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The aim of this master thesis is to characterize ultrasonic wave propagation in different mud samples
with respect to propagation distance using three different transducers frequency, this is expected to
be an introduction to utilizing ultrasonic Doppler measurements for determining mud flow rate in
the test rig at USN.

The experiments were carried out to determine the amplitude attenuation coefficient of the different
fluid samples while comparing it to their acoustic properties at different frequencies.

The transducers were operated in through transmission mode while taking apart along an axial
propagation distances. A pulser device was employed to drive the transducers at their various
designed frequencies, and the amplitude decay from the ultrasonic beam were observed and recorded
at several points within the distances between the emitter and the receiver. Results were obtained by
estimating the exponential function that described the attenuation coefficient of the fluid sample and
multivariate data analysis was used in analyzing the correlations between the fluid samples.

The sound speed of the materials was also calculated but the obtained values for sound speed in
water did not completely show concordance with the one defined by literature. This could be due to
errors related to the discrepancies associated with the frequencies involved but they have not been
completely identified. Nevertheless, experiments yielded successively better results.

It was observed that highly viscous fluid samples with particle composition attenuations more than
denser fluid with soluble salt contents.

The University College of Southeast Norway takes no responsibility for the results and
conclusions in this student report.
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Introduction

1 Introduction

Optimization of drilling operations has been an ongoing advancement in technology as
different strategies are being employed using adequate instrumentations having a distinct
focus of minimizing down-time in operations while maximizing profit which collectively is
expected to account for both security and safety requirement of personnel and equipment’s.

Drilling fluids (mud) are known to be the most important variables to always consider in
drilling operations looking at the various functions of it, which amongst many are that it
facilitates the drilling of boreholes, provides hydrostatic pressure to prevent formation fluids
from entering into the well bore, cooling, cleaning and lubricating of drill bit, transporting of
cuttings to surface and serving as a great barrier to hydrocarbon blow out while drilling. This
collectively covers the main goals in drilling with controlling of well kicks and prevention of
loss of circulation at the top of it.[1, 2]

For successful explorations various considerations are made when controlling the varying
constituencies of mud as used by the oil and gas industries which essentially are involved
with detection of the different rheological parameters of the drilling fluid and in many cases
are unresolved. Study have shown that measurement of delta flow (outflow minus inflow) are
seen as the best traditional options for timely diagnosis of kicks and lost circulation while
drilling[2]. However, it is significant to develop high-performance flowmeter of drilling mud
and the gas-liquid two-phase flow, hence the use of ultrasonic Doppler’s for measurement for
it accounts for the propagation speed, time, and phase difference of sound waves in the whole
system of drilling fluid. As this provides accuracy and response time in detection of influx or
loss in a drilling process.

In this thesis some of the physical properties of ultrasonic transducers are exploited taking
into considerations ultrasonic field parameters as near field and angle of divergence are tested
out and the signal attenuations of the acoustic beam of the transducers observed as the they
are taking apart over varying distances and angles while aligning in axial and lateral
resolutons and are equally compared with the acoustic properties of different fluid systems.

The information’s gathered from ultrasonic field analysis is expected to present some tangible
information with regards to downhole conditions. Nevertheless, the state of the drilling
process can be known through the analysis of the acoustic properties from the drilling fluids
conditions while improving performance by decisions made in real time as flow rates are
estimated using ultrasonic Doppler measurements as evaluated in mud flow applications.

1.1 Previous Works

Several research and experimental works in different applications has being carried out with
ultrasonic Doppler’s, taking advantage of it’s special features that allows for it to measure
instantaneous velocity profile in a very fast response time. (Fischer et al., 2012) used an
approach with applicability to hydraulic fluids (in many ways like drilling fluid) where
performances are observed through hydraulic pipes and the response from ultrasonic Doppler
were compare with other classical flow meter technologies.

The author presented that other flow technologies such as differential pressure, magnetic,
turbine and propellers are not well adapted to measure fluctuating flows in hydraulic
machines, however by using ultrasonic Doppler, allows for instantaneous velocity profiles in
a very short time. They also infer that
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Coupling ultrasonic measurement with pressure measurement, one can quantify the unsteady
flow in pipes.[3] This essentially can be related to an open Venturi loop with similar transfer
function of hydraulic components.

(Zhou. Et al., 2013) used traditional export flow method of early kick detection in verification
of their feasibility study on the application of ultrasonic flow measurement technology in
drilling mud flow detection based on the Doppler Effect. Even though they obtained good
experimental results but they still have severe lag in real time when detecting gas invasion
and kicks and concluded that further research needs to be done.[4]

In the paper by (S. A. Africk. et al., 2010) The author used ultrasonic pulse doppler (USPD)
for characterizing suspensions of particles using ultrasound. In his study, invasive and non-
invasive measurements of velocity components normal to the transducer face in a flowing
liquid (milk) similar to mud were demostrated in measuring flow velocities in a particle
suspension using ultrasonic backscatter, where the doppler shifts indicate that flow against
the direction of primary flow are functions of the secondary flow. It was also observed that
the smallest velocities measured were on the order of 1 cm/s or less. [5]

Furthermore (Mohanarangam et al. 2012). Also, stated that advancement in ultrasonic
Doppler measurement technique can replace the previously laser-based techniques used in
velocity measurements for large scale process vessels, due to their size and the non-
transparent nature of slurries. Ultrasonic Doppler enables quantification of highly turbulent
and unsteady flows with useful insight in flow behaviors.[6]

1.2 Project Scope
Feasibility study on ultrasonic Doppler flow rate measurement in drilling mud

e Literature research on Ultrasonic Doppler flow rate measurements and its usage in
mud flow.

e Experimental research on acoustic properties in water, artificial drilling fluid (from
test rig) and actual drilling fluid(s), with three different ultrasonic transducers.

e Analyzing the experimental results and characterizing the wave propagation in the
fluids with respect to the propagated distance and transducer frequency.

e Submitting a report with respect to the guidelines of USN with a systematic
documentation of codes developed and data gathered

1.3 Organization of the Report

The report is divided into six chapters. A preface and introduction to this thesis is given in
first two chapters, followed by a chapter briefly describing drilling operations and the
applicability of drilling fluid systems, then a chapter where ultrasonic measurement
techniques is generally described with emphases on some key parameters such as attenuation
and sound speed in a medium. The fourth chapter described how the experiments was carried
out, the setup and procedure of the test devices. In the fifth chapter, The results and analysis
of the wave characterizations was presented. Chapter six covers the conclusion from the
thesis work with some suggestions for further works.
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2 Drilling Operations

Oil well drilling are essentially performed in creating wells that extend several kilometers
into the the earth crust which could be on land or below sea bed in the case of offshore
drilling. There are numerous complexity associated with drilling operation which among
many involves managing the hydraulic pressures while determining the pressure limits of the
open hole of a wellbore, and achieving effective hole cleaning all in the verge of maintaining
wellbore integrity.

In optimization of drilling operation, drilling fluid is probably the most crucial variable to be
observed, where its selections are based on its corresponding ability to drill the expected
formations, effectively clean the hole and still maintain the stabilization of the wellbore.[7]

In this report acoustic properties of drilling fluid will be observed as it has great influence on
ultrasonic techniques of oil-well inspection as they are useful in monitoring the physical
properties of the fluid.[8]

This chapter focuses on a brief understanding of the fundamentals in drilling operations, where
topics such as circulation of drilling fluids, the functions of drilling fluids, types of drilling
fluids and drilling fluid properties are discussed.

2.1 Circulation of Drilling Fluids

In drilling operation, the drilling fluid are subjected to several processes in its circulations,
which in the long run affect its physical properties such as density, viscosity, gel strength and
percentage of sand content, this collectively defines the criteria that certifies how efficient
and safe the drilling operation is. Adequate strategies must be employed in monitoring and
controlling the mud in ensuring that it satisfies the various physical requirements.[9]

Figure 2.1, Shows the description of the life cycle of a drilling mud as its being pumped from
the suction tank, up the standpipe, down the Kelly and through the drill pipe as it flows
downhole to the bit. The rate of flow of the mud tend to have shear and temperature effect on
its properties because of high velocity and pressure.

More also additional shear effects occur as the mud passes through the bit jets and impacts
the formation, on returning up the annulus they are also subjected to degradations resulting
from downhole conditions loaded with rock cuttings from the formation.

At the surface, the mud flows down the flowline to the shale shakers where larger formation
solids are removed. further cleaning occurs as the fluid flows through the mud tank system.

At the suction or mixing tank, fresh additives are mixed into the system, the continuous phase
is replenished and the mud weight adjusted, preparing the fluid for its trip back down the
hole.[10]

The pressure at the bottom hole is associated with the amount of drilling mud present in the
annulus. The larger the drill mud within the annulus, the greater the hydrostatic pressure
which essentially results to the increase at bottom hole pressure of the well. Monitoring and
controlling the drill mud flowrate aids therefore in maintaining the bottom hole pressure
window.
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Standpipe Swivel

Kelly hose
Mud pump  Discharge line  Mixing hopper

A%

Suction line

Kelly

Mud pits
Shale shaker

~wgg— Drill pipe

Flow line

Drill collar
——— Bit

Figure 2.1: Drilling Fluid Circulation System.[11]

2.2 Basic functions of drilling fluids

In achieving a set goal for well various fluids are used during the drilling and completion
process, these fluids are usually formulated based on the requirements from each wellbore
where the mud Engineers designs the composition often with compromise between various
fluid properties. The essence of the drilling fluid (mud) design is to serve several functions
such as transporting drilled formation out of the wellbore, controlling the formation pressure,
avoiding loss of fluid to the formation etc. as can be seen in Figure 2.2. They are usually
accompanied with addition of solids to the fluid to prevent fluid loss to the formation, which
can eventually lead to increase in viscosity and corresponding excess pump pressures due to
flow resistance, on the other hand if the formation fails to withstand the increase in pressure,
this results to the fluid being lost into generated fractures in formation. Key performance

characteristics of drilling fluids are the following:

Maintain
borehole stabilit

Minimize
loss of fluid
to the formation

Suspend barite
under static and
dynamic conditions

Control
formation
pressure

Remove
drilling cuttings
from the hole

Provide hydraulic
horse power
o the bi

Lubricate
the drill string

Figure 2.2: Functions of Drilling Fluid.[12]
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2.2.1 Controlling Formation Pressures

In controlling of well, drilling fluids play an important role, where formation pressure of the
well is essentially counterbalanced by the hydrostatic pressure exerted by the drilling fluid as
it is being circulated in an open hole, this would otherwise cause loss of well control. However,
it is very important to avoid conditions known as lost in circulation - a situation where the
drilling fluid flows into generated fractures in the borehole, by always ensuring that the
pressure exerted by the drilling fluid must never be higher than the fracture pressure of the rock
itself. Operational pressure window must always be maintained while drilling, this is usually
achieved by observing the limits for fracturing and pore pressure as shown in Figure 2.4

More also to prevent influx of gas or liquid into the wellbore, the wellbore pressure must always
be higher than the pore pressure and the resultant pressures must be kept within the window.
This is usually achieved by maintaining an appropriate fluid density for the wellbore pressure
regime. As the formation pressure increases, the density of the drilling fluids is increased to
help in maintaining a safe margin that would prevent “kicks” or “blowouts” The effect of
blowouts can be seen in Figure 2.3. However, the formation may also break down if the density
of the fluid becomes too heavy leading to loss of drilling fluid to the resultant fractures, a
corresponding reduction of hydrostatic pressure occurs as this reduction can equally lead to an
influx from a pressure formation. Static fluid column pressure is described in terms of
equivalent static density (ESD), while the sum of all other pressures that includes frictional
pressure loss during pumping, makes up the equivalent circulating density (ECD). [9-12]

Figure 2.3: Effect of Blowout in the Gulf of Mexico Deep Water Horizon.[13]
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Figure 2.4: Operating Window for Drilling Operation.[12]

2.2.2 Removing Cuttings from the Borehole

In the process of drilling, a lot of cutting of rock fragments will occur as the drill bit is moving
downwards in the pipe, this will always be carried to the surface by circulating drilling fluid to
prevent drilling operation from being stuck due to accumulated particles from rock fragments.
Drilling fluid specialist works with the drillers in designing mud rheology and balancing fluid
flow rate to achieve an appropriate carrying capacity for the fluid in removing cuttings while
avoiding high equivalent circulation density (ECD). Loss of circulation can result from
unchecked, high ECD. [9, 12]

2.2.3 Cooling and Lubricating the Bit

As the drill pipe are rotating, usually at high revolution per minutes during drilling operations,
thermal energy is usually accumulated as result of frictional forces existing between the drilling
bit and cuttings as it impacts the well in creating a bore. The circulation of drilling fluid through
the drill string up the wellbore annular space helps in minimizing the effect of the friction. The
drilling fluid tends to absorb the thermal energy resulting from frictional forces and carries it
to the surface. Heat exchanger may be used in extremely hot drilling environments in cooling
the fluids at the surface. [9] The drilling fluid lubricates and cool the drill bit as well as provide
some amount of lubricity in the movement of the drill pipe and bottom hole assembly (BHA)
through planned angles for directional drilling and/or through tight spots that can result from
swelling shale.

Oil-based fluids (OBFs) and synthetic-based fluids (SBFs) offer a high degree of lubricity, and
as such are preferable fluid types for high-angle directional wells. Some water-based polymer
systems also provide lubricity similar to that of the oil and synthetic-based systems.[12]

2.2.4 Transmitting Hydraulic Energy to the Bit and Downhole Tools

In drilling operations, the rate of penetration (ROP) of drilling bits are maximized by the
hydraulic energy transmitted by drilling fluids with improved cuttings removal at the bit. This
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is usually accomplished while the fluids are being discharged through nozzles at the face of the
bit, the hydraulic energy released against the formation loosens and carries cuttings away from
the formation.

The energy also provides power for downhole motors to rotate the bit and for Measurement
While Drilling (MWD) and Logging While Drilling (LWD) tools, that are essentially used in
obtaining drilling or formation data in real time. The hydraulic energy effect of the drilling
fluid is equally being used in transmitting data gathered downhole to the surface using mud
pulse telemetry which relies on pressure pulses through the mud column[10].

2.2.5 Preserving Wellbore Stability

The stability of wellbore is preserved by drilling fluids, as the density of the fluids is
constantly being regulated through overbalancing the weight of the drilling mud column as
against formation pore pressure, this would otherwise help in containing formation pressures
and prevention of hole collapse and shale destabilization.

Furthermore, the properties of drilling fluids can also be modified in controlling clay. This
are usually complex situations in minimizing hydraulic erosion. Mud engineers ensures that
fluid's effect on the formation are always regulated and maintained [9, 11].

2.3 Drilling Fluid Types

There are different types of drilling fluids available and are used depending on their
compositions, having the key focus of cost, technical performance and environmental impact
for any specific well.

This are categorized into nine distinct types which includes:[14]

Freshwater systems

Saltwater systems

Oil- or synthetic-based systems

Pneumatic (air, mist, foam, gas) “fluid” systems

Water-based fluids: With reduced cost water-based fluids (WBFs) also known as invert-
emulsion systems and are the most widely used systems and are formulated to withstand
relatively high downhole temperatures.

Oil-based fluids: The oil-based fluids (OBFs) or synthetic-based fluids (SBFs) also known as
invert-emulsion systems this are often recommended when well conditions require excellent
lubricity. They are more expensive than most water-based fluids.

Pneumatic systems: At the region where formation pressures are relatively low with high risk
of loss of circulation, the use of pneumatic systems are usually more beneficial. This involves
specialized pressure-management equipment to help prevent the development of hazardous
conditions when hydrocarbons are encountered.

The oil and water system can be classified as Mud systems, where water based mud or oil based
mud systems are often used in drilling operation which essentially involves exploration of
crude oil which are material of great value. In this process, complex equipment is used to filter
and process the sludge that emerges as a by-product of the drilling process.

