure 4.12. The task is to

determine the uncertainty in such measurements having disturbance as found in field

tests and corrected with IMU.

The set streamwise velocity of the water tunnel is 0.53 m/s. Due to the addition of

the external force, the velocity at that point reaches to 1.23 m/s at 2.29 s, as shown

in Figure 4.12. The difference between the set and the applied velocity is 1.5 m/s.

This additional velocity is detected by the IMU, as shown in Figure 4.10. The final

velocity after motion compensation is shown in Figure 4.12. After implementing

motion compensation, the ADV measurement total uncertainty decreases from 15.6%

to 3.26%.
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Figure 4.11: The IMU corrected ADV streamwise velocity with quantified IMU drift
seen as trend to element motion uncertainty from ADV measured velocity

Figure 4.12: Contrast between ADV measured streamwise velocity during additional
force applied on the ADV support structure and streamwise velocity obtained after
removing uncertainty using motion compensation routine

The same method is applied to the span and vertical velocity components. As the

ADV is rigidly mounted on the support structure, the only possible way for its

movement was in the lateral direction. Due to this reason, there is no significant

difference observed in the span and vertical directions before and after motion

compensation, as shown in Figure 4.13.

Forces of different amplitudes are applied to the ADV during measurement. In this

case, forces are applied in opposite direction of the flow. The IMU detect the effects

and compensates the additional motions applied during measurement, as shown in
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Figure 4.13: Contrast between ADV measured a) V, and b) W velocity component
during additional force applied on the ADV support structure and the velocities
obtained after removing uncertainty using motion compensation routine

Figure 4.14. For this case, uncertainty of the streamwise velocity measurement is

reduced to 0.96% from 18.5%. Different cases and conditions are tested in the

water tunnel to investigate the performance of the motion compensation method,

as mentioned in the test matrix in Table 3.4. Satisfactory results are obtained from

examined cases in the laboratory and it can be observed that uncertainty of the

measurement depends upon the applied forces on the ADV and the intensity of the

turbulence being measured. We therefore conclude that with ADV motion induced in

the field, The IMU and data processing system produces an uncertainty of 3.3%.
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Figure 4.14: Comparison of ADV measured time series of a) U (top), b) V (middle),
and c) W (bottom) velocity components during additional force of different amplitude
is applied on the ADV support structure and the corrected velocities obtained after
implementing motion compensation routine

4.6 Field experiment results and analysis

4.6.1 Surface measurements (Tests 21 to 27 in Table 3.5)

As a part of preliminary test, surface measurements from the zodiac arm structure

(shown in Figure 3.11) were performed at six selected points on the Assiniboine river

at the Forks, Winnipeg, Manitoba in 2015. The measurements were performed near

the bridge at the Forks. A Google Earth view of the selected locations is shown

in Figure 4.15. The points were chosen based on their apparent velocity, position,

depth, presence of obstruction, and distance from the previous measurement points.
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Figure 4.15: Location of the surface measurement points on the Assiniboine River at
the Forks in Winnipeg. Multiple points are selected to capture the range of velocities
occurring in the river.

The measurements were performed to investigate the velocity variation across the

river.

The data was measured for three minutes with an average SNR of 49.6 and correlation

of 92.6%. From this we conclude that the naturally occurring seeding particles are

sufficient ADV measurement, based on results in section 4.2 As the measurement

arm is lowered into the water, the pitch and roll angle varied due to movement of

the boat. In most cases, the IMU measured pitch agrees with the calculated pitch

angle calculated using the Gravity−‘g’ method with a maximum difference of 1.27◦.

The pitch and roll angle of the measurement varies within 10◦. All of these indicate

that the quality of the data collection was excellent. A summary of the ADV raw

data without motion correction is shown in Table 4.3. The larger velocity region has

a TI exceeding 30%, while the low-velocity region has comparatively lower TI with

a range of 5.60% to 16.4%. For hydrokinetic turbine deployment, these results are
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Table 4.3: Summary of results obtained from the preliminary survey of surface
measurements at the Forks

Pitch angle
measured by

ID
Correlation

(%)
SNR Gravity-‘g’

(deg)
PHR
(deg)

U
(m/s)

V
(m/s)

W
(m/s)

TI
(%)

F-1 94.7 49.8 5.97 4.70 1.05 -0.20 -0.23 31.02
F-2 94.2 48.8 8.50 7.40 2.51 -0.56 -0.13 10.3
F-3 95.5 49.3 9.04 7.93 2.67 -0.68 -0.23 5.60
F-4 90.5 50.5 7.96 6.95 1.87 -0.53 -0.12 16.4
F-5 85.2 49.1 6.17 5.31 1.62 -0.64 -0.13 30.5
F-6 95.3 49.9 7.80 6.78 2.36 -0.45 -0.15 8.31

used to select the fastest flowing area of the river for detailed characterization. Even

though more power can be extracted from the high flow region, the TI is considered

for shelf-life and performance of the turbine.

Performing surface measurement at high flow regions is a challenge because during

that period the boat driver has to hold the measurement platform as steady as possible

which requires expertise and the full consciousness of the driver. Unwanted platform

motion can affect the result and make it difficult to select the highest flow region

accurately. At measurement Point F-6 a peak is observed due to the movement of the

measurement platform, as shown in Figure 4.16. This motion is also captured by the

IMU as instrument acceleration and used to compensate velocity uncertainty.

Figure 4.17 shows the IMU corrected ADV velocity with the selected trend of the

IMU internal error. Trend selection works accurately except near the location with

the spike as marked in Figure 4.17.The spike causes a slight deviation in the trend

selection and the final ADV velocity correction. These spikes can be removed by

using the hybrid despiking method [37]. From analyses, it can be observed that using

despiking method removes valid data points if there is any platform or instrument

or both motion presents during the measurement process. It is recommended to

use motion compensation before using any despiking routine. Final compensated U,
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Figure 4.16: Time series of IMU measured ADV velocity components a) U, b) V, and
c) W of measurement point F-6, with trend selection. In the measured time series
acoustic noise is observed as spikes. Such noise adds undesirable skewness in trend
selection of the U velocity component as marked with a circle.

V, and W velocity components along with the ADV measured velocity is shown in

Figure 4.18. After motion compensation and despiking, the mean streamwise flow

velocity obtained is 2.29 m/s with an total uncertainty interval of 2.92%.

Energy spectra of the ADV for streamwise velocity with and without motion

correction is presented in Figure 4.19. Results demonstrate the ability of the

motion compensation using IMU acceleration to remove the motion from the ADV

measurements. Motion compensation removes the higher order of the harmonics

and also reduces the magnitude of the peaks induced by the instrument movement.
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Figure 4.17: Time series of IMU measured ADV velocity components a) U, b) V,
and c) W of measurement point F-6, without any compensation, and with motion
compensation. Unwanted skewness is observed in the corrected streamwise velocity
as marked with a box.

At a frequency of 0.2 Hz, when there is no motion and harmonics, the motion

compensated results shows divergence from the ADV measurement. This discrepancy

is due to the IMU accelerometer’s low-frequency bias drift which was observed by

Kilcher [47].

Results as shown in Table 4.4 indicates a significant improvement in TI measurement

from the ADV after motion compensation. The TI increases from 5.60% to 15.6%

at Point F-2 due to the noisy dataset. As shown in Figure 4.16, spikes in the

measurement results divergence in trend selection and at the end, it increases the
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Figure 4.18: Time series of ADV measured streamwise velocity components of
measurement point F-6, with motion compensation, and with despiking. Unwanted
spikes are removed from the corrected streamwise velocity as marked with a box. The
task is to access the uncertainty of the measurement with a despiked data set and
the contribution of the uncertainty added by the despiking routine.