For this project water-based fluid was used with the ultrasonic signal in determining how the
signal attenuates with propagation distance, this fluid is categorized into non-dispersed and
dispersed system[14].
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2.3.1 Non-Dispersed Systems

Non-dispersed systems are simple gel and water systems used for top-hole drilling.
Flocculation and dilution and are used to manage the natural clay that are used in formulating
the non-dispersed systems. The efficiency of drilling can be maintained by using an adequate
formulated solids control system in removing fine solids from the drilling fluid system

2.3.2 Dispersed Systems

The dispersed systems are treated with chemical dispersants that are designed to deflocculates
clay particles, that increases the fluid acceptance of solids in controlling mud rheology in the
case of higher density muds. This typically require maintaining of pH level of 10.0 to 11.0 by
additions of caustic soda (NaOH).

2.4 Drilling Fluid Properties and Measuring Devices

The phenomenon of gas invasion which can result in well-blowout while drilling, can easily
be detected once the properties of the drilling fluid are clearly understood and maintained.

Mud properties are regularly measured by Engineers as they are designed with different types
and quantities of solids (insoluble components) for it to perform a given function, for this
reason influences on the distinct property of the designed mud can be resolved. Sound wave
principle used by ultrasonic is based on the varying propagation velocity between the
different types of mud as this will alert the driller once there is a two-phase flow due to gas
influx. The different properties of drilling fluid that are constantly monitored while drilling
are:

2.4.1 Density (Specific gravity)

Density is defined as weight per unit volume and is reported in any of the following units;
ppg (Ibs gallons), pound per cubic feet (Ib/ft), kg/m3, gm/cm?® or compared to the weight of
an equal volume of water as specific gravity. This is measured using mud balance as can be
seen in Figure 2.5 it is based on the same principle as a beam balance.

The starting point of pressure control while drilling is to ensure that the Mud density is
always controlled, for the weight of a column of mud in the hole is necessary to balance
formation pressure. However complete mud check generally requires the measurements of
both physical and compositional properties of drilling fluid. Some functions are controlled
directly by the mud composition, and additive such as calcium carbonate, barite, and hematite
are added when required to control the density of the drilling fluids.[15, 16]

The weight of mud columns defines the density of the mud at any specific case. Frequent
mistakes in measuring density account for most of the inaccuracies such as:

Improperly calibrated balance
Entrained air or gas in the mud
Failure in filling the balance to exact volume

[ ]
[ ]
[ ]
e Dirty mud balance
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Figure 2.5: Mud Balance as used in Measuring Specific Gravity of Drilling Mud.[16]

2.4.2 Viscosity and GEL Strength

Viscosity is defined as the resistance to flow while the gel strength is the thixotropic property
of mud since some mud tends to thicken up overtime when not disturbed or placed in motion.
The suspension properties of a drilling fluid are measured as Gel strength. This is performed
with a rheometer or shearometer and are expressed in pounds per 100 square feet. Mud
additives commonly used in imparting viscosity and reducing viscosity are: Bentonite clay,
Attapul-Gite, Asbestos, Carboxy, and Methyl cellulose.

As a timed rate of flow, viscosity is measured in seconds per quart. Two methods are
commonly used on the rig to measure viscosity:

Marsh funnel: as seen in Figure 2.6 is used to make a very quick test of the viscosity of the
drilling mud as it measures the time it takes for a given volume of fluid to drain out through
the calibrated orifice of a funnel. However, this device only gives an indication of changes in
viscosity which is not completely the actual viscosity representation of the mud and cannot be
used to quantify the rheological properties of the mud, such as the yield point or plastic
viscosity. It is mainly used in providing a rough but rapid evaluation of any contamination
that might drastically modify the fluid’s properties.

Viscometer: Figure 2.7 shows a multi-rate viscometer, this gives a more accurate
representation of viscosity and its control, following rotational principle of its measurement.
It can be used in determining drilling fluid rheogram, i.e. the flow law that is represented by
the function as expressed in Equation 2.1:

Equation 2.1, Shows the expression of the flow law of viscometer

t=1f(y) 2.1)

Where; tis the shear stress and v is the shear rate.

Viscosity and gel strength increases during drilling penetration of the formations by the bit,
where cuttings from the drilling process add to the active solids, inert solids and contaminants
of the system. This can cause increased viscosity and/or gel strength to level, which may not
be acceptable for pressures can be generated by higher viscosity in the borehole when
pumping horizontally. In general, when these increases occur, water or chemicals (thinners)
or both may be added to control them.[11, 16, 17]
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Figure 2.6: March Funnel and Graduated Cup for Quick Test of Viscosity of Drilling Mud[17]

Figure 2.7: Multi-rate Viscometer for more Accurate Represenatation of Viscosity Measurement[17]

2.4.3 Filtration Loss

The Filtration property of a drilling fluid is the ability of the solid components of the mud to
form a filter cake and magnitude of cake permeability. The effect of permeability establishes
the size of filter cake and volume of filtrate from mud. The physical state of the colloidal
material in the mud is dependent on filteration property and is often subjected to hydrostatic
pressure while it is in contact with porous and permeable formations.

If the diameter of the pores is greater than the diameter of the suspended clays, the formation
will absorb the whole fluid. This can result to lost in circulation especially at the extreme case
where the fluid flow is entirely absorbed by the formation without mud return to the surface.

Filtration happens when the diameter of the pores is smaller than part of the suspended
particles and forming a cake as base liquid will invade the formation.

Nevertheless, an approved fluid loss value and deposition of a thin, impermeable filter cake
are often the determining factors for successful performance of a drilling fluid. There are two
types of filtrations namely dynamic filtration, when the mud is circulating, and static
filtration when the fluid is at rest.

Filter cake and filtrate are determined with a filter press apparatus (Figure 2.8). Filter cake is
reported in 32nd’s of an inch. Filtrate is measured in cc’s. [11, 16-18]

The following are measured during this test:
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1. The rate at which fluid from a mud sample is forced through a filter under
specified temperature and pressure, as this reflects the efficiency with which the
solids in the mud are creating an impermeable filter cake.

2. The thickness of the solid residue deposited on the filter paper caused by the loss
of fluids, for it indicates the thickness of the filter cake that will be created in the
wellbore. This does not accurately simulate downhole conditions for only static
filtration is being measured. In the wellbore, filtration is occurring under dynamic
conditions with the mud flowing past the wall of the hole.[11]

-
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Figure 2.8: Filter Press Apparatus for Filtrate Verification [17]

2.4.4 Solids Content

Drilling mud are composed of both a liquid and a solid phase. It always important to avoid
pipe sticking, a situation where annular velocities are reduced while drilling due to junk in the
hole, and wellbore geometry anomalies resulting from accumulation of cuttings that
eventually may result to hole packoff. This is often applicable around the Bottom-Hole
Assembly (BHA) and can eventually stuck the drill string if not removed. Figure 2.9 shows a
cutting bed formation, the proportion of solids in the mud should not exceed 10% by volume.

Equation 2.2, shows the expression of solids content

Vsaigs X100
VMud

t= (2.2)
The two phases are separated by distillation where a carefully measured sample of mud is
heated in a retort until the liquid components are vaporised, the vapours are then condensed,
and collected in the measuring glass. The volume of liquids (oil and/or water) is read off
directly as a percentage. The volume of solids (suspended and dissolved) is found by
subtraction from 100%. t (Solids Content) is calculated by measuring the volume of liquid
collected:[11, 16]

Equation 2.3, shows the expression on how the volume of solids are found.

£ =100 (2= Vsolioe 2.3)

Mud
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In general, hole cleaning ability is enhanced by the following [19]:

e Increased fluid density
e Increased annular velocity
e Increased YP or mud viscosity at annular shear rates

form while
dnihng

Figure 2.9: Cutting Bed Formation while Drilling that Results to Hole[19]

2.4.5 Sand Content

The amount of sand present in a fluid or slurry is determined by revealing solids larger than
200 mesh that are drawn in the fluid, and it is quite different from total solid’s content. High
proportion of sand in the mud is generally undesirable for this can damage the mud pumps.
Therefore, mud Engineer measures the percentage of sand in mud regularly using a sand
content kit and are expressed in percentage of total volume using the sand apparatus as seen
in Figure 2.10[11, 16].

—— |+«—— Sand Filters

<« Measuring Cylinder

Solids Scale

Figure 2.10: Sand content Apparatus for Measuring the Amount of Sand present in the Mud[17]
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2.5 Acoustic Properties of Drilling Fluids

During drilling, as mud are injected down the drill pipe, they return via the annulus between
the drill string and the formations in a circular manner. If the pore-fluid formation pressure

exceeds that of the mud column, reservoir gas can enter the wellbore, creating a kick which
can cause severe damage such as well blowout as is also seen in Figure 2.3.

Knowledge of the in-situ sound velocity of drilling mud can be useful for evaluating the
presence and amount of gas invasion in the drilling fluid.

The use of ultrasonic sensor for fluid characterization is involved with in-situ characterization
of downhole fluids in a wellbore using ultrasonic acoustic signals. This essentially involves
measurements of the speed of sound, attenuation of the signal, and acoustic back-scattering.

Collectively this can be used in providing useful information as to the composition, nature of
solid particulates, compressibility, bubble point, and the oil/water ratio of the fluid.[20]

Assuming a given drilling plan with pore pressure p represented as a function of depth z,

The density of drilling mud required at each depth is given as Equation 2.4:
Equation 2.4: shows the expression for the density of mud required as each depth in drilling

P = P/(92) (2.4)
Where;
g . is the acceleration due to gravity
P 1S €SSeNtially as equivalent to density knowing that the density of the drilling
mud depends on temperature and pressure through the depth z .

A constant geothermal gradient G, can be assumed such that the temperature variation with
depth is expressed as Equation 2.5.

T=T,+Gz (2.5)

Where;
T, is the surface temperature,

Typical value of G range from 20 to 30°C/km.

Drilling mud consists of suspensions of clay particles and high-gravity solids, such as barite
(in water-based muds) and itabarite (an iron ore, in oil-based muds), whose properties are
assumed to be temperature and pressure independent. The fluid properties depend on
temperature and pressure, and on API number and salinity, if the fluid is oil or water,
respectively.

The sound velocity of a drilling mud system changes when formation gas enters the well bore
at a given drilling depth, also with the effect of gas absorption as in the case of oil-based
muds. For water-based muds, the velocities are higher at low gas saturations and greater
depths, with minimal value at midrange of saturations.

Oil-base muds have a different behavior when there is a gas invasion, for the velocity curves
change clearly below a critical saturation, when all the gas goes into solution in the oil. This
critical saturation decreases with decreasing depth, which implies that at shallow depths the

gas is in the form of bubbles rather than dissolved in the oil.[21]
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2.5.1 Biot Theory

Suspensions in drilling fluid can be derived using Biot theory, which generally considers the
coupled motion of a porous elastic solid and a fluid, in the long wavelength limit. The
properties of a suspension depend on two physical properties: the compressibility and the
effective density. The compressibility can be obtained using Wood’s formula as expressed in
Equation 2.6

k=> k.4, (2.6)

Where;
4, is the volume fraction, and k,, is the compressibility, of the component n.

This also can be applied in determining the inertial or effective density p,, . The rule of

thumb that are naturally observed is that for suspended particles which are denser than the
fluid, their inertia tends to inhibit the oscillations of the fluid, while the fluid viscosity drags
them along. The reduced particle momentum reduces the effective density of the suspension,
while the viscous losses cause absorption of energy. The effective density of weighted muds
can be significantly reduced at ultrasonic frequencies because of the inertia of the suspended
particles. The limits of effective density in long-wave length region can be easily found, this
are available in literatures.[22]
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3 Ultrasonic Measurement Technique

Ultrasonic techniques of measurement offers possiblity for environmental friendly and fast
non-invasive testing, which has been well proven in various fields of studies ranging from
medicine, industry and science. Online monitoring of fluid properties and particle
sedimentation are continually being exploited using ultrasound. In oil and gas industries,
much is still to be done with regards to real-time measurement in flow of liquid-solid particle
suspension as it is a challenge in the metering world and also in ultrasound absorption with
application in circulating drilling mud.

Ultrasound absorption is a critical parameter in investigation of an MWD acoustic level
measurement. The technique is based on ultrasound signal reflection being dependent on the
sound wave transfer in the base fluid, the longitudinal and transverse speed of sound in the
material reflecting the signal as well as particle shape, size and concentration. This all
together have dependency on ultrasound velocity and attenuation upon the material and
structural properties. There are two basic types of ultrasonic testing, viz., pulseecho
technique and through transmission technique, pulse-echo technique uses the same transducer
as transmitter as well as receiver; whereas in through transmission technique, separate
transducers are used for transmitting and receiving ultrasonic signals[23, 24].

In order to understand the measuring principle itself, it is necessary to understand some basic
terms which are important in ultrasonic measurement.

3.1 Wave Propagation and Particle Motion

Ultrasonic testing uses sound waves which essentially is referred to as acoustics. This
involves vibration in a material where the particle velocity of the material initiates motion as
the wave resulting from the vibration reaches individual particles under test. This is usually
achieved by a piezoelectric element that is pulsed with an appropriate voltage- versus- time
profile, this converts electric energy into mechanical energy by piezoelectric effect.

The most common methods of ultrasonic examination which utilizes particle velocity motion
resulting from wave as generated within material are longitudinal waves or shear waves. This
classification of ultrasonic waves is based upon the direction of particle vibration when an
ultrasonic wave travels through a medium. Other forms of sound propagation exist, such as
surface waves and Lamb waves which also is involved with superposition of longitudinal and
shear wave particle velocity component the summary on mode of propagation is as shown in
Table 3.1[25].

3.1.1 Longitudinal Wave

A longitudinal wave can be referred to as compressional wave in which the particle motion is
in the same direction as the propagation of the wave. It always needs a medium in order to
travel, an example is sound in the air or in water. As shown in Figure 3.1. The individual
particles in the medium - atoms or molecules - oscillate in the direction of propagation. When
the oscillation has passed the particles return to their rest position, the equilibrium position.
No energy is lost when the oscillation is propagated, apart from the losses due to the friction
between the particles. It travels fastest amongst the various modes of propagation, which is
the reason why it is mostly used in NDT [25-27].
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Figure 3.1: A Longitudinal Wave, The particles move in a direction parallel to the direction of wave propagation

3.1.2 Shear Wave

Shear wave which also can be referred to as horizontal or transverse wave looking at the
coordinate used in its study is a wave motion in which the particle motion is perpendicular to
the direction of the propagation. The particle vector is at 90° to the direction of wave vector;
the depth of penetration is approximately equal to one wavelength. Shear waves can be found
mostly in solid material and not in liquids or gasses and can convert to longitudinal waves
through reflection or refraction at a boundary.

Figure 3.2, provides an illustration of the particle motion versus the direction of wave
propagation for shear waves, though it has slower velocity and shorter wavelength as
compared to longitudinal wave and are used mostly for angle beam testing in ultrasonic flaw
detection.

In contrast to longitudinal waves, not all types of transverse wave are restricted to one
medium. In gases and liquids ultrasound propagates only as a longitudinal wave or in other
words: longitudinal waves compress and decompress the medium in the direction of the
propagation[25-27].

Shear Wave Direction of wave propagation
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Figure 3.2: Shear Wave; as particle vibration is perpendicular to wave direction

Table 3.1: Summary of Wave Types used in Non-destructive Testing

Wave Type Particle Vibration

Longitudinal (Compression) Parallel to wave direction
Transverse (Shear) Perpendicular to wave direction
Surface - Rayleigh Elliptical orbit — symmetrical mode
Plate Wave - Lamb Component perpendicular to surface
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3.2 Properties of Acoustic Wave

Properties required for wave propagations in any medium are wavelength, frequency and
velocity. The wavelength as expressed in equation (2.4) is directly proportional to the wave
velocity and inversely proportional to the frequency at which the sound is propagated.

Equation 3.1, is an expression of acoustic wavelength for ultrasonic signals

— (2.4)

Where;
A wavelength (m), v : velocity (m/s), and f : frequency (Hz)

Increase in frequency results to a decrease in wavelength as can be deducted from the
equation. Velocity of sound is perculiar for different materials at different temperature
ranges.[28]

3.2.1 Wave Velocity

Wave velocity an essential parameter for wave propagation in ultrasonics is the velocity at
which disturbance travels in a medium, as shown in (Figure 3.3.), this are involved with
oscillations which moves at a certain speed, frequency and amplitude and it’s value depends
on material, structure and form of excitation. Speed at which sound propagates in a medium
is one of the properties of such medium and the value as used in ultrasonic NDE is derived
from the bulk longitudinal wave velocity which is generally thought of as directly
proportional to the square root of the elastic modulus over density.