Figure 4.19: Energy spectra of measurement at Point F-6 with, and without motion
compensation showing ADV velocity removed from the measured velocity, effect of
the spikes, and the divergence in corrected velocity
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Table 4.4: Comparison of average flow statistics before, and after motion
compensation of the data measurements at the Forks

Before
motion

compensation

After
motion

compensation

Uncertainty
of

ID U
(m/s)

TI
(%)

U
(m/s)

TI
(%)

U
(%)

TI
(%)

F-1 1.05 31.0 0.74 7.13 29.3 77.0
F-2 2.51 10.3 2.68 6.43 6.89 37.8
F-3 2.67 5.60 2.52 3.68 5.58 34.3
F-4 1.87 16.4 2.26 10.5 21.0 36.1
F-5 1.62 30.5 1.87 18.5 15.5 39.5
F-6 2.36 8.31 2.29 5.66 2.92 31.9

Maximum uncertainty 29.3 77.0
Minimum uncertainty 2.92 31.9

uncertainty of the motion correction. For noisy dataset without large boat motion,

the results can be improved by using despiking routine first and then the motion

compensation. In this case, the final compensated TI is 3.68%. Although TI decreases

in every case, the streamwise velocity decreases in some cases and increases in others.

This distinction is due to the dynamics of the measurement platform and support

structure of the ADV. The average uncertainty of the surface measurement from

Zodiac, before and after motion compensation is 13.5% and 42.8% for streamwise

velocity and TI, respectively.

4.6.2 Shore/fixed platform measurements (Test 28 in Table 3.5)

Shore Point (SP) measurements were taken to compare the results with site

characterization data and to verify the effect of movement of the measurement

platform and deployment procedure on ADV performance. Three-point mooring

support system, two from the shore and one from the steps, were used for this process.

Location of the SP is shown in Figure 4.20. Therefore, minimal movement of the

platform will affect the measurement. The ADV used to take surface measurements
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Figure 4.20: Discharge from the Seven Sisters dam during the days of measurement
from the Point SP. Location of the measurement point SP is marked in the plot.
Vertical line shows the time period of the measurement.

only. The statistics of the measurement is given in Table 4.5. The collected data

quality was good as average SNR of 24.4 and correlation of 95.6% were obtained.

The average pitch and roll angle of the measurements were below 10◦. A satellite

view of the measurement point and hourly flow-rate during the day of measurement

is shown in Figure 4.20.

Initial analysis shows that the measured dataset has fewer spikes compared to the

surface measurement procedure used at the Forks. This is because of reduced platform

motion and instrument’s vibration. Still, movement of the measurement platform is

observed which is later corrected by using the motion compensation routine, as shown

in Figure 4.21.

The obtained discharge rate of the dam during the measurement time was approxi-

mately 1, 100 m3/s, as shown in Figure 4.20. The average velocity from measurement

point SP was 0.98 m/s, which was lower than the expected velocity. There are two
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Table 4.5: Comparison of average flow statistics between before and after motion
compensation of the measurements from SP at CHTTC

Before
motion

compensation

After
motion

compensation

Uncertainty
interval(%)

U velocity (m/s) 1.10 0.98 11.0
V velocity (m/s) -0.33 -0.13 60.6
W velocity (m/s) 0.16 0.12 26.3
TI (%) 17.6 12.5 29.0
TKE (m2/s2) 0.05 0.02 58.2

Measured by
Gravity−‘g’

Measured by
PRH

Uncertainty
interval (%)

Pitch angle (deg) 6.52 7.22 10.6

Figure 4.21: Time series of ADV measured a) streamwise velocity, U, and b) corrected
velocity after despiking and the motion compensation at Point SP measured from a
fixed platform

possible reasons behind that, the first one being that the depth of the SP measurement

was only 0.3 m while the second been that the steps were closer to shore area which

may also have caused the measurement point to fall into the lower velocity region.The
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Figure 4.22: Location of the flow Characterization Point (CP) at downstream of the
Seven Sisters dam on the Winnipeg River at CHTTC. Each day’s CP labeled in a
alphabetic order from A to H.

uncertainty interval of the measurement before and after motion compensation for

streamwise velocity is 11.0% which is 20.1% lower than the uncertainty for the surface

measurement at the Forks and TI is smaller by 38.22%. This difference in uncertainty

is due to less platform motion or lower velocity of the measurement location.