At a specific temperature every medium has its own specific sound propagation velocity and
it is affected by the medium'’s density and elastic properties, many tables of wave velocity
values for different medium exist in literatures. Velocity of sound is greater in solids than in
liquids and gases for the denser the molecular structure of a medium, the faster the sound
waves propagate in such medium[25, 29].
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Figure 3.3: Medium propagation of wave velocity[29]

3.2.2 Frequency of Sound

Ultrasonic wave have frequency ranges usually in megahertz this are naturally higher than
audible sound. At such ranges sound energy can only travel effectively through most liquids
and some materials such as metals, plastics, ceramics, and composites but not in air or other
gasses. Ultrasounds are usually more directional due to shorter wavelengths resulting from
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their high frequency ranges and as such are more sensitive to any reflectors along its path.
This makes it a very useful concept in oil industries for NDE and online monitoring of fluid
properties and particle sedimentation such as in drilling operations.

Figure 3.4 shows some ranges of sound and their various applications. Humans can only hear
up to a range of 18 to 20 kHz. Above 20 kHz denotes ultrasound, which can no longer be
perceived by the human ear though some animals can still hear to some extent. the lower the
velocity of sound of a medium, the lower the frequency with which ultrasonic flowmeters
work. Different frequencies affect the penetrating power in the media, beam spread and the
divergence of the acoustic beam[27-29].

Frequency of transducer also have effect on the shape of ultrasonic beam, beam spread, or the
divergence of the beam from the center axis of the transducer
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Figure 3.4: Sound Ranges and its Applications

3.2.3 Wavelength and Defect Detection

Frequencies of ultrasonic transducers are inversely proportional to the wavelength as
expressed in (Equation 3.1), this on the other hand influences the penetrating power of the
wave as well as how reflections are resolved.

The higher the wavelength or lower frequencies the further the penetration of the wave into a
medium because of less absorptions. Higher frequencies decay more rapidly in a medium but
with greater resolution capability. Ultrasonic techniques for flaw detection in measurements
are often governed by two basic terms which are Sensitivity and resolution. This effect all
together guides in decision making while selecting transducers for different applications.

e Sensitivity is the ability of the ultrasonic transducer to locate small discontinuities,
and this increases with shorter wavelengths.

e Resolution is the response capability of a transducer in locating discontinuities that
are close together within material/medium or located near the part surface.[28]
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3.3 Ultrasonic Field Analysis

Sound wave beam emanating from ultrasonic transducers probe usually spreads out in the
form of an elongated cone shape like the beam of light from a torch which widens and
weakens as it travels over a distance from point source. This is as shown in (Figure 3.5). The
weakening of sound intensity is because of energy loss, for ultrasonic beam are attenuated as
it progresses through a material, this can be caused by the effect of: [30]

e Absorption of energy due to molecules vibration of the medium

e Scattering of sound waves as reflected from particle boundaries

¢ Interference effects around the transducers

e Beam Spreading which is the energy spread over an area with distance.

This concept of beam spreading aid in the understanding of ultrasonic field analysis. More
also, with the ideas on how the beam affects an inspection one can perform and modify tests
on an interactive basis following the changes in intensity of the beam along its axis and
across the beam, thereby providing one with an effective feedback process for improving data
acquisition, signal interpretation and so forth[25].
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Figure 3.5: Sound Beam as it travels from a transducer probe [31]

3.3.1 Ultrasonic Waveform Field Pressure

The pressure variation of ultrasonic field in drilling fluid system are three dimensional but are
usually presented in two-dimensional form just as in every other medium. Several modified
techniques exist in literatures for representing the variation but the most beneficial ones that
are more applicable in field analysis problems are:[25]

Axial pressure profile: This is involved with the plots of the maximum pressure of an
ultrasonic waveform as a function of the axial coordinate which originates from the center
line of the transducer element, the changes in the signal intensity is observed when the
transducers are taking apart over varying distances. The maximum pressure value is extracted
as a peak-to-peak magnitude feature of the entire amplitude-versus-time profile as it passes
the coordinate axis z. This can be shown from the center line of (Figure 3.6).

Polar coordinate diffraction-type presentation: This is involved with the plots of the
maximum pressure against an angle &, basically as the transducers are taking apart along
transversal direction in examining the rays as it projects from the coordinate center point. The
maximum pressure value occurring at that angle can be measured along the radial coordinate,
as shown in (Figure 3.6). This usually produce side lobes of pressure energy due to
constructive and destructive interference phenomena occurring in the superposition process
of ultrasonic waveforms.
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Figure 3.6: Ultrasonic Field Presentation[31]

3.3.2 Computational Model of a Single Point Source

Ultrasonic field in solid media such as drilling fluid is based on the computational model of a
single point source. Pressure variations resulting from ultrasonic wave interaction with a
small reflector are calculated by considering a known point source solution in the fluid in
connection with Huygens’s principle.[25] The expression of point-source excitation in a fluid
which produces a spherical field is given in Equation 3.2

p(r,t) = %e““‘w‘) (3.2)

Where; Ao = pcU,, @ = 24f, U, is the amplitude of the outgoing wave, c is the wave
velocity, and p is density.

Transducers, however, are not a point source, but a plate of piezoelectric material of finite
dimensions. Huygens uses the concept of finite source to be made up of an infinite number of

point sources in generating a computation mode. Once transducers are powered, sound will
radiate out from each of these point sources, like stone dropping into a pond.[30]

3.3.3 Interference Effect

Interference’ occurs whenever energy arrives at different wavelength intervals at a particular
point in ultrasonic evaluation and this can be constructive or destructive. There is a zone near
the source that is characterized by high variation in the field intensity especially for
continuous wave operations. This zone is termed the near zone; beyond this we have the far
zone where the field intensity decreases smoothly as also is shown in (Figure 3.6.). [25, 30]

Near field: is the point on the axis of transducer separating the region of large oscillation
from the region of a smooth decay. This point can be located from the last of several local
maxima, and this can be calculated from Equation 3.3.

D?
N = 3.3
'y (33
Where;
N is the Near field distance

D is the element(crystal) diameter
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A is the wavelength

Angle of Divergence: The relative intensity distribution of ultrasonic wave is characterized
by the beam angle of divergence and this can also affect attenuation of the sound as it travels
through a medium. Angle of divergence are controlled by varying transducer geometry,
frequency and sizes. The expression for beam spread are theoretically in three slices as shown
in (Figure 3.7). The intensity of sound falls at this different edges from the beam. This are
grouped as — one defining the absolute edge of the beam; another defining the 6-dB edge; and
the third defining the 20-dB edge. These three edges can be expressed as equation (3.4-3.6)

Equation 3.4: Defines the absolute edge of the beam

sin& = 1.222 (3.4)
D
Equation 3.5: Defines the 6dB edge
sin% = 0.564 (3.5)
2 D
Equation 3.6: Defines the 20dB edge
sin% = 1084 (3.6)
2 D
' St . !
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Figure 3.7: Ultrasonic Beam Control

Small angle of divergence is usually desirable and this can be obtained with smaller wave
length transducer or higher frequency with larger transducer radius, though this can increase
the near field effect. A balance between the transducer frequency and radius must be agreed
upon in other to avoid confusion zone of constructive and destructive interference[25].

3.4 Additional parameters of wave propagation

Early kick detection methods in oil and gas industries can be improved upon once the varying
parameters of wave velocity and attenuation which are essentially the nonlinear features of
the drilling mud are monitored in real time[32]. The additional parameters for wave
propagations are as described below;

3.4.1 Attenuation

Attenuation of ultrasonic signal is the decay rate of wave as it propagates through a media.
This is a very useful quantity in characterization of ultrasonic wave in drilling operations.
The intensity of sound waves usually decreases with distance as it travels through a medium
this is because of internal friction (acoustic impedance) or energy absorption in the medium.
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Attenuation can be seen as a function of frequency, however this is applicable to both
dispersive and nondispersive media, as in drilling fluid system, for pulse spreading from
acoustic waves essential leads to magnitude reduction[25]. The values for attenuation are
often given for a single frequency of transducer, however the actual value of attenuation
coefficient for a given material depends mainly on how the material was designed. Thus, the
quoted values of attenuation only give a rough indication, a more trusted value can only be
obtained by determining the attenuation experimentally for the material being used.
Attenuation can be determined by evaluating the multiple backwall reflections seen in a
typical A-scan display as shown in Figure 3.8.

Further effects that weakens Ultrasonic waves are scattering and absorption of sound, and
their combined result gives rise to attenuation of wave propagation which is proportional to
square root of sound frequency. [30]

Figure 3.8: Wave Attenuation as it is propagated over distance[28]
Equation 3.7: Shows the expression for the amplitude change of a decaying plane wave
A=Ae™ (3.7)
Where;

A, : Initial (unattenuated) amplitude

A is the reduced amplitude as the wave travels over a distance from an initial point

e : e is the exponential (or Napier's constant) which is approximately 2.71828.

a : Attenuation coefficient (Np/m); Np = Neper a logarithmic dimensionless quantity
z : Distance traveled (m)

Attenuation is measured in decibel (dB), a logarithmic unit that describes the ratio between
two measurements say X1 and X and their differences as expressed in Equation 3.8

Equation 3.8: shows the expression between two measurement

AX (dB) :1OIog% (2.6)

1

The variation in sound pressures for ultrasonic transducers can be also be quantified as
intensity of sound waves (1), and this can be converted to a voltage signal since the intensity
of sound waves is proportional to the square of pressure amplitude and is generally not
measured directly. In decibels it is expressed as in Equation 3.9[28]:

Equation 3.9: shows the expression for change in intensity of sound waves (1)

|2 PZ2 PZ VZ
Al(dB) =10log-* =10log % = 20log-= = 20log (2.10)

1 1 1 1
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Where;

Al : is the change in sound intensity between two measurements expressed in
decibels (dB)

P, & P, : are two different sound pressure amplitude measurements, and the
log is to base 10

V, &V, : the two transducer output voltages.

Scattering: Scattering is the reflection of the sound in directions other than its original
direction of propagation, as this can produce both magnitude reductions as well as pulse
spreading due to wave transmission from a transducer or from wave interaction with small
obstacle as can be applicable to mud compositions (see Figure 3.9). The larger the particle
size, present in a drilling mud the greater the scatter.

Absorption: Absorption is the conversion of the sound energy to other forms of energy; this
usually occurs as the energy are lost which has correlations with the elastic properties of the
medium. Lower frequency transducer overcomes the effect of high absorption and scatter for
it tends to propagate sound wave father into the medium. Attenuation (absorption and scatter)
decreases as test frequency decreases.
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Figure 3.9: Effect of scattering from particle, as can be applicable to mud system[30]

3.5 Material Properties Affecting Speed of Sound in
Drilling Mud

Drilling muds essentially exhibit a non-Newtonian characteristic when compare with

Newtonian fluid such as water this generally influences their flow behaviours. Adequate

understanding of rheological properties such as shear stress, shear strain and shear rate, based

on the fluid viscosity dependence and the rate of deformation, is also useful in evaluating the
presence and amount of gas invasion in the drilling fluid.

Take for instance, two parallel solid planes dipped in the fluid and separated by a distance,
while keeping one of it at static position and moving the next one at constant velocity (V).

Shear rate () is the rate of change of velocity at which one layer of fluid passes over an
adjacent layer. It has reciprocal seconds as its unit.

The shear stress (T) is defined as the force per unit area required to keep the plane moving at
constant velocity V. The relationship between shear stress and shear rate for Newtonian fluids
is given in Equation 3.10

T=ny (3.5)
Where;
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1, 1s the shear viscosity.

Figure 3.11 (a) shows the flow curve for a Newtonian fluid. For those fluids, viscosity is only
dependent on temperature and it has a linear relationship between shear stress and shear rates
where their slope is given by the viscosity of the fluid which literally remains constant at any
instance no matter how fast they are forced to flow through a pipe or channel which implies
that viscosity is independent of the rate of shear, this is also shown in Figure 3.10.

Viscosity, 1

Shear Rate, v
Figure 3.10: Viscosity of Newtonian, shear thining and shear thickening fluids as a function of shear rate.[33]

In some other fluids, such as mayonnaise, however, shear stress is not proportional to shear
rate. Rather, it needs a large initial shear stresses to move the adjacent planes at low shear
rates. This can be approximated by the Bingham expression as given in Equation 3.11

T=1n7+T, (3.6)

Where;
T, ; is the amount of shear stress required to produce initial shear motion and is called
yield point and has dimensions of force per unit area.

Figure 3.11 (b) shows the flow curve in the Bingham model. The effective viscosity for a
given shear rate is the slope of the line from the point of interest on the Bingham curve to the
origin. Such behaviour may have interesting consequences on the measured ultrasound
attenuation.[24, 33, 34]
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yield point, To ,

' /7 lim T/ y = plastic viscosity, 1,
Y — inf

Shear Strass, T
Shear Stress, T

T/ ¥ = absolute viscosity, 17, effective viscosities, T/

Shear rate, Shear rate, J

(al 1=}

Figure 3.11: Shear stress versus shear rate for Newtonian (a) and non-Newtonian (b) fluid

3.5.1 Acoustic Impedance

Acoustic impedance is the opposition of a medium to a longitudinal wave motion. Knowing
that sound travels through medium such as in drilling fluid under the influence of sound
pressure and the medium molecules or atoms are bounded elastically to one another, this
essentially will require some amount of pressure for wave to propagate through it. Acoustic
impedance is as expressed in (Equation 3.7). The unit of acoustic impedance is “Rayls” kg/m?s

z=p*V (3.7)
Where;
p; is the medium density in kg/m®

V ; is the speed of sound in m/s.

Shear related physical properties of fluid can be measured through the acoustic impedance, in
obtaining information with regards to the waves attenuation coefficient since the propagation
of shear wave in fluid are strongly damped. Measurement of acoustic impedance can be used
in characterizing viscosity and rheological properties of drilling fluids hence useful in
evaluating the presence and amount of gas invasions. The energy absorbed by the fluid depends
on the fluid mechanical properties such as viscosity. [28, 35]

Experimentally, acoustic impedance can be found in two ways:

e Measurement of the energy loss and the phase shift of the reflected wave, and
e by measuring the resonant frequency and the quality factor of a quartz crystal resonator
immersed in the fluid.

3.5.2 Viscosity and Thermal Conductivity

Modern theories account that viscosity and thermal conductivity are essentially the two
mechanism that causes attenuation when ultrasound propagates through homogeneous
medium. The same effect is applicable to drilling fluid but with negligible thermal conduction
contribution because of it low compressibility. However, ultrasound attenuation in drilling
fluid depends on its rheological nature that is viscosity-related effect. Bulk viscosity is critical
in evaluating the longitudinal rheology of Newtonian fluids and on the flip side it is also not
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important for low-frequency shear rheology which is applicable with incompressible liquids
where;
divv=0

Navier-Stokes equation on attenuation of sound wave has been modified in [36] to
accommodate the effect of longitudinal and shear rheology. This can also be useful in
characterization of ultrasonic wave in drilling fluid. Stress is normal and not tangential
considering that “longitudinal” viscos-elastic properties differ from traditional “shear” viscos-
elastic properties, these are measured at high frequency which leads to much higher values than
usual rheological data[37].

3.6 Measuring Principle of Ultrasonic

To detect flow in devices such as pipe, flumes etc., ultrasonic flowmeters use acoustic waves
of a frequency >20 kHz. Depending on the design, they use either immersion or nonwetted
transducers on the pipe perimeter to couple ultrasonic energy with the fluid flowing in the
pipe. The two different technologies applicable with ultrasonic flow measurement: are the
Doppler effect and Transit time difference.

3.6.1 Doppler Effect

An Australian physicist named Christian Doppler in 1842 predicts that the frequencies of
received sound waves influences the motion of the source and observer relative to the
propagating medium and at such this principle of measurement was named after him. This
effect is heard on daily bases such as the change in pitch of an ambulance siren or an
approaching train, where only a frequency shift takes place.

Doppler ultrasonic flowmeter works on this principle that the transmitter frequency changes
linearly when it is reflected by particles and gas bubbles in a medium, the net result is a
frequency shift between the Doppler signal transmitter and the signal receiver. This
frequency shift is in direct proportion to the velocity of the liquid and can be precisely
measured by the instrument to calculate the flow rate. This measuring principle requires some
percentage of solid particles or air in the medium referred to as reflectors to achieve an
optimal measurement results and are particularly suitable for applications with very dirty
water, slurry and drilling fluids[38].

Figure 3.12 shows Doppler Effect basic measurement principle, having the Ultrasonic sensor
installed at an Angle o, where ¢ represents the ultrasonic velocity in fluid, and u is fluid
velocity, f1, f2, and fz are the ultrasonic frequency of transmitting sensor, the receiving
ultrasonic frequency of particles in the fluid, and the ultrasonic frequency from the receiving
sensor respectively and as such this can be expressed as in (Equation 3.13-3.15) [4].
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ucos
f,=f,0-="") (3.13)
f=f,— (3.14)
C+UucCOosx

Equation 3.15 is obtained from equations (3.14 and 3.13)

C—UCOS

fo=f,———
C+ucosa

(3.15)
Doppler frequency shift Af is the difference between the transmitting and receiving frequency,
for liquids the propagations are usually faster and with this concept changes in rheological

properties of drilling fluids can be detected and as such it can be effective for early kick
detection.

A= f—f, =1, 2ucosa _ ¢ 2ucosa (3.16)
C+ucosa c

The velocity of the fluid flow is can be expressed as equation (3.17), assuming A is the cross-
sectional area of the pipeline.

Ac

=——Af (3.17)
2f,cosa

knowing the ultrasonic propagation velocity in fluid c, the transmitting ultrasonic transducer
frequency f1, and the angle of installations the velocity of the fluid can be calculated[4].

3.6.2 Transit Time Difference

Transit time difference ultrasonic flow measurement essentially requires a pair of transducers
for it’s application. It is based on comparison between upstream and downstream
measurements in observing the time it takes for an ultrasonic signal transmitted from one
transducer, to cross a pipe and be received by a second transducer. It is also called time of
flight and time of travel meter.

With no flow, the transit time would be equal in both directions. With flow, sound will travel
faster in the direction of flow and slower against the flow. Ultrasonic signals from the
transducers are easily attenuated by the presence of bubbles or particles for their reflecting
qualities interfere with the transmission and receipt of the applied ultrasonic pulses.[38]
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3.6.3 Pulsed Measurement Principle

Ultrasonic dopplers works on this principle, using a single transducer element which contains
both the transmitting and receiving crystals on a single plate. At the initial measurement
process, an ultrasonic burst of a given frequency and duration is sent into the medium. The
transducer immediately switches to reception mode at the end of the emission. The
transmitted signal from the transducer travels along the beam axis while encountering
particles, partially backscattering the acoustic wave as shown in Figure 3.13. If the particle is
motion within the medium, a frequency shift would be seen in the backscattered wave (so-
called Doppler shift). This assumes that the velocity of the suspended particles is equal to the
flow velocity. This principle of operation guarantees the precise knowledge of the position in
the flow of a given backscattered signal amplitude at a given time stamp.[39]

A\
\\\§\\ wall
N\
N
Flow \?\
Qké‘ surement cell
particle B & W
N
particle A &%—)
\\ wall
Transducer
Echoes from particles Next burst

Figure 3.13: Pulsed Doppler principle: initial pulse and echoes from particles[39]

3.7 Interpretation of the Acoustic Spectrometer Raw
Data

Flow behavior of drilling mud systems which can be categorized as a complex fluid is
characterized through the fluid's viscosity dependence on the rate of deformation and the rate
of shear which is a clear distinction between Newtonian and non-Newtonian fluid. Proper
understanding of rheological properties are vital for measurement and characterization of
liquid-particle flow, especially in terms of on-line measurement of particle concentration
using the ultrasonic spectroscopy technique.

Interpretation of the acoustic raw data can be done using several approaches while observing
how the signal intensity diminishes as shown in (Figure 3.14) depending on the level of
dispersed system modeling involved. The transmitted ultrasound pulses through a test samples
as generated by piezo-crystal of certain frequency and intensity diminishes in intensity due to
the interaction with the sample. The receiving transducer converts this weaker pulse back to
electric pulse and sends it to electronics for comparison with the initial pulse. This implies that
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the raw data is equivalent to the intensity of the pulse after propagation through the sample, in
addition one can also measure the time and phase of the pulse propagation.

The first step in interpretation of raw data is the empirical relationship which essentially
requires no assumptions or models of the system that is under investigation, this includes
calculation of either Acoustic or Rheological parameters of the system as expressed in Equation
(3.18-3.21). Rheological parameters can be used for empirical correlations with observed
processes.[37]

— T M 1
Transmitter .*’ Tin FF I out Receiver
i 44

Distance L (cm)

Figure 3.14: Interpretation of acoustic raw data

With no model assumptions, raw data corresponds to the intensity of ultrasound pulse after
propagation lout, Which are;

. time of of the pulse flight t and
. phase of the sound after propagation

3.7.1 Time of the Pulse Flight t

Acoustic parameters can be characterized with attenuation « and sound speed V as expressed
in Equation (3.18 and 3.19), variation of these two properties of ultrasound depends on the
properties of the system. Measuring the variations can provide insight to some information
about properties of the system.

10 I,
= MRz Jom] T (3.18)
_ L[em]
V= sed (3.19)

3.7.2 Phase of Sound after Propagation

Rheological parameters can be characterized with elastic modulus G'and viscous loss modulus
G"as expressed in Equation (3.20 and 3.21).

G'= pV (3.20)
3
G 2PN (3.21)
w

Model assumptions is more applicable when the effect of particle size distribution and
connections with specific forces are taken into consideration[37]. This thesis focused on the
phenomenological interpretation of acoustic raw data with emphasis on attenuation along
propagation distances resulting from different ultrasonic transducer frequencies.
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4 Experiments

This section of the report describes ultrasonic technique of measurement, with focus on how
ultrasonic waves attenuate as it propagates through different fluids over varying distances with
different transducers frequency.

The attenuation spectra are suitable for characterizing hard solid particles that can essentially
influence the rheological properties of the fluid in relation to early kick and loss detection.

The experiment was performed at USN Sensor Laboratory and Process Hall, with startup in
February and ended in early April 2017. The goal intended to be attained with the performed
tests was to acquire experimental data for characterizing the wave propagation in the fluids at
static state with respect to propagated distance and transducer frequency which essentially will
be an introduction to utilizing ultrasonic Doppler measurements for determining mud flow rate.

4.1 Setup

The experimental setup is shown in Figure 4.1. This set-up comprises of pair of Parametric
wideband transducers of about 25 mm diameter taken apart over varying distances. The fluid
tank has a dimension of about 35cm and 45cm thick and a length of 60 cm that contains about
170 liters of fluid sample. The measurement system consists of an Olympus Epoch 1000i signal
transceiver with display showing the UTDR waveforms with adjustable gain level that allows
for adjustment higher or lower from reference gain.

Container for Fluid with Ultrasonic Transducers
mounted within it

/ Transceiver
L)
.

Figure 4.1: Setup of the Ultrasonic Measurement for both Axial and Transversal Direction

0.5MHz, 1MHz and 2.25MHz ultrasonic transducer frequency where tested out in through
transmission mode for the various fluids (see Table 4.1) as contained for the setup. This test
was performed over varying distances in both axial and transversal directions and the gain on
how the amplitude of the ultrasonic wave diminishes over the specified distances are recorded
manually in an excel sheet. This was used in determinig the attenuation coefficent of the various
fluid samples.
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Table 4.1: Fluid Composition used

Fluid Type Concentration of fluid Viscosity [cP] Density [kg/m®]
Water Water 1 1000
Water-Based Drilling Mud As contained in Appendix C 19 1320
Simulated Mud (Fluid2) 1000 kg of K,CO3in 1000 liters of 4.1 1405
water.

4.2 Procedure

The experiment was performed by connecting a pair of ultrasonic transducers of same
frequency to the transmitter and receiver BNC connector of OLYMPUS transceiver after they
are mounted on a movable handle in the tank with test fluid as is shown in Figure 4.4.

The frequency of the transducer is configured on the transceiver to conform to it’s design
frequency through the pulser button and are placed in through transmission mode using a
rotating knob for the same page.

e The transducers are varied within an axial range between 3cm to 45cm in the step of
1cm. and transversal range from Ocm to 4cm at the step of 1cm.

e Before varying the transducer distances the reference gain is set on the transceiver and
ensuring that the starting point for the receiving transducer is at 100% of the set gain.

e The percentage change in gain is observed as the transducers are taken apart and
recorded manually in an excel sheet while ensuring that the time of flight for the
transducer differences conforms at a specific distance, in order not to record noise
signal, this same dB gain setting is used in adjusting the system sensitivity.

e Data were collected by clearly ensuring errors due to parallex were minimized by
observing the markings in the metric rule for distance measurement in a straight line
directly above it while moving the transducer holder.
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4.2.1 Experimental Test Matrix

A test matrix is a tabular documentation and definition of test cases to be implemented during
experimentation. This test matrix contained the different combination of each test case that
was conducted, using least possible resource and time in covering all the permutation [40].
Table 4.2 shows the test matrix used for data collection.

Table 4.2: Experimental Test Matrix

EXPERIMENTAL TEST MATRIX

Control Variables Design Variable Response Variables

Distance [cm] Axial and Transversal distance directions Amplitude gain [dB]

Transducer Frequency [MHz]

Fluid in static state

% of Attenuated signal

Fluid Type Fluid Density

Water

Control variables changes

Axial distance [cm] (3/4,...,45) Steps of 1
Transversal distance [cm] (3.6,....45) Steps of 3
Transducer Frequency [MHz] (0.5, 1, 2.25}

No. Observations 42 * 5 samples* 3 Tf + 15*3Tf 675
Simulated Mud

Control variables changes

Axial distance [cm] (3/4,...,45) Steps of 1
Transducer Frequency (MHz) (0.5, 1, 2.25}

No. Observations 42 * 3 samples* 3 Tf 378
Drilling Mud

Control variables changes

Axial distance [cm] (3,4,...,45) Steps of 1
Transversal distance [cm] (3.4,...,45) Steps of 3
Transducer Frequency [MHz] (0.5, 1, 2.25}

No. Observations 42 * 5 samples* 3 Tf + 15*3Tf 675

Original experimental setup which involves the use of ultrasonic pulse receiver and
oscilloscope had a technical problem midway into the thesis period. A new arrangement was
made which involves the use of Olympus transceiver. In this case, it requires manually

inputting observed data into an excel sheets used for data collection.

As consequence to the technical problem, more test matrix was required to be observed

4.2.2 Devices used

Ultrasonic transducer: Videoscan immersion transducer of three different ultrasonic
frequency as shown in (Figure 4.2 and Table 4.3) was used for the experiment which
provides heavily damped broadband performance as it is the best choice in applications
where good axial or distance resolution is necessary or in tests that require improved signal-
to-noise in attenuating or scattering materials such as drilling fluids.[41]
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Figure 4.2: Modified image of an Immersion transducer of linch element diameter[41]

The wavelength of the different transducer frequency used is as calculated in Table 4.3, this
shows that 2.25MHz has the lowest wavelength.

Table 4.3: Calculated details of the transducer in water at sound speed of 1480 [m/s]

Frequency [MHz] Element Diameter Near zone Wavelength [A]
[mm] [cm] mm/cycle
0.5 25 5.3 3
1 25 10.6 15
2.25 25 238 0.7

Ultrasonic transceivers: Olympus EPOCH 1000i as shown in Figure 4.3 was used with
display showing the UTDR waveforms. This device is a fully integrated transceiver made for
industrial settings, it works excellently in determining the acoustic propagation of the various

transducers in the fluid samples[42].

Figure 4.3: Ultrasonic Transceiver

43



Experiments

Containers for fluid samples: Figure 4.4, shows the container utilized for the experimental
setup, the transducers are mounted in the movable slides as shown in Figure 4.4 (a). Water
sample was used in figure (a) which is made of a transparent aquarium glass while the
drilling fluids were used with figure (b) which is made of a steel tank following the same
experimental arrangement.

Transversal variation

. Axial variation slide
slide

Movable
transducer

holder

Figure 4.4: Container for the Fluid Samples (a) was used for water and (b) was used for Drilling Fluids

4.3 Description of Statistical Analysis Tools Used

In order to minimized the effect of variability in result as introduced in measurement
processes, statistical approach was used in planning and interpretation of the experimental
data. This section of the report explains some of the statistical methods used in the
experiment.

4.3.1 Univariate Linear Regression

Mathematical function such as straight line or exponentials was used to fit experimental data
in finding correlations between it dependable and independable variables, in this case
amplitude and distance for the various transducer frequencies. In fitting data from
experimentation, they were transformed approximately to linear best fit of the form of
(Equation 4.1).

y=ax+b (4.2)

The approach used in this report is the method of least squares to fit the data. The attenuation
coefficient of the ultrasonic transducers in various fluid samples as used in this experiment
were predicted as well as the unattenuated signal as expressed in the functional form of
(Equation 4.2).

A, =Ke " 4.2)
Where;
K, : Initial (unattenuated) amplitude [dB]
A, : is the reduced amplitude as the wave travels over a distance [dB]

e : e is the exponential (or Napier's constant) which is approximately 2.71828.
K, : Attenuation coefficient (Np/m)
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x : Distance traveled (cm)

This essentially is the expression for the amplitude change of a decaying plane wave of
ultrasonic transducers. The best-fit values was found from (Equation 4.3 and 4.4) using the
functional form of (Equation 4.2).

nz X, Y; —(Z Xi)(z i) 4.3)
. .
N> x° - x)’°
DRREIORI R ID)
. 4.4
Sk ()" -

Where; K, ~b,and K, = a,and A, ~ y,,[43, 44].

Coefficient of determination (r?): In determining how good a regression line fits a data
sample, coefficient of determination (r?) was used in examining and interpreting the
regression model. This was observed using the straight line passing through the data as a best
line fit, a good fit of r2 should be close to unity. r? is given by Equation 4.5

2 _1_Z(axi +b—y;)*
Z(yi _B;i)2

Where; the expression of the numerator of the second term is the sum of the square deviations
of the data from the best fit, and the denominator expresses the sum of the squares of the
variation of the data (y) about the mean. [43]

r

(4.5)

Standard error of estimation s, : This quantifies how best the line fit represents the data, it

is expressed as Equation 4.6
(Yi _Yi)2
Syx :,/—Z —r (4.6)

Where; S, is standard deviation of the differences between the data points and the best-fit

line, it has the same unit as the measured data ( amplitude decibel), n is the number of
sample, y; is the data points and Y, is the regression model[43].

Root Mean Square Error (RMSE): This was also used in verification of experimental
results, it is the measure of the standard deviation of the prediction errors (Resisuals). The
residual is seen as the estimation of how far from the regression line that the data points are.
The formula is is similar to standard error of estimation and is as expressed in (Equation 4.7).

RSME = ,/—z(y‘n_Yi) (4.7)

The lower the value the more correlated the model is to the data, just like standard error of
estimation, this have the same unit as the measured data.

Student’s t distribution: This is used in estimating the confidence intervals for the parameter
acquired from the regression model, it is expressed in terms of the level of significance in
understanding how reliable the model is. The use of student’s t distribution is applicable
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when the samples size from the experimentation is less than 30, it is used in similar form as
the normal distribution and the approximation for the value of v can be read from the table in
Apendix B. following the curve for the appropriate value of v as shown in (Figure 4.5). 1 - a
is the probability that t falls between -t,» and t.» and is stated in (Equation 4.4). The table
shows only the most common values of t that correspond to confidence levels. For example
the probility of a 95% confidence level can be quantifiedasa = 1 -0.95 = 0.05 and /2=
0.025.[43]

P[_taIZ Stgta/Z]zl_a (44)

The two-sided (1-a) confidence interval for the slope parameter a and b are given in
(Equation 4.4 and 4.6)

gg Syilara =2 (4.5)
X7 —nx?
1 (in)z
bisy,xta/z,n_z\/ﬁ_'_ nz(zxz _n)_(z) (46)

aandb

Area =a/2

tu2 t=0 te2

Figure 4.5: Confidence Interval for t-distribution

4.3.2 Multivariate Data Analysis

Multiple linear regression was performed on the combined data using Unscramber-X
software where multiple correlated dependent variables was inspected.