4.6.3 Profile measurements (Tests 29 to 49 in Table 3.5)

As a part of a flow characterization campaign, 20 velocity profiles were measured

in the CHTTC channel [110]. Characterization points are marked as CP and shown

Figure 4.22. Each day’s characterization points are labeled in alphabetical order from

A to G where CP-A is the farthest upstream and CP-G is the farthest downstream

measurement points. Depending upon the width, depth and physical obstructions

such as rocks at the channel, 2 or 3 measurement points were selected at each CP

for full profile measurement. At each measurement point, ADCP is used to take

full velocity profile from the surface whereas the ADV is placed at a different height

to measure the flow statistics. The procedures are detailed in Reference [38, 110].

Each point took approximately one day to setup and take measurements is all went

well.
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Figure 4.23: Discharge from the Seven Sisters dam during site characterization days.
Vertical line shows the time period of the measurement. To simplify the plot, three
out of eight days of data are shown.

The CP’s are located downstream of the Seven Sisters dam. The hourly discharge

rate is available from the Seven Sisters hydro dam and discharge data of measurement

days of CP-D, E and F are presented in Figure 4.23. From Figure 4.23 it is observed

that during characterization period, there is no significant change in discharge rate.

Hence there should not be any significant change in flow velocity. This makes it

easy to identify the motion of the measurement platform or instrument during the

measurement period.

The ADV pitch angle and the rotational angle during the measurements are shown

in Figure 4.24. These angles depend upon the deployment procedure, flow velocity,

turbulence statistics, surrounding environments of the measurement region and the

expertise of the operator. If there is less slack between the surface measurement

platform and the bottom weight, the pitch angle will be less. The opposite is true for

large slack. The pitch angle of the CP-D1 and CP-D2 varies from 2.72◦ to 37.7◦ with
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Figure 4.24: Comparison Gravity−‘g’ and PRH method in measuring ADV
orientation at different depth of measurement Point CP-D1, and CP-D2: a) pitch
angle, and b) roll angle

an average difference of 2.02◦ between the pitch angles measured by the Gravity−‘g’

and PRH method. At 3.9 m depth of CP-D2, the measured pitch angle is − 3.0◦. This

is because of the ADV alignment in the opposite direction to the flow velocity. This

may occur if the measurement platforms move too much towards the flow direction

to make ADV as much as vertical as possible. However, the roll angle for both

characterization point CP-D1 and CP-D2 are within the acceptable limit of 10◦. If

the measured angle is within 10◦ no angle compensation routine is applied.
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Figure 4.25: Comparison of streamwise velocity profile measured by ADV, ADCP,
and ADV after motion correction, at measurement Point a) CP-D1, and b) CP-D2.
The dark area indicates the bed of the river. The mean value obtained from a time
series at the corresponding depth is indicates as a data point along the spline of each
profile.

The mean streamwise velocity profile and TI profile of the characterization point

CP-D1 and CP-D2 are shown in Figure 4.25 and Figure 4.26 respectively. Although

the approximate depth of the channel is 12 m, the maximum depth of the ADV

measurement is 8.1 m. However, the maximum depth of the ADCP measurement is
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Figure 4.26: Comparison of TI profile measured by ADV before, and after motion
correction at measurement Point a) CP-D1, and b) CP-D2. The dark area indicates
the bed of the river. The mean value obtained from a time series at the corresponding
depth is indicates as a data point along the spline of each profile.