Firstly, the data was analyzed using principal component analysis (PCA). In this method, the
data matrix was decomposed into two parts “structure” and noise as expressed in Equation 4.5

X =tp' +e
Where; X is the data matrix, t is the score (map of samples), p' is the loading (map of
variables) and e is the noise part.

The loading plots is always interpreted together with the corresponding score plot in
describing the variables correlation.[45]

The reason behind reducing the multidimensional data set into a new data set of lower
dimension is to determine factors influencing the attenuated signal from the sensors.

Furthermore, a regression model was calibrated, and was used to predict the output Y for the
respective transducer frequencies. The calibration was implemented using multivariate
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calibration techniques, which is partial least square regression (PLS-R). This method is
involved with a linear decomposition of both Input and output data simultaneously in
maximizing covariance between them.

4.3.3 Multivariate Data Presentation

The data collected was stored in the excel file ‘Multivariate2’, thereafter, the UnscramblerX

software is used to load the data for further analysis. The sample for the experimental data is
as shown in Figure 4.6.

Multivariate2 Distance [cm] : 0.5MHz [dB] : 1MHz [dE] 2 25MHz [dE] :'\water Sim_Mud Real_Mud 0.5MHz Attenuation : 1MHz Attenuation : 2 28MHz Attenuation
1 2 3 4 5 & 7 8 9 10
3 1 3.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 2 4.0000 -0.2730 -0.1580 -0.1581 1.0000 0.0000 0.0000 0.2730 0.1580 0.0351
S MO3 3 3.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
5_Mo4 4 4.0000 -0.2637 -0.2349 -0.1755 0.0000 i.0000 0.0000 0.2637 0.2349 0.1755
M03 5 3.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
Mo E 4.0000 -3.6896 -4.6358 -5.7323 0.0000 0.0000 1.0000 3.6896 4.6358 5.7323

Figure 4.6: Presentation of Data in Unscrambler Software

PCA Uses only the input variables (X), which are:

e Distance [cm] which varies from 3 to 45 in the steps of 1cm
e Amplitude variations in [dB] for the various transducer frequencies

The PLS-R uses both the input and output variables (Y). The output variables is:
e The attenuated signals [dB/cm] for the various transducer frequencies
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5 Results and Discussions

This section of the report presents the result and analysis of the experiments performed in the
characterization of ultrasonic sound wave with propagation distances for three different
ultrasonic transducers.

The data were collected for both axial and transversial direction, the transversial direction
was not fully accompanished due to some technical problems associated with the initial
experimental setup and as such there are no sufficient data for it’s characterization.

The regression coefficient for both the linear and logarithmic scale gave an equivalent result,
once the Neper quantity of the linear scale (slope (b)) is divided with 0.1151 when converting
to decibels as can be derived from Equation 5.1

Equation 5.1: Shows the relationship between decibel and Neper quantity[46]

1

1dB=—"—
20log,, e

(5.1)

The raw data for the different results as presented in this section can be found in Appendix D.

Table 5.4 shows the summary of calculated values of sound speed for the different transducer
in the fluid samples. This was used in the interpretation of some of the results in this chapter,
though the focus of this thesis is on attenuation of ultrasonic wave. Analysis of the data was
done with Matlab,Unscrambler-X and Microsoft Excel software. The decibel plot for each
transducers was mean centered in other to resolve the intercept as zero, the MATLAB code is
found in Appendix E.

5.1 Ultrasonic Propagation in Water

Propagation of sound wave in water is the basis for much instrumentation. Having water as
the main component of water-based drilling fluid as used in this report and also as the
simplest reference medium in which NDE ultrasound experimentation is performed, accurate
determination of ultrasound attenuation in water helps in interpretation of corresponding
measurements in a more complex media, such as in drilling fluid.

The Acoustic propagation loss in water is basically as result of losses due to a number of
factors ranging from geometric spreading, surface interactions, and the viscosity of water to
ionic relaxation of chemicals that may be present in it.[47]

Using a four degree of freedom regression model at 95% confidence interval in estimation of
the attenuation coefficient for water at different ultrasonic frequency. The results as seen in

Table 5.1, shows that 2.25MHz transducer frequency attenuates more compared to 1MHz and
0.5MHz transducer, while 0.5MHz transducer is the least attenuated frequency for the same
propagation distances in water at a room temperature. This is also seen by comparing their
results in Figure 5.4 and 5.5. This agrees with the theory, that the higher the frequency
(smaller wavelength), the greater the attenuation of sound wave or the lower frequencies the
further the penetration of the wave in a medium because of less absorptions. Higher
frequency ultrasounds decay more rapidly in a medium but with greater resolution capability.
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Table 5.1: Regression Result in Water Sample for the Different Transducers

Regression Analysis — Linear model : 'Y = axX+ b using a function form of A = Kle’KZX

Dependent variable: Amplitude

Independable variable: Distance

Estimated parameter for the various ultrasonic transducers in water

Tf [MHZz] Intercept (a) Slope (b) Ki[V] K a[dB/m] (2" Model)
[Np/m]
0.5 0.0590 +0.0039 -0.0198 +0.0027 1.04 0.0198 0.1719
1 0.0534 +0.0086 -0.0140 +0.0067 1.06 0.0140 0.1207
2.25 0.0307 £0.0073 -0.0121 +0.0058 1.03 0.0121 0.1049
Analysis of Variance, with degree of freedom of 4, using 5 samples of experimentation
Tf [MHz] r? RMSE S ox t - Values
05 0.9967 0.0014 0.0015 +0.0039 +0.0027
1 0.9840 0.0025 0.0026 +0.0086 +0.0067
2.25 0.9884 0.0017 0.0018 +0.0064 +0.0050

5.1.1 Measurements with 0.5MHz Transducer in Water

Figure 5.1 shows the results of the raw attenuation data for water at 0.5MHz ultrasonic
frequency. From the regression plots the field intensity of the ultrasonic wave tends to
decrease smoothly along the propagation distance, this probably is due to the transducer

having its near field distance at about 5cm as is seen in

Table 5.4. This equally implies that there is no much interferences from point source since the
initial startup distance for the measurements is at 3cm. The resultant effect gave a higher
correlation coefficient value as compared with other transducers with farther near zone
distances. It also shows a very low standard error of deviation value as the signal tends to

decay in a smooth linear form.

___Regression plot of 0.5MHz Transducer in Water

Univariate regression with Logarithmic data for 0.5MHz on Water
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Figure 5.1: Regression plot for Linear (a) and Logarithmic Scale (b) of Amplitude Variation of 0.5MHz
Transducer versus Distance
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5.1.2 Measurements with 1MHz Transducer in Water

Figure 5.2 shows the results of 1MHz ultrasonic propagation in water at various distances.
The ultrasonic wave decay is not clearly in a smooth manner since it has the near field
distance at about 11cm. This essentially reduces the correlation rate of the amplitude signal
with distance and as such it gave a much higher standard error of deviation. The average
attenuation value as computed from the raw data is 0.115 dB/cm which is about 0.05 dB/cm
lower than the estimated attenuation coefficient for the transducer. The change in amplitude
along the propagation path for this transducer is in the range of -5dB which is lower than that
of 0.5MHz transducer.

Regression plot of 1MHz Transducer in Water Univariate regression with Logarithmic data for 1MHz on Water
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Figure 5.2: Regression plot for Linear (a) and Logarithmic scale (b) of Amplitude Variation of 1MHz
Transducer versus Distance

5.1.3 Measurements with 2.25MHz Transducer in Water

Figure 5.3 shows the results of 2.25MHz ultrasonic propagation in water at various distances.
This transducer has the highest attenuation coefficient value and as such the signal diminishes
faster compared to 0.5MHz and 1MHz transducer and this influences a better resolution result
from the regression fit for the unattenuated amplitude (K1). It also shows a lower RMSE
value from the estimations in the regression models as compared to the other frequencies.

At 45cm distance this frequency shows a step decrease of amplitude this obviously could be
due resolution of object relative to the size of its wavelength along the propagation path or
reflections resulting from the interferences of the fluid container boundary.
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Regression plot of 2.25MHz Transducer in Water Univariate regression with Logarithmic data for 2.25MHz in Water
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Figure 5.3: Regression plot for Linear (a) and Logarithmic Scale (b) of Amplitude Variation of 2.25MHz
Transducer versus Distance

5.1.4 Combined Results of the Measurements in Water

Figure 5.4 Shows the amplitude changes of the various ultrasonic frequencies in water over
the specified propagation distances. From the plot 0.5MHz transducer penetrates farther than
the other tranducers, this essentially is as a result of its higher wavelength. Though in

Table 5.1 it shows the highest correlation rate with regards to propagation distances, it is still
the transducer with the lowest resolution capability as this can be verified from the sound
speed calculation of

Table 5.4.
Amplitude variation for the different frequencies of Transducer
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Figure 5.4: Combined plots of Amplitude Changes in Propagation Distances for the Various Ultrasonic
Transducer in Water

Figure 5.5 shows the combined attenuation response of the transducers. This clearly reveals
the differences between the attenuation coefficient of the various frequencies. 2.25MHz is
seen to be the most attenuated transducer, followed by 1MHz while 0.5MHz transducer has
the least attenuated signal.
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Attenuation of Ultrasonic signal in Water at different frequencies
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Figure 5.5: Attenuation of Ultrasonic Wave in Water versus Propagation Distance

5.2 Ultrasonic Propagation in Simulated Mud

The attenuation of sound in simulated drilling mud is a little bit higher than in water, this
obviously is due to complex ionic relaxation phenomena involved with the salt in the fluid
concentration. This fluid is made up of some percentage concentration of potassium
carbonate. The acoustic impedance of the fluid is seen to be higher than that of water as is
shown in Table 5.4. this clearly shows that the amplitude of the reflected signal is largely
dependent on acoustic impedance. The acoustic propagation loss between the various
ultrasonic frequencies in this fluid sample exhibit similar trend as in water. Where 0.5MHz
frequency is seen as the least attenuated signal. Table 5.2 shows the result of the various
transducer frequencies in simulated mud.

Table 5.2: Regression Result in Simulated Mud Sample for the Different Transducers

Regression Analysis — Linear model : Y = aX+ b using a function form of A = Kle’sz

Dependent variable: Amplitude Independable variable: Distance

Estimated parameter for the various ultrasonic transducers in simulated mud

Tf [MHz] Intercept (a) Slope (b) Ki[v] Kz [Np/m] a[dB/m] (2™ Model)
0.5 0.102 +0.0049 -0.681+0.0032 111 0.026 0.2290
1 0.095 +0.0168 -0.151+0.0133 1.10 0.015 0.1316
2.25 0.017 £0.003 -0.011+0.0026 1.02 0.011 0.0984
Analysis of Variance, with degree of freedom of 2, using 3 samples of experimentation
Tf [MHz] r? RMSE Sy,x t - Values
0.5 0.995 0.002 0.002 +0.005 +0.003
1 0.938 0.005 0.005 +0.017 +0.013
2.25 0.998 0.001 0.001 +0.003 +0.003
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5.2.1 Measurements with 0.5MHz Transducer in Simulated Mud

Table 5.2 and Figure 5.6 shows the results of 0.5MHz ultrasonic propagation in simulated
mud at various distances. The amplitude drop is within the range of -9dB, and it is the least
attenuated frequency within the same fluid sample because of its higher wavelength. This
transducer voltage diminishes from 1v to approximately 0.35v along the propagation path as

the sounds are absorbed by the medium.

Regression plot of 0.5MHz transducer in Simulated Mud

Univariate regression with Logarithmic data for 0.5 MHz on SimMud
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Figure 5.6: Regression plot for Linear (a) and Logarithmic scale (b) of Amplitude Variation of 0.5MHz
Transducer versus Distance

5.2.2 Measurements with 1MHz Transducer in Simulated Mud

Figure 5.7 shows the results of 1MHz ultrasonic propagation in simulated mud at various
distances. There is much variations in the field intensity as this influences the correlation rate
and as such it is seen to have the highest error of prediction as can be obtained in Table 5.2,

this certainly is because of the near field distance.

More also, the reduction in amplitude is in the range of -6dB and as such this confirms that
0.5MHz transducer penetrates more than it in the same fluid sample.

Regression plot of 1MHz transducer in Simulated Mud

Univariate regression with Logarithmic data for 1MHz on SimMud
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Figure 5.7: Regression plot for Linear (a) and Logarithmic Scale (b) of Amplitude Variation of 1MHz
Transducer versus Distance
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5.2.3 Measurements with 2.25MHz Transducer in Simulated Mud

Figure 5.8 shows the results of 2.25MHz ultrasonic propagation in simulated mud at the
various distances. This transducer has a better correlation coefficient result along the
propagation path when compared to 0.5MHz and 1MHz transducer in the same fluid sample.
The reduction in amplitude is in the range of -4dB, this clearly reveals that it is the most
attenuated transducer this basically is because of it resolution capability resulting from a
shorter wave length. It also gives a better correlation result with respect to propagation

distance this can be seen in Table 5.2

Regression plot of 2.25MHz transducer in Simulated Mud
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Figure 5.8: Regression plot for Linear (a) and Logarithmic Scale (b) of Amplitude Variation of 2.25MHz
Transducer versus Distance

5.2.4 Combined Result of the Measurements in Simulated Mud

Figure 5.9 Shows the amplitude changes of the various ultrasonic tranducers in simulated
mud over the specified propagation distances. From the plot 0.5MHz transducer penetrates
farther than the other tranducers, similar effect was equally observed with water. Generally
attenuation of sound wave is greater in this fluid than in water, this obviously is as a result of
the soluble salt substance that was used in it design which altogether influences its acoustic
properties.
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Figure 5.9: Combined plots for Amplitude Changes with Propagation Distances for the Various Ultrasonic
Transducers in Simulated mud

Figure 5.10 shows the combined attenuation response of the transducers in simulated mud.
There is a high variation in the field intensity for 0.5MHz and 1MHz transducer. While
2.25MHz transducer tends to be more stable and sensitive in the propagation distance, which
is an indication of point source interferences as a result of near field distances. The plot also
showed that 2.25MHz attenuates more than the other frequencies.

Attenuation of Ultrasonic signal in Simulated Mud at different frequencies
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Figure 5.10: Attenuation of Ultrasonic Wave in Simulated Mud versus Propagation Distance

5.3 Ultrasonic Propagation Result in Mud

The drilling mud exhibited a very different characteristic when compared with the other fluid
samples. This is due to the non-linear nature of the fluid resulting from high viscous or elastic
property. This influences much attenuation of sound wave. The propagation distance of the

various transducers was greatly reduce in the mud sample, though 0.5MHz transducer tend to

propagate farther than the other transducers.

55



Results and Discussions

This confirms the theory that attenuation (absorption and scatter) decreases as test frequency
reduces for higher wavelength transducer could overcome the effect of high absorption and
scatter that are peculiar with the mud.

Figure 5.11, 5.12, and 5.13 (a). Shows the amplitude variation in the fluid samples at

different frequencies, and Table 5.3 provides the analysis result for the various transducers in
the mud sample.

Table 5.3: Regression result in Real mud sample for the different transducers

Regression Analysis — Linear model : Y = aX+ b using a function form of A = Kle’sz

Dependent variable: Amplitude Independable variable: Distance

Estimated parameter for the various ultrasonic transducers in Real mud

Tf [MHZz] Intercept (a) Slope (b) Ki[V] Kz [Np/m] a[dB/m] (2" Model)
05 0.7090 +0.0239 -0.3555 +0.0079 2.03 0.3555 0.3225
1 1.502 +0.0072 -0.520 +0.0021 4.49 0.520 45134
2.25 2.004 +£0.0028 -0.681+0.0115 7.42 0.681 5.9147

Analysis of Variance, with degree of freedom of 4, using 5 samples of experimentation

Tf [MHz] r? RMSE S t - Values
Y. X
0.5 0.914 0.0129 0.0139 +0.0239 +0.0079
1 0.997 0.0033 0.0037 +0.0072 +0.0021
2.25 0.998 0.0042 0.0051 +0.0028 +0.0115

5.3.1 Measurements with 0.5MHz Transducer in Water-based Mud

0.5MHz transducer has the largest error in resolution of object along the propagation
distances as is seen in Table 5.3, this effect can also be observed in the regression fit of Figure
5.11. The attenuates coefficient of this transducer in the fluid sample is lower as compared
with the other higher frequency transducers this essentially is due to its higher wavelength
and this tends to influence much penetration, though with lower resolution capability when
identifying objects along it path.

Regression plot of 0.5MHz transducer in Drilling Mud Univariate regression with Logarithmic data for 0.5 MHz on Mud
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Figure 5.11: Regression plot for Linear (a) and Logarithmic Scale (b) of Amplitude Variation of 0.5MHz
Transducer versus Distance
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5.3.2 Measurements with 1MHz Transducer in Water-based Mud

The effect of attenuation is higher in 1IMHz transducer than in 0.5MHz, but better resolution
capability was realized as the reduced wavelength brings about reduction prediction error as
can be seen in linear scale of Figure 5.12.

Regression plot of 1IMHz transducer in Drilling Mud Univariate regression with Logarithmic data for IMHz on Mud
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Figure 5.12: Regression plot for Linear (a) and Logarithmic Scale (b) of Amplitude Variation of 1MHz
Transducer versus Distance

5.3.3 Measurements with 2.25MHz Transducer in Water-based Mud

This transducer has the highest attenuated signal with lowest penetration capability as
compared with other frequency but with better resolution results as can be seen in Table 5.3

Figure 5.13 shows the amplitude variation of 2.25MHz transducer with better resolution
capability as compared with the other transducers. This tends to be the most attenuated
frequency in the mud sample as the signal could only travel a short distance before
completely attenuated. Obvious reason is due to resolution of back-scattering result from
smaller particles used in formulation of the mud that is relative to the transducers shorter
wavelength.

Regression plot of 2.25MHz transducer in Drilling Mud Univariate regression with Logarithmic data for 2.25 MHz on Mud
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Figure 5.13: Regression plot for Linear (a) and Logarithmic Scale (b) of Amplitude Variation of 2.25MHz
Transducer versus Distance
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5.3.4 Combined Result of the Measurements in Real Mud

Figure 5.14 shows the amplitude variation in decibel for the different transducers in mud
sample. 2.25MHz transducer was more attenuated than the other frequencies and also with
very low penetration capability. From the plot it is seen that it could only travel upto about
14cm before the signal is completely attenuated while 1MHz transducer got to 22cm.

0.5MHz was the least attenuated frequency in the mud sample, as it could travel farther up to
28cm along the propagation distances.
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Figure 5.14: Combined plot for Amplitude Change with Propagation Distances for the various Ultrasonic

Transducer in Mud

Figure 5.15 shows the attenuation of sound wave in the mud sample. 2.25MHz transducer is
seen to be highly attenuated with a very short penetration capabilty, obviously due to its
shorter wavelength, and the attenuation is certainly due to the transducer high sensitivity in
resolution of object along it propagation path.

In the case of real mud it is essentially due to its ability is resolved a smaller particles in the
mud composition which influences back scattering thereby causing much attenuation of

ultrasound..
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5.4 Multivariate Data Analysis

Multiple correlation of the collective data from all the fluid samples and transducers were
analyzed using unscrambler software. The effect of the acoustic property was observed
through the different Attenuation Spectroscopy resulting from the fluid samples.

Table 5.4 shows the calculated results of the sound speed V of the different fluid and their
rheological parameters. This was used in the interpretation of the multivariate results and
plots.

Prior to the analysis, it’s essential to find out with the help of matrix plot, whether the
variables within the data set needs to be scaled in other to provide all the variable equal
chances of influencing the oncoming analysis.

Variables

Figure 5.16: Matrix Plot of Data set

Most variables do not have same variance as seen in the matrix plot of Figure 5.16, therefore,
Scaling was done on the data matrix, to ensure contribution from all the variables.
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Table 5.4: Summary of Sound speed Results for the Various Fluid samples, Transducers attenuation values and

Near zone Distances

Acoustic impedance; Z = pV , N = Near zone

Sample Tf (MHz) V [m/sec] « [dB/cm] N [em] P [kg/m?] Z[kg/m’] 77 [cP]
Water 0.5 1432 +0.69 0.17 55 1000 1.43x10° 0.98
1 1448 +0.17 0.12 10.8 1000 1.45x10° 0.98
2.25 1467 +0.13 0.10 24.0 1000 1.47x10° 0.98
Simulated 0.5 1970 £0.09 0.23 40 1405 2.77x10° 41
Drilling
fluid 1 2015 +0.06 0.13 7.8 1405 2.83x10° 41
2.25 2050 +0.05 0.10 17.2 1405 2.88x10° 41
Water- 0.5 1487 £0.32 0.3 53 1320 1.96x10° 19
based
Drilling 1 1536 +£0.15 45 10.2 1320 2.03x10° 19
fluid
2.25 1587 +0.09 5.9 222 1320 2.09x10° 19

5.4.1 PCA Results

For PCA analysis in finding the hidden information and relationship between samples,
variables, and as well as their cross-relationship. This is done by decomposition of the data

set into structural part and noise part, by using Principal Component Analysis (PCA) from the

software.

100 -
80 4
80 4
70 4
60 4
50 4

X-Variance

40 4
30 4
20 4
10 4

Explained Calibration Variance

PC-0

PC-1

PC-2

PCs

PC-3

Figure 5.17: Explained Variance for the Decomposed Dataset

PC-4

Figure 5.17, shows the explained variance plot for the correlation between the fluid samples,
and the different transducer along their various propagation distances. PC1 and PC2 explains

60



Results and Discussions

over 75% of the variations, and and as such was used in interpreting the scores and loading
plots of Figure 5.18.
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Figure 5.18: Scores and Loading plot

In PC-1 direction the most important variable is the transducer frequencies, while in PC-2
direction shows propagation distance, this is seen in the loading plot of Figure 5.18.

The plot reveals a very large distinctions between the acoustic property of the drilling fluid
which is inversely correlated to that of simulated mud and water. The obvious reason is due
to how highly attenuated the ultrasound is in the mud as a result of the drilling fluid greater
viscious property as is seen in

Table 5.4. Morealso the acoustic back-scattering from particle used in its formulation
influences the attenuation of ultrasound.

Water and simulated mud exhibit similar characteristics even though the density of simulated
mud seems to be higher than that of water. This shows that viscosity has more effect to the
attenuation of ultrasound than density.

The density of the simulated mud is higher than that of the real mud aswell. The effect of
high density in simulated mud increases the velocity of sound of the fluid. Two physical
properties of the medium are crucial in this respect, these are the density and the
compressibility of the medium. Denser medium such as the simulated mud is made up of
more massive particles which are formulated from dissolved salt in its concentration. This
however will require greater force to initiate particle motions (inertia).

The acoustic impedance was calculated using the relation; Z = pV. Where, ‘Z’ is acoustic
impedance, ‘p’ is material density and ‘V’ is the velocity of sound in the medium.

The response from the plot also reveal that mud have a very small propagation distance this is
also a clearly indications of how strongly attenuated the ultrasonic sound is in it. This is
caused by acoustic back-scattering from particle used in its formulation.

The effect of Frequency as was also observed from the plot showed how inversely correlated
the 2.25MHz frequency varies from the Mud. This was actually the transducer that was
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highly attenuated due to its shorter wavelength. Other fluids showed a little similar effect, on
2.25MHz transducer by tilting away at an angle from it as is seen in the scores and loading
plot of Figure 5.18.

5.4.2 PLS-R Results

In performing the PLS-R modelling cross validation was used instead of test set validation
since clear distinctions were already observed from the PCA analysis, and also there was no
sufficient data to be used for test set validation.
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Figure 5.19: Root Mean Square Error Plot

The model choose 2 component factors from the Root Mean Square Error plot of Figure 5.19.
This produces X- and Y- Loadings for the input and output data as seen in Figure 5.20. The
plot consists of factor 1 and factor 2. Factor 1 has a contribution of 55% on Y variance and
factor 2 has about 14%. Therefore, maximum of two components was required to predict the
Y variable which in this case is the attenuation coefficient of the various transducers in the
fluid sample while the remaining components are considered as noise for they provide little
or no information for the model.
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Figure 5.20: X-and Y- Loadings Plot

From the analysis of the first factor, it was discovered that propagation distance has greater
contribution in determining how the different transducers attenuate in the fluid samples. This
was found to be correct for the same effect was already observed in the PCA analysis where
the drilling mud shows different correlation compared to the other fluid samples. The
indications from x- y- loadings of Figure 5.20 now confirms the indications from the PCA
plots that drilling mud has very different acoustic properties compared to simulated mud and
water.

Water has the lowest ultrasonic sound absorption along its propagation distance compared to
the other fluids samples.

Table 5.4 reveals that it has the lowest acoustic impedance as well as sound speed, and other
rheological parameters, this gives an insight to it acoustic property resulting from probably
the molecular structure of water as compared to other fluid samples.

Simulated mud attenuates a little more than water due to ionic influence from the salt used in
formulating the fluid.

In the same figure Distance is seen to be inversely proportional to transducer frequency. For
the higher the transducer frequency the lower the distance travelled by the ultrasound. This is
a clear indication of a shorter wave length, and greater resolution capability.
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Figure 5.21: Loading Weight

From the loading weight as seen in Figure 5.21, the acoustic influence of the various fluid
properties as expained in X- Y- loadings plot is also indicated here. The effect of attenuation
in drilling mud is greater than in the other fluid samples, reason is due to high viscosity effect
as can be seen in the rheological parameter of

Table 5.4 and also scattering resulting from particles used in the design of the mud.
In this figure, the important variables are:

2.25MHz transducer ; This has the highest negative contribution (-0.6) to the attenuation of
ultrasound wave in the propagation distance, followed by 1MHz transducer and then 0.5MHz
transducer is the lowest attenuated frequency in all fluid samples, this obviously is as a result
of its high wavelength.

Real_Mud ; is inversely correlated to transducer frequencies in the propagation distance,
with a positive contribution of about (4). For the higher the transducer frequency the lower
the distance travelled by the ultrasound in the mud. This effect is also applicable to other
fluid samples. Water is observed to have lowest effect with negative contribution of about (-
0.2) and simulated mud is (-0.17).
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Figure 5.22, 5.23, and 5.24 shows the predicted vs. reference plot of the three different
frequencies resulting from the model form factor of 1 as selected by the Root Mean Square

error plot.

0.5MHz transducers has better RMSE result that is 0.33, than the other frequencies this
essentially is due to all the fluid samples provided more data with regards to the propagation
distance at this frequency. This can be observed from the MATLAB plot of Figure 5.25

2.25MHz has highest prediction errors of about 0.7.
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Figure 5.25: The plot of the collective fluids attenuation and frequency versus distance
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6 Conclusion

The focus of this master thesis is to perform an experimental test and characterization of the
wave propagation in different fluid samples at static state with respect to propagated distance
using ultrasonic techniques which essentially will be an introduction to utilizing ultrasonic
Doppler measurements for determining mud flow rate in the test rig at USN.

The project gives a theoretical background of the acoustic properties of the different fluids
samples before the corresponding analysis using the ultrasonic attenuation effects.

From the interpretation of the experimental results, two different fluid samples that was
compared with real drilling mud exhibit a similar trend with regards to the attenuation of
sound wave, and as such their rheological parameters were calculated to verify this result.

It was observed that the sound speed in simulated mud is larger than in real mud and water
due to its higher density. This effect does not have much significance to attenuation of sound
wave as compared to real mud which has a lower density but higher viscosity, this revealed
that viscosity of medium has more effect to attenuation than density.

Among other effect of attenuation could be back scattering resulting from particles of
different sizes that was used in formulating the drilling fluid but this have not been
completely investigated. Simulated mud was designed with salt concentrate, the effect of
ionic motion applicable to the dissolved salt in it composition seems not to have much
influence to attenuation of sound wave as compared to the real mud.

Therefore, based on my observations, real mud would be preferable to be used on the
Doppler test on flowrate measurement than using simulated mud.

Also, the test essentially should be performed in flow conditions rather than in static state for
Doppler meters rely on reflectors in the flowing liquid.

6.1 Further Works

Based on the observation from the effects of the drilling mud acoustic properties as compared
with the simulated mud samples, | would recommend the investigation of variations in the
concentration and addictive used in the design of fluid samples as it influences attenuation
and speed of sound.

Measurements was done in static state, the acoustic effects of the fluid samples when flowing
should be investigated.

Finally, I would recommend the investigation of the rheological parameters of the fluid
samples based on the experimental results acquired, which already provided some insight on
the intensity of ultrasound pulse after propagation, which are; attenuation « and sound speed
V as it relates to the acoustic property of the fluids. This is highlighted in (chapter 3.7). and
Table 5.4.

Based upon ultrasonic measurement principles, a model that categorizes the fluid viscosity
can be developed for estimation of viscosity of the fluid samples, where the input could be
fixed distance measurement and attenuation is measured.
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Title: Characterization of ultrasonic waves in various drilling fluids
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External partner: Geir Elseth (Statoil), Tor Inge Waag (Teknova) and Espen Oland (Teknova)

Task background:

Drilling operations for oil and gas are becoming more and more advanced, due to desired real
time monitoring and control of the involved processes. The wells to be constructed are
becoming more complex leading to new and complex types of drilling procedures with increased
need for various specialized tools and equipment.

Thus, there is currently an increased research activity on improving the drilling operation by
enhancement of sensor and control systems. As a part of the sensor research, estimations of
the flow rates using ultrasonic Doppler measurements are evaluated in mud flow applications.

The Faculty of Technology at USN has in collaboration with Statoil designed and assembled a
flow loop in the process hall. The rig represent the first step in a potential R&D activity where
different advanced sensor applications are to be developed and tested with respect to flow rate
and rheological properties in drilling operations. The research group at USN aim at utilizing
ultrasonic Doppler measurements for determining the mud flow rate. As a basis for this
research, this master thesis emphasize on static measurements with reference to how the
ultrasonic wave attenuates in various fluids and specifically in drilling fluids.

Task description:
Feasibility study on ultrasonic Doppler flow rate measurement in drilling mud.

1) Literature research on Ultrasonic Doppler flow rate measurements and its usage in
mud flow in particular.

2) Experimental research on acoustic properties in water, artificial drilling fluid(s) (from
test rig) and actual drilling fluid(s), with three different ultrasonic transducers.

3) Analysing the experimental results and characterizing the wave propagation in the
fluids with respect to the propagated distance and transducer frequency.