10.5 m. From Figure 4.25, it is observed that in some cases ADCP under-predicts

while in other cases it over-predicts the mean streamwise velocity compared to the

ADV measured velocity. In the middle section, where turbulence is low compared

to the near surface and boundary layer, ADV measured mean velocity is most likely

to agree with the ADCP measurements. This is because the ADCP uses spatial

averaging and also does have enough high resolution to calculate flow velocity.
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Figure 4.27: Comparison of spanwise and vertical velocity profile measured by ADV,
before and after motion correction, at the CHTTC. From left to right: CP-D1, and
CP-D2. The dark area indicates the location of river bed.

Figure 4.27 shows the spanwise and vertical velocity profiles measures by the ADV,

before and after motion compensation at CP-D1 and CP-D2. The average uncertainty

interval between the measured and motion compensated spanwise and vertical velocity

at CP-D1 is 8.89% and 190%, respectively, while for CP-D2 the uncertainty interval

is 12.1% and 96.7%. For CP-D2, the spanwise velocity measurement at a depth of

7.33 m is ignored as the value is unexpectedly high and could be considered as outlier.

Similar to the streamwise velocity profile, near to the surface and bottom of the river

bed where turbulence is high, spanwise velocity vary between the ADV measured,

and motion compensated velocity.

It is observed that the ADV velocity profile without motion correction overpredicts the
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Table 4.6: Average flow statistics of the characterization points CP-D1, and CP-D2;
before, and after motion compensation

Before motion
compensation

After motion
compensation

Uncertainty
of

Depth
(m)

U
(m/s)

TI
(%)

U
(m/s)

TI
(%)

U
(%)

TI
(%)

CP-D1
1.17 2.50 11.0 2.34 11.7 6.66 6.59
2.15 2.67 8.73 2.45 10.8 8.19 23.4
3.29 2.76 9.91 2.59 11.4 5.86 15.5
3.65 2.70 7.52 2.62 9.72 3.07 29.1
5.26 2.74 7.76 2.68 8.08 2.06 4.15
6.59 2.61 8.65 2.48 9.58 4.82 10.8
7.23 1.96 11.6 1.80 18.3 8.32 58.0
8.07 1.92 12.8 1.71 14.7 11.0 15.0

CP-D2
0.87 2.71 7.55 2.67 7.38 1.18 2.19
2.24 2.75 7.69 2.70 8.30 1.87 7.99
3.25 2.73 7.71 2.67 8.48 2.23 10.0
3.92 2.71 7.78 2.61 8.24 3.53 5.88
5.14 2.61 8.31 2.56 8.82 1.91 6.12
6.33 2.55 8.88 2.48 18.5 2.74 108
7.33 2.17 15.0 2.04 31.2 6.00 107

Maximum uncertainty 11.0 109
Minimum uncertainty 1.18 2.29

mean streamwise velocity. This is because of the flowing water which adds additional

velocity to the ADV measurement. The motion compensation removes this added

velocity. The CHTTC characterization data contains a large number of spikes in the

data due to the suspended water particles, deployment cable vibration, instrument

vibration and motion, and measurement platform motion. These spikes are removed

by using the hybrid despiking method. As there was no significant change in the

flow rates, despiking will not affect valid data points. Findings are summarized in

Table 4.6.

There was a maximum of 11.0% difference observed between streamwise velocity

with and without motion compensation. It is worth noting that the location with the
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highest turbulence intensity has the highest uncertainty between the compensated

and non-compensated velocity while the maximum uncertainty for TI is 109.0%.

Near the bottom of the riverbed, the ADV measured TI is lower, but after motion

compensation, the value gets higher due to the spikes in data. However, compare to

the near surface, more spikes were observed at the bottom of river bed due to the

obstruction and surface roughness. Another possible reason could be the effect of

the boundary layer. The average uncertainty interval of the measurement before and

after motion compensation for streamwise velocity and the TI is 4.63% and 27.4%,

respectively.