4) Submitting a report according to the guidelines of USN with a systematic
documentation of codes developed and data gathered
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process hall. Measurements of acoustic properties in various fluids will be performed using
appropriate containers and equipment available in the sensor lab.
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Appendix B: Distribution Table

Student’s t Distribution Table

Forexample, the tvalue for

18 degrees of freedom

is 2.101 for95% confidence

interval (2-Tail a=0.05).
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19 1.3277 1.7291 2.0930 2.5395 2.8609 3.8834

20 1.32533 1.7247 2.0860 2.5280 2.84533 3.8495

21 1.3232 1.7207 2.0796 2.5176 2.8314 3.8193

22 1.3212 1.7171 2.0739 2.5083 2.8188 3.7921

23 1.3195 1.71339 2.0687 2.4999 2.8073 3.7676

24 1.3178 1.7109 2.06339 2.4922 2.7969 3.7454

25 1.3163 1.7081 2.0595 2.4851 27874 3.7251

26 1.3150 1.7056 2.0555 2.4786 27787 3.7066

27 1.3137 1.7033 2.0518 24727 27707 3.6896

28 1.3125 1.7011 2.0484 2.4671 2.7633 3.6739

29 1.3114 1.6991 2.0452 2.4620 2.7564 3.63594

30 1.3104 1.6973 2.0423 2.4373 2.7500 3.6460

[48]
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Appendix C: Data Sheet for Water-Based mud used

VEESKEYapport - ipning (VU)

Appendices

[MR NUMBMER: | |DATO LEVERT
|MuDTYPE: LYDRIL SYSTEM-M0007251 I TANK NUMMER: K-17
LAGER / RIGG: KSU AV:
TIL RIGG: DATO TESTET: 7317
REKVIRERT AV: LEVERT BAT:
m W: ................
Analyser Enhet Resultat
Tetthet Sg 1.32+
Rheologiaviesninger: 600 rpm Ibs/100ft2 70
300 rpm Ibs/100ft2 51
200 rpm Ibs/100f12 a2
100 rpm [Ibs/100f12 31
6 rpm |Ibs/100ft2 11
3 rpm Ibs/100ft2 9
Gelstyrke 103 Pa S
10m Pa 10
Viskositet PV cP 19
YP Pa 15
HTHP filtertap ved deg. C mi
{Retorte Solids vol. %
Vann vol. %
Olje vol. %
Ofie- /vann-forhold( For Versapro LS: Olje/8rine ) OWR
LGS kg/m3
Kilorid mg/Itr
Tester kun for oljebaserte vaesker:
£S Volt
Excess Lime kg/m3
ester kun for vannbaserte vaesker:
MBT kgmi
kci kg/m3
Glycol %
pH 8.2 -ved 15C
AP| Filtertap ml / 30 min
Refraktometer Glycol % %
Andre tester for brine:
Temperatur c
NTU
|pH
[Klarhet ( visuelt }
Lukt
Kommentarer:
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Appendices

Appendix D: Excel Raw Data from experimentation with calculated results

Raw Data with calculated Results for 0.5MHz Transducer in Water

[ Test1 I Test2 Test3 Testd [ TestS. 1
Distance Gain [4B] Rel. Amp. Gain [dB]. Rel. Amp. Gain [4B] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB]. Rel. Am¢|Mean [dB[Ad [dB] |t [d5) [ROIVIRSSRIN] a5~ alds/cm/MHz) [nAdy X Ty Tox ] [AmicB) " JRBIRN o Resic Sumiy-yme:
30 119 1000 122 1000 118 1000 115 1000 117 1000 1000 00 00, 10 10 000 000 000 30 00 5 0171992723 100 000 000 010
40 121 998 125 997 122 %7 121 997 120 997 997 00, 10 09 027 -027 003 40 0% o003 000 008
50 123 996 127 %5 124 %4 124 %95 123 94 995 01 09 09 026 02 006 50 Regression model 0% 003 000 007
60 123 %6 129 93 127 92 126 %2 125 %2 93 02 09 08 026 008 60 B 0.05901 084 003 000 0.06
70 125 %4 131 91 129 990 128 %90 127 %90 91 02 03 08 02 010 70 b -0.01975%| 0% 003 000 005
80 126 93 133 989 130 988 130 989 129 &8 990 02 09 08 021 012 80 1 1060794 091 o002 000 0.04
90 127 2 135  S87 131 87 131 7 130 %87 988 02 03 08 019 013 80 2 0.019756] 08 o002 000 004
100 128 %1 137 %85 133 986 132 986 131 986 987 02 03 07 019 015 100 2 0996705832 08 oo 000 003
110 129 90 139 983 134 985 134 985 133 984 986 03 08 07 018 017 110 Sy 0.001505648] 08 o002 000 003
120 129 %0 141 81 135 984 135 984 134 83 984 03 08 07 017 018 120 st 0.001435615] 084 002 000 002
130 130 989 142 %80 136 93 136 983 135 982 983 03 08 07 017 019 130 082 oo 000 002
140 131 88 144 978 137 91 137 %81 136 981 982 0.4, 08 07 016 -021 140 080 o002 000 002
150 132 7 145 9727 139 980 139 90 138 979 90 04, 08 06 016 023 150 079 o002 000 001
160 133 %86 147  &75 141 978 141 978 140 877 979 04 08 06 016 024 160 077 o002 oo o001
170 134 %85 145 973 142 976 142 976 141 976 977 05 08 06 2016 026 170 076 o002 000 001
180 134 985 11 921 144 975 144 975 143 974 976 05 o8 06 016 -028 180 Student’s t Calculation 074 o002 000 001
190 135 984 153 99 146 9723 146 973 146 9.1 974 06, 07 05 2016 -030 190 Sum(de]"2 21 073 o0 000 0.00
00 135  se4 155 %67 148 970 148 920 147 S0 972 07 07 05 016 032 200 1 071 o002 000 000
210 136 %3 157 %5 150 99 150 %9 149 %8 971 07 07 s 016 034 210 (sumid))~2 853.9222239) 070 o002 000 0.00
20 137 %2 160 %2 152 %7 152 %7 151 %6 99 038, 07 05 016 -036 220 Sumx2(i)-nx. 12) 069 o002 000 0.00
250 138 %81 162 %0 154 95 154 9%5 154 %3 97 08 07 [ 017 038 230 067 002 000 0.00
240 135 %0 164 98 156 92 156 %2 156 %61 95 09 07 04 017 041 240 b+ (t-value) 000271715} 066 002 000 0.00
250 140 979 166 956 158 90 158 %0 158 959 93 09 07 04 017 043 250 5 065 o002 000 0.00
260 141 978 169 953 160 959 160 959 159 958 %1 10 06 04 017 -045 260 063 o002 000 0.00
270 142 e77 172 850 162 957 162 957 161 %56 959 10 06 04 017 047 270 062 002 000 0.00
280 143 976 173 949 164 954 164 954 163 954 958 11 06 04 017 049 280 061 002 000 000
200 144 975 176 %46 166 953 166 953 165 952 956 11 05 04 017 051 290 060 o002 000 001
300 145 o724 178 %44 168 951 168 951 167 %50 954 12 06 03 017 053 300 059 002 000 o001
310 146 973 180 %42 169 949 169 %49 169 %48 952 12 06 03 017 055 310 057 oo 000 001
320 148 971 182 %40 172 97 172 %47 171 %46 90 12 06 03 017 057 320 0ss o002 000 001
330 149 9720 184 38 1723 945 173 945 173 %44 948 12 06 03 017 059 330 055 o002 000 002
340 151 %8 186 936 175 944 176 %43 175 %42 947 12 05 03 017 062 340 054 o002 000 002
350 152 %7 188 94 177 91 177 %41 176 %41 945 12 05 03 017 064 350 053 oo 000 002
360 154 %5 190 932 179 939 179 939 178 939 943 13 0s 03 017 066 360 052 o002 000 003
370 156 %3 191 931 181 938 181 938 180 937 %41 13 05 03 017 068 370 0s1 o002 000 003
380 158 91 194 98 183 936 183 9.6 182 935 939 13 05 02 017 070 380 050 o002 000 003
390 159 90 195 97 185 934 185 9.4  1s4 933 938 13 05 02 017 072 390 049 002 000 0.04
400 161 958 197 %25 186 32 186 932 185 92 936 13 05 02 017 074 400 048 002 000 004
410 163 96 199 923 187 .1 187 931 186 931 934 13 05 02 017 076 410 047 002 000 004
420 164 95 202 920 189 %29 189 99 188 929 92 13 o0s 02 017 078 420 046 002 000 005
430 166 953 203 919 191  s27 191 27 180 927 31 13 05 02 017 080 430 045 002 000 005
440 167 %2 205 917 193 S5 193 925 192 925 929 13 04 02 017 082 440
450 172 %47 211 911 196 %22 196 %2 196 921 925 13 04 02 018 -087 450
[seal o] o] pr | T Y |
Raw Data with Results for 1 MHz Transducer in Water
Test1 Test2 I Test3 [ Test4 Test5 |
Distance [ Gain [dB] Rel. Amp. Gain [dB] Rel. A Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp |Mean [dB] Ad [dB]1 |std. (d5] [LiRearivi (d8]"2 afds/em/IVIBIINE 0 Ad 'y X Xty xx [ARcET JRRBHN o Residu: Sum(y-ymea
3 us 117 1000 116 1000 116 19 1000 1000 00 000 1.00 1.00 000 000 000 30 00 9 0120767488, 1.01 o 005
4 1163128 999 119 98 118 98 117 99 121 98 98  -02 002 098 096 016 002 40 -01 16 100 o002 0.00 005
5 1176457 997 120 997 120 997 119 997 122 97 997 03 002 087 094 015 003 50 -02 25 Regression model 098 002 0.00 004
6 1189993 996 122 995 121 996 120 996 123 996 96  -04 004 095 091 014 005 60 -03 36 0053998 097 o002 0.00 003
7 119913 995 123 9.4 122 94 121 995 124 95 995 05 006 094 088 014 006 70 -04 49lb 0013%00] 096 002 0.00 003
8 1213034 94 125 992 123 993 122 994 125 994 993 07 006 093 086 013 008 80 -06 6dlk1 1055483) 094 002 0.00 003
9 1222424 993 126 9.1 125 92 123 993 126 93 992  -08 009 091 084 013 009 90 -08 sk o010 093 o002 0.00 002
10 1231917 92 128 989 126 991 124 992 127 92 91 09 o1 050 082 013 010 100 -10 100 092 o001 0.00 002
11 1241515 991 129 988 127 990 125 9.1 128 %1 90 10 011 089 080 012 -om 110 -12 121 091 001 0.00 002
12 125122 %0 130 987 128 988 126 990 129 90 989 11 013 088 078 012 013 120 -15 144 089 001 0.00 001
13 1261035 989 131 986 129 987 127 989 130 989 988  -12 015 087 076 012 014 130 -18 169 088 001 0.00 001
14 12709%1 988 133 984 130 986 128 988 131 988 987  -13 018 0386 074 012 015 140 -21 19| 087 o001 0.00 001
15 12759%8 987 134 983 131 985 129 987 132 987 986  -14 018 085 073 012 016 150 -24 225 086 001 0.00 001
16 1286068 986 135 982 132 984 130 986 133 986 985 15 021 084 o7 012 017 160 28 256 085 001 0.00 001
17 1291162 986 136 981 133 984 130 986 133 986 984  -16 023 084 070 011 018 170 -31 289 083 001 0.00 000
18 1301441 985 137 980 134 983 131 985 134 985 984  -16 025 083 068 011 019 180 -34 32a]  StudentstCalculation 082 o001 0.00 000
19 1306627 984 139 978 134 982 131 985 134 985 983  -17 028 082 067 011 020 190 -37  361[SumldB]"2 Y 081 o001 0.00 0.00
20 1311844 984 140 977 135 981 132 984 135 984 982  -18 030 081 066 010 021 200 -41 400[nMean®: 2532047842] 080 001 0.00 000
21 1317002 983 141 976 136 981 133 983 136 983 91 19 031 081 065 010 022 210 -45 44if(sum(dB))n2 10887805719 079 o001 0.00 0.00
22 1327685 982 142 9725 137 979 133 983 137 982 980  -20 033 080 064 010 023 220 -50 48afsumx2(i)-nx_2 07l 07 oo 0.00 000
23 1338408 981 143 974 138 978 134 982 137 982 979  -21 034 079 062 010 024 230 -55  529a+ (t-value) 077 o0 0.00 0.00
24 134382 981 144 9723 139 9727 135 981 138 981 978  -22 035 078 061 010 025 240 -60  576|b (t-value) ooose64892f 076 001 0.00 0.00
25 1354746 980 146 971 140 976 136 980 139 980 977 23 038 077 059 010 026 250 -66 625 075 o001 0.00 000
2 1365811 978 147 970 142 9724 138 978 141 978 976 24 038 076 057 011 028 260 -7.3 676
27 1382677 977 149 %8 143 9723 139 977 142 977 974 -26 040 074 055 011 030 270 -80 729
28 1388373 976 150 97 145 9722 139 977 143 976 973 27 044 074 054 011 031 280 -85 784
20 1399877 975 152 95 146 9721 140 976 144 975 972 -28 044 073 053 011 032 200 -92 841
30 1411537 974 153 %4 147  9%9 142 974 145 974 971 29 045 072 051 011 -033 300 -100 900
31 142334 973 154 93 148  9%8 143 973 146 973 970 30 046 071 050 011 -035 310 -108 91
32 143535 971 156 9%1 150 96 145 971 148 971 9.8  -32 048 069 048 011 037 320 -117 1024
33 145322 970 158 99 152  9%4 146 970 149 970 97  -33 048 068 046 011 -038 330 -127 1089
34 146603 98 160 957 153 93 148 98 151 98 95  -35 050 067 045 011 -040 340 -13.7 1156
35 1481982 97 161 956 155  9%1 149 97 152  9%7 93  -37 050 066 043 011  -042 350 -148 1225
3 1504357 95 164 953 157 90 151 95 154 95 91 -39 050 064 041 012 -044 360 -160 129
37 1517517 93 165 952 159 958 152 9.4 156 93 9.0  -40 051 063 0.40 012 046 370 -17.1 1369
38 153764 91 167 950 160 956 154 92 158 91 958  -42 052 062 038 012 048 380 -184 1444
39 1551319 90 169 948 163 954 155 9.1 159 960 956  -44 054 061 037 012 -050 390 -19.6 1521
40 1565217 958 171 946 164 92 157 959 161 958 955  -45 054 059 035 012 052 400 208 1600
41 157934 957 172 945 166 951 158 958 163 956 953 47 055 058 034 012 -054 410 -220 1681
42 159397 956 174 943 167 949 160 956 164 955 952  -48 055 057 033 012 056 420 233 1764
43 1615688 953 175 942 169 948 162 954 166 953 950  -50 054 056 032 012 058 430 -24.7 1849
44 1630664 952 177 940 170 946 163 953 167 952 948  -52 055 055 031 006 013 -059 440 261 1936
45 1669275 948 182 935 174 943 167 949 173 946 944 56 055 053 028 007 013 064 450 289 2025
[ od 2 o orl w0l ~o0e o152 028 o] 31350
Raw Data with calculated Results for 2.25MHz Transducer in Water
et [ ez [ tems [ tewa | Tess Tests
Distance [Gain [4B] Rel- Amp. Gaim (48] Rel- Armp. Gain (48] Rel. Arap GIRTGB], Rl Amp. GAIM[GB]. Rell Ampx A (o8] Mean (<) STETTEET] B s aoe /e A -~ < 7] Sar R Sty
3 98 1000 98 1000 104 1000 104 1000 00 1000 00, 10 10 00 00 000 30 00 B 0.104961672 10 000 000 005
4 99 999 101 %7 106 99 106 99 105 99  -02 98 01 10 10 00 02 40 01 16 10 002 000 004
5 10 %7 102 %6 107 7 107 97 107 %7 03 97 00 10 09 00 01 50 02 24| Regression model 10 002 000 o004
6 101 %6 103 95 108 96 108 %6 108 96  -04 96 01 10 05 00 01 60 03 36fa 10 001 000 003
7 102 95 104 94 109 95 109 996 108 96  -05 95 01 09 09 00 01 720 04 a9o 09 o001 o000 o003
8 103 %4 105 93 110 94 110 %5 109 95 06 94 01 05 09 00 01 80 05 salk1 09 o001 00 oo
9 104 %3 106 92 1.1 93 111 %4 110 %4  -07 93 01 09 09 00 01 %0 07 s1lke 09 o001 o000 o002
10 105 2 107 %1 112 %2 1.2 93 11 93 08 %92 01 09 08 00 -1 100 08 100[m2 09 o001 o000 o2
1 106 %1 108 90 113 81 112 92 112 92 08 %2 01 05 08 00 01 10 a1 12fsey 05 o001 0o oo
12 107 %0 109 99 114 %0 113 %1 113 91 09 991 01 09 o8 00 01 20 13 44 RViSE ooomessi| 09 001 000 o001
13 108 89 110 988 115 %89 15 90 14 90 11 %89 01 03 08 00 01 130 16 09 o001 000 001
14 110 %88 111 97 117 88 116 988 115 989 12 988 01 05 08 00 01 140 19 05 o001 o000 o001
15 11 %86 1.3 985 118 986 118 987 117 987  -14 986 01 09 07 00 01 10 23 09 o001 o000 oo
16 112 985 114 94 120 85 119 986 118 986 15 985 01 08 07 00 01 160 27 08 o001 000 000
17 113 %84 115 983 121 %84 120 985 119 985  -16 984 01 08 07 00 01 7o 31 08 o001 000 000
18 14 %83 116 982 122 %83 121 %84 120 984  -17 983 01 08 07 00 01 180 35 08 001 000 000
19 15 s82 117 91 123 82 121 %83 121 983 18 982 01 08 07 00 01 190 39 08 o001 000 000
0 116 91 117 &1 124 %81 122 982 122 92  -19 &1 01 08 07 00 01 200  -43  400/nMeant2 261881806) 08 o001 000 000
21 117 e80 118 80 125 979 123 %81 123 1 20 980 01 08 [ 00 01 210 48 aa1(sumids]) 11260917656 08 001 000 000
2 18 979 120 9728 126 978 124 980 124 %0 21 979 01 08 06 00 -01 20 53 asalsumxali)- off 08 o001 oo o0
23 120 978 121 27 127 9.7 126 979 125 9.9 22 978 01 08 06 00 01 230 58 08
24 120 977 122 9726 128 976 127 978 126 978 23 977 01 08 06 00 01 20 63 08
25 121 976 122 926 130 925 128 977 127 977 24 976 01 08 06 00 01 %0 69 625 08
2% 122 o725 124 74 131 974 129 925 128 96 25 975 01 07 [ 00 01 60 75 6% 08
27 123 975 125 9723 132 973 130 975 129 975 26 974 01 07 06 00 01 270 81 79 07
28 124 94 125 923 133 922 130 924 130 9.4 26 974 01 07 05 00 01 80 -85 74 07
29 124 o723 125 €73 133 974 131 o724 130 74 27 973 01 07 05 00 01 20 80 a1 07
30 125 92 127  S21 134 S0 132 973 131 973 28 972 01 07 05 00 01 00 97 90 07
31 126 o722 128 970 135 %9 133 922 132 92 28 91 01 07 [ 00 01 30 103 %61 07
2 127 90 128 920 136 %8 134 91 133 9.1 30 970 01 07 05 00 01 20 11 102 07
33 128 99 130 %8 137 %7 135 99 134 9.0  -31 %9 01 07 05 00 01 30 -119 07
34 130 %8 131 %7 139 %6 136 %9 135 %9 32 %8 01 07 05 00 01 30 126 115 07
35 131 %7 132 %6 138 96 137 98 136  9%8  -33 97 01 07 05 00 01 0 134 125 07
3% 132 %5 133 %5 139 %5 138 %6 137 %7 34 %6 01 07 [ 00 01 360 143 12% 07
7 133 %4 135 %3 140 %4 135 95 139 %5  -36 %4 01 07 04 00 01 370 152 1369 07
8 135 9%3 135 %3 141 %4 141 94 140 %4  -37 %3 01 07 04 00 01 80 160 1 07
3 135 %2 137 %1 141 %3 141 %4 141 %3 37 %3 01 06 04 00 01 20 168 1521 06
40 137 %1 137 %1 142 %2 141  9%3 141 %3  -38 %2 01 06 04 00 01 w00 175 06
41 137 %1 137 %1 143 %2 143 %2 142 %2 39 %1 01 06 04 00 01 40 183 1es1 06
2 137 %0 139 995 144  9%0 143 91 143 %1  -40 %0 01 06 04 00 01 20 192 1764 06
43 139 959 140 958 146 959 146 959 145 959  -41 959 01 06 04 00 01 430 204 1849 06
4 140 957 141 7 148 97 147 958 147 %7  -43 957 00 06 04 00 01 40 217 193 06
45 152 946 148 950 161 944 160 944 159 945 54 946 02 05 03 00 01 450 281 205 06
577 ol o 74 o] A v aed
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Sound Speed Calculation for 0.5MHz frequency in water