4.7 Summary

Moffat method, which is also known as the Guide to the expression of Uncertainty

in Measurements (GUM) is used to quantify the uncertainty of the ADV velocity

measurement for the 3 application used in this study − laboratory, field platform,

and cable in a river. For any given calculated parameter, y, and N number of

measurements, the combined uncertainty uc(y) is calculated by

u2
c(y) =

N∑
i=1

(
∂f

∂xi

)2

u2(xi) (4.1)

where the partial derivative, ∂f
∂xi

, is the sensitive coefficient, and u(xi) is the

uncertainty of each measurement xi.

For laboratory experiments, it is considered that each of the measurement is

independent, and the repeated observation of each measurement follows Gaussian

distribution. The combined uncertainty of the ADV’s laboratory experiment can be

expressed through measured uncertainty of the speeding particle u(S), orientation,

u(O), and motion and vibration, u(MV ) as,
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u2
c(y) =

(
∂f

∂S

)2

u2(S) +

(
∂f

∂O

)2

u2(O) +

(
∂f

∂MV

)2

u2(MV ) (4.2)

The expanded uncertainty, U is obtained using the following equation:

U = kuc(y) (4.3)

where k is the coverage factor. The value of k depends upon the level of confidence.

The range of k value is 2 to 3. If k = 2 the level of confidence is approximately 95%

and if k = 3 the level of confidence is approximately 99%.

The measured value of each term in this study are presented in Figure 4.28 and

Table 4.7. Figure 4.28 reflects the cases where laboratory settings matches with

the field experiment conditions. There is an improvement in ADV measurement

is observed before and after implementing best practice and compensation routines

where dominating uncertainties are instrument orientation, and motion and vibration

with an uncertainty of 4.60% and 3.26%, respectively. For field experiment speeding

particle, instrument orientation, motion, and vibration are variables depending on

site specification and the time of operation. So the uncertainty is calculated based on

the ADV measured velocity, with the angle and motion compensated velocity.

With best practice and controlled laboratory working condition the uncertainty of

the ADV measurement is less then 2.5% [51]. However, based on Equation 4.2 the

combined uncertainty interval of the water tunnel measurements increases to 7.44%

with the flow velocity of 1.1 m/s and implementing field conditions in the water tunnel.

The calculated uncertainty can be high as 27.2% with the maximum instrument

orientation uncertainty interval of 12.3% for a roll angle of 30◦ using Gravity−‘g’

method, while from the riverine surface and profile measurements shows that the

roll angle of the ADV varies within 10◦, as shown in Table 4.4 and Figure 4.24,
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Table 4.7: Uncertainties associated with the ADV streamwise velocity measurements
in the water tunnel, surface measurements at the Forks, and profile measurement at
CHTTC

Measurement specification
Water tunnel River

Source Uncertainty
Standard
condition

Field
condition

Profile Surface

Instrument Doppler noise Variable Variable Variable Variable
Sampling volume Variable Variable Variable Variable
Sampling frequency Variable Variable Variable Variable
Sampling time Variable Variable Variable Variable
Spatial and temporal
resolution

NA NA NA NA

Environment Particle size Variable 4.86% Variable Variable
Turbulence Variable Variable Variable Variable
Air bubbles NA NA Variable Variable
Sound speed Variable Variable Variable Variable
Presence of magnetic
field

NA NA NA NA

Deployment Instrument orientation NA 4.60% Variable Variable
Motion and vibration NA 3.26% Variable Variable

Data
analysis

Coordinate
transformation

NA NA NA NA

Post processing Variable Variable Variable Variable

Combined uncertainty interval <2.50%* 7.44% 11.0% ** 29.3% ***

* Reference [51]
** Combined uncertainty calculated based on the ADV measured velocity before and after
angle, and motion compensation of measurement Point CP-D1 and CP-D2.
***Combined uncertainty calculated based on the ADV measured velocity before and after
angle, and motion compensation of measurement Point F-1 to F-6.
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Figure 4.28: ADV measurement uncertainty in the water tunnel due to presence
of seeding particle, instrument orientation, motions, and vibration before, and after
implementing corrective action, and compensation routine developed in this study

respectively. With this, the maximum orientation uncertainty interval is reduced to

4.60% while the associated combined uncertainty interval reduced to 7.44%. Hence,

the uncertainty interval for laboratory measurement is obtained as 14.2% with a 95%

confidence interval.

From Table 4.7, it it can be seen that the highest measurement uncertainty interval

of 29.3% is obtained from surface measurement at the Forks due to irregular motion

of the measurement platform, and the high turbulence level of the flow. For the

profile measurements, the maximum uncertainty interval is obtained as 11.0%, which

is lower than the surface measurement. This difference can be attributed to less

irregular movement of the measurement platform during measurement. However,

for profile measurement, the uncertainty interval of 6.66% is obtained near the river

surface and 10.6% near the bottom of the river at measurement Point CP-D1, while

at measurement Point CP-D2, 6% measurement uncertainty interval is obtained near
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Figure 4.29: The streamwise velocity profile measured by ADV after angle, and
motion compensation, at measurement point a) CP-D1, and b) CP-D2 at CHTTC.
The error bar shows the uncertainty interval compare with the ADV measured
velocity. The dark area indicates the location of river bed.

the bottom of the river, and 1.18% is obtained towards the surface, as shown in

Figure 4.29. Comparing both positions, higher uncertainty is observed at the locations

with higher turbulence intensity.
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Conclusions, best practice, and

recommendations

5.1 Conclusion

A series of tests are performed in the shaker table and water tunnel to identify

the effect of seeding particles, instrument orientation, surface roughness, instrument

vibration and motion on ADV measurements. Initial assessment of vibration tests

shows that with the increasing vibration frequency, the acceleration data fluctuate

more intensely. Such an increase in vibration, create additional fluctuation in the

measurement and hence increases the uncertainty. A MATLAB code is developed

and implemented to correct instrument orientation and motion. At a velocity of

0.53 m/s, a maximum deviation of 20% is observed between the measured and

expected streamwise velocity at a pitch angle of 40◦. After implementing the PRH

angle compensation, the uncertainty interval reduces to 2%; the Gravity−‘g’, and

ENU methods agree within 1%. The water tunnel results show that with the

implementation of the angle and motion compensation the maximum uncertainty
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interval of the streamwise velocity measurement is reduced to 14.2% from 21.6% at

a set velocity of 1.1 m/s.

For surface measurement at the Forks, the ADV orientation angle varies within

the range of 10◦. In such cases, no angle compensation routine is applied to

the measurement. By implementing motion compensation, the platform motion is

removed from the ADV surface measurements at Point F-6 where relatively large

platform motion is observed in the streamwise velocity measurement. Further, with

motion compensation, TI of F-1 and F-2 measurement points are reduced to 7.13%

and 18.5% from 31.0% and 30.2%, respectively. The average uncertainty interval of

the measured and motion compensated streamwise velocity and TI is 13.5% and

42.8%, which decreases to 11.0% and 20.1%, corresponding to 11.0% and 53.0%

decrease, respectively using a three-point mooring system.

In case of profile measurements at CHTTC, the measurement platform is in motion

with the flow velocity which adds additional motion in the ADV measurement. These

motions are observed in the ADV measured streamwise velocity and removed using

motion compensation routine. Near the center of the velocity profile, the ADV

measured velocity agrees with the motion compensated velocity within a range of

1.18% to 5.86%, while the range is 6.66% to 11.0% for near the surface and river bed.

This higher uncertainty near the surface and the river bed is due to the higher TI

and spikes in the data. However, TI is overpredicted by a maximum of 109% near

the river bed due to spikes in the data.

There are some limitations in the motion compensation routine which will be

addressed in future works. If the starting point of the measurement is a spike or

in relatively large motion, the trend selection routine does not work correctly, as it

is not a spike detection and replacement mechanism. Currently, this is addressed by

removing the starting data points until the first data point is no longer a spike or in
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motion. If there is a significant change in flow velocity throughout the measurement,

motion correction routine may detect it as a platform motion and remove it. In

such cases, motion compensation may remove valid data points. For this study, the

maximum length of measurement is 8 minutes, and it is assumed that there is no

significant change in flow velocity during this period. Findings were summarized in

Table 4.7.

Finally, instrument uncertainty can be reduced by implementing best practices. For

field measurements, it has to be ensured that there are sufficient sized particles

available in the water to conduct experiments with the ADV. In a situation were there

are not enough sized particles, milk can be added to increase the signal strength of

the ADV. Also two-point anchoring of the measurement platform should be ensured

to minimize platform movement. Furthermore, proper deployment of the measuring

instruments has to be maintained by ensuring the instrument is perpendicular as much

as possible with the flow. For cable deployment, instrument orientation is governed by

providing appropriate length of the deployment cable. If required underwater imaging

instrument- sonar camera can be used to observe instrument orientation, and take

corrective action.

5.2 Recommendation and future work

To determine the impact of the ADV orientation during deployment, two Item’s

angle locking Bracket is used in the water tunnel. These brackets are mechanically

interlocked, and the precision of their angle measurement is unknown. Additionally,

laboratory tests of ADV motion are done by adding manual forces which are not

measured independently. Instead, an automated or semi-automated traversing system

is recommended to use in the water tunnel to achieve more accurate and precise

results.
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For the scope of this project, the Kernel Square Regression technique is implemented

to identify the drifting trends in the IMU measurement. The trend is then removed

so that the underlying data may be used to correct for external motions of the ADV

measurements. However, in the future, it is recommended to test the Kalman filter

as a replacement as it is already in use in some applications to adjust for the IMU

inherent errors and could be used to predict the IMU error better.

The ADV measurement is also affected by vibration. The source of this vibration

could be due to the extensive force applied by flowing water or vibration of the

deployment cable of the ADV. The IMU accelerometer measurement is affected by

these vibrations. If the acceleration measurement is not accurate, it will ultimately

affect the performance of the motion compensation routine. This vibration must be

isolated from the acceleration measurement to remove the platform motion accurately.

However, the effect of vibration on IMU acceleration measurement is discussed in this

thesis; a detailed analysis is required to identify the impact of vibration on the ADV

and IMU measurements.

Finally, it is also recommended to perform the characterization process for extended

periods if possible for a full day or some days. This will help to understand the

change in flow statistics over a long period, and the ability of the ADV to determine

flow velocity and the turbulence statistics. This will further help to understand the

performance of the motion compensation routine in removing platform motion over

a significant change in flow rate.
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Appendix A

Fundamental

A.1 Dimensionless parameters

A.1.1 Reynolds number

The Reynolds number, Re is used to determine the flow regime; turbulent or laminar

and can be calculated by

Re =
ρRhu

µ
(A.1)

where µ is the dynamic viscosity, Rh is the hydraulic radius defined as;

Rh =
As
Pwt

(A.2)

where As is cross-section area of the flow, and Pwt is the wetted parameter.

Laminar flows are simple, slow and associated with low Reynolds number while

turbulent flows are irregular with random spatial and temporal variation and are
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associated with high Reynolds number. In a riverine environment, turbulent flow

regimes are predominant and have to be measured in a comprehensive way for proper

HTKs operations.

A.1.2 Froude number

The Froude number Fr is another parameter used to determining flow conditions and

is define as

Fr =
u√
gRh

(A.3)

where gravitational force, g, is 9.81 m/s2

Froude number compares the actual water velocity with speed of the surface

gravitational wave. When Froude number is less than one Fr < 1, the flow is

sub-critical. This means that the flow is slow and has low energy. When Fr = 1

the flow is said to be critical flow means there is a perfect balance between energy.

But when Fr > 1, the flow is said to be super-critical which is typical of energetic

river sites.
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MATLAB code

B.1 Motion compensation code

This motion compensation code is the part of the MATLAB code developed for the

post processing of ADV dataset.
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B.2 Trend selection code
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