Sound Speed Calculation for 2.25MHz frequency in water

Appendices

Sound Speed Calculation for 1MHz frequency in water

sec, Tof [usec Tof [usec| Tof [usec Tof Iuse— [Std. [usec Mean Tof (V [m/(sec)]
8 2256 2251

dhl(HSECIYof(nseclYol(usec Tof (jsec| Tof ( sec|std. [usec Mean Tof V [m/(sec, Distance |Tof [jsec|Tof [ sec Tof [use Tof [ sec|Tof [ sec[std. [sec Mean Tof V [cm/(se: Distance [Tof [

30 223 240 242 241 240 08 237 12644 3 2124 2114 2117 2122 2124 004 21202 1414961 3 252 2 2253 00 25 13310
4.0 293 308 309 309 308 07 305 13104 4 2806 27.91 27.97 27.97 0.09 28.01 1428.061 4 29.27 2938 29.38 2938 293 293 1363.2
50 361 375 376 377 376 07 373 13409 5 347 467 3467 3472 002 34692 1441254 5 3597 3614 3617 3601 3599 361 13867
60 428 a3 443 3 442 06 440 13641 6 4142 4137 4149 4151 006 4145 1447.527 6 4274 4288 4284 4276 4275 428 14021
7.0 49.6 51.0 511 511 50.9 06 50.7  1380.0 7 4824 4818 48.09 48.21 006 48.188 1452644 7 49.53 49.59 49.73 49.48 49.47 49.6 14124
80 564 578 578 578 577 06 575 13911 8 5504 5499 550 5498 003 55012 1454.228 8 5625 5647 5648 5636 5624 S64 14194
90 632 646 647 647 645 06 644 13985 9 6174 6178 6179 6178 002 61778 1456.829 9 6311 6333 6333 6322 6303 632

100 99 714 74 714 713 07 711 14069 10 6854 6846 6854 6861 006 6854 1458.917 10 6985 7007 7003 70 6985 700

1m0 767 782 782 782 779 07 778 14132 1 7533 7526 7534 7535 005 75304 1460.746 1 7665 7678 7686 7673 7658 76.7

120 835 849 848 849 847 06 846 14191 12 8213 81% 821 8204 007 8206 1462.345 12 8335 8365 8361 8343 8329 85

130 902 915 916 917 06 913 14240 13 8881 8889 8885 8381 006 8882 1463634 13 9007 9036 9035 9014  89.99 %02

140 970 983 984 984 06 980 14279 14 9558 9542 9551 9548 006 9551 1465815 4 9684 9717 9704 9687 9678 9.9

150 1035 1050 1050 1051 07 1047 14327 15 10224 10213 10224 10216 005 102192 1467.825 15 1035 10371 10368 10362 1035 1036

160 1103 1119 1119 1118 07 1115 14351 16 10896 10879 10892 008 108.922 1468.941 16 11021 11056 11054 11029 1102 1104

170 1171 1186 1185 1186 06 1182 14378 17 11576 11561 1157 008 11573 1468936 17 11699 11736 11733 11718 11699 17.2

180 1238 1253 1253 1254 07 1250 14403 18 125 12234 12253 008 122484 1469.58 18 1238 12413 12406 1239 12374 1239

190 1307 1321 1321 1321 06 1317 14422 19 12023 12913 12915 005 129.19 1470634 19 13044 13083 13079 1307 13051 130.7

200 1374 1389 1389 1389 06 1385 14440 20 13604 13591 13599 006 13601 147048 20 13728 13763 1376 13738 13721 137.4

210 1442 1457 1457 1456 07 1453 14454 21 1276 14259 14277 010 142758 1471021 21 14395 14435 14438 14413 14397 1442

220 1509 1524 1525 1523 06 1520 14472 2 14969 149.48 14955 008 149.568 1470.903 22 15076 15116 15112 15089  150.72 150.9

230 1576 1503 1592 159.1 07 1588 14487 23 15637 15611 15638 012 15632 1471341 23 15751 15802 15791 157.74

240 1645 1660 1659  166.0 06 1656 14495 20 16308 16277 1631 015 163034 1472086 24 16429 16459  164.63  164.47

250 1712 1729 1727 1728 07 1724 14503 25 16992 169.66  169.89 011 169.886 1471922 25 17101 17143 17141 1712

260 1779 1796 1795 1795 07 1791 14519 26 17673 1763 17655 015 17653 1472787 2 17785 17818 17806  177.96

270 1847 1863 1862 1863 07 1858 14529 27 18331 18293 1833 017 183.226 147359 27 18457 18493 18484  184.64

280 1914 1931 1929 1929 07 1925 14544 28 18997 189.68  190.06 014 189.928 1474.243 28 19121 19163 19157 19141

200 1981 1998 1997  199.7 07 193 14552 29 19671 19651 19%.72 010 19668 1474.476 29 197.96 19842 19828  198.25

300 2049 2066 2065 2065 07 2061 14558 30 20359 20319 20358 018 203508 1474.144 30 20467 20522 20517 20488

310 2116 2134 2133 2133 08 2129 14562 31 21038 21003 21038 015 210.304 1474057 31 21157 21187 21188 21173

320 2184 2200 2200 2199 07 2195 14576 32 21699 21663  217.06 018 216938 1475076 32 2183 2186 21854 21836

330 2251 2268 2267 2267 07 2263 14582 3 22372 2338 382 017 223664 1475.427 33 22491 22525 22526 225.07

340 2318 2337 2336 235 08 2331 14587 34 2305 23015 23054 016 230.434 1475477 34 23168 23222 23213 23188

350 2386 2404 2405 2403 08 2399 14589 35 23733 23694 23761 024 23731 1474864 35 2385 23905 23885 23875

360 2455 2472 2473 2471 08 2467 14592 36 2041 24375 244.49 026 204124 1474.66 36 24531 20587 24565 24546

370 2522 2540 2538 2537 07 2534 14601 37 25081 25041 25114 026 2508 1475.279 37 25201 25245 25235 25224

380 2502 2607 2606 2605 06 2602 14605 38 25761 257.29 2578 021 25757 1475327 38 25873 2592 25017 25898

390 2658 2676  267.6  267.3 08 2670 14607 39 26433 26398 2647 029 264422 1474915 39 26557 26607 26585 26577

00 2727 2743 2743 2742 07 2738 14611 0 27113 27108 27047 020 271304 1473361 40 27232 27286 27267 27258

410 2794 2812 2811 2810 07 2806 14613 a1 27818 27792 27814 012 27813 1478131 41 27905 27955 27945 27928

420 2861  287.8  287.8 2876 07 2873 14621 2 28476 28041 28493 019 284736 1475051 42 28572 28624 28621 2859

430 2028 2945 2044 2943 07 2939 14630 43 29139 29107 2916 021 29142 147553 43 29236 29295 29278 292.58

440 2995 3013 3011 3010 07 3006 14635 a4 29815 297.73 2983 022 298.108 1475975 44 29911 29966 29952  299.24

450 3056 3073 3073 3072 07 3068 14668 45 30388 30411 30445 020 304.168 1479.446 45 30520 30586 30573 30552

mp.
100.0
99.7
%6

Raw Data with calculated Results for 0.5MHz Transducer in

std. (dB) a(dB/cm/[AGVILNG (d8]"2
0.0 1.0 13.3, 1. 1.0

0.0 ) -0.229107639
03 0.0 10 100 10 09 0.26 0.26 .03 40 0.1 16
0.4 0.0 10 8.0 10 09 022 022 5.0 25| Regression model
-0.6 0.0 09 6.7 0.9 09 0.21 0.21 6.0 36/a 0.101831
08 0.1 0.9 5.7 0.9 08 0.20 0.20 7.0 29]b -0.026370)
-0.9 0.0 09 5.0 0.9 038 0.18 0.18 8.0 64|k1 1.10719]
-1.0 0.0 0.9 a4 0.9 08 0.17 0.17 9.0 81fk2 0.026370|
12 0.1 09 4.0 0.9 038 0.17 0.17 10.0 100[r2 0.994831092|
13 0.0 0.9 36 0.9 07 0.16 0.16 11.0 121fsx,y 0.0023212|
-16 0.1 08 33 08 07 0.18 0.18 120 144|RMSE 0.002213237|
18 0.1 08 31 08 07 0.18 0.18 13.0

-2.0 0.0 08 28 08 06 0.19 0.19 14.0

23 0.1 0.8 2.7 08 06 0.19 0.19 15.0

26 0.0 07 25 07 05 020 0.20 16.0

28 0.0 07 23 07 05 0.20 0.20 17.0

32 01 07 2.2 07 05 021 021 18.0 324 _Student's t Calculation
35 0.0 07 21 07 05 022 022 19.0 361|Sum([dB]~ 18.3|
37 o1 07 2.0 07 04 022 022 200 400|nMean”2  16.54259523|
-4.0 0.1 0.6 19 06 04 022 022 210 4a41)(sum(dB]) ~ 711.3315951|
43 0.0 06 18 06 04 023 023 220 484fsumx2(i)- 18
45 0.0 0.6 17 06 04 022 022 2.0 529|a+ (t-valuc  0.004868606)
4.7 0.0 0.6 16 06 03 022 022 240 576|b+ (t-valu__0.003175665|
5.0 0.0 0.6 16 0.6 03 0.23 0.23 250 625

52 0.0 05 15 05 03 023 023 260 676

5.5 0.0 05 15 05 03 0.23 0.23 27.0 729

5.8 0.1 05 14 05 03 023 023 280 784

-6.0 0.0 05 14 05 02 0.23 0.23 29.0 841

62 0.0 05 13 05 02 023 023 300 900

6.5 0.2 05 13 05 02 0.23 0.23 310 961

66 02 05 12 05 02 023 023 320 1024

-6.9 0.1 05 12 05 02 023 023 330 1089

7.0 02 0.4 12 0.4 02 023 023 340 1156

73 01 04 11 04 02 023 023 350 1225

7.4 0.1 0.4 11 0.4 02 023 023 36.0 1296

7.6 0.0 04 11 04 02 022 022 370 1369

7.8 02 0.4 10 0.4 02 022 0.22 380 1444

-8.0 0.0 04 10 04 02 022 022 390 1521

-82 0.0 0.4 10 0.4 02 022 022 40,0 1600

8.4 0.0 04 10 04 01 022 022 410 1681

-85 0.1 0.4 0.9 0.4 01 022 022 420 1764

8.7 01 04 0.9 0.4 01 022 022 23.0 1849

-89 0.0 0.4 0.9 0.4 01 022 022 4.0 1936

9.1 0.0 03 09 03 01 022 022 450 2025

[ 0.6] 18.3] [ 0.21] 24 31390}

aldB/cm/! [nady Ix Ty T ]
0.00 0.00 0.00 3.0 0.0 9

Sqr Residt Sus
0.0005
0.0007
0.0004
0.0002
0.0000
0.0000
0.0002
0.0005
0.0010
0.0007
0.0008
0.0006
0.0005
0.0002
0.0002

m(y-ym
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Appendices

Raw Data with Results for IMHz in Drilling Mud

Distance | Gain [dB] R (8172 afdB/cr/|RBINGR n Ad v X by Tex ] [AmicE] JRINBARN sar Resid: Sum(y-ym
3 129 1.0 0.00 0.0 0.00 3.0 0.0 9 -0.131588034 1.05 0.00 0.00 0.05.
a4 131 0.9 0.12 0.2 -0.03 4.0 -0.1 16 104 0.03 0.00 0.04
5 13.2 0.9 0.10 0.2 5.0 -0.2 25| Regression model 1.02 0.02 0.00 0.03.
6 132 09 o008 02 60 04 3efa 00950711 100 002 000 003
7 13.3 0.9 0.08 0.2 7.0 -0.5 49|b -0.015146) 0.99 0.02 0.00 0.02
8 13.3 0.9 0.06. 0.1 8.0 -0.6 641kl 1.099737| 0.97 0.01 0.00 0.02
9 13.3 0.9 0.06. 0.1 9.0 -0.7 811k2 0.015146) 0.96 0.01 0.00 0.02

10 133 0.8 0.05. 0.1 10.0 -0.9 100|r2 0.938388797| 0.95 0.01 0.00 0.02
11 13.4 0.8 0.05. 0.1 11.0 -1.0 121Sx,y 0.005656582 0.93 0.01 0.00 0.02
12 13.4 0.8 0.05. 0.1 12.0 -12 0.92 0.01 0.00 0.02
13 134 95 133 990 133 990 91 08 o004 01 130 13 001 000 00
14 13.4 99.5 133 99.0 13.3 99.0 99.1 0.8 0.04 0.1 14.0 -1.4 0.01 0.00 0.02
15 13.5 99.4 133 99.0 13.3 99.0 99.1 0.8 0.04 0.1 15.0 -15 0.01 0.00 0.02
16 135 994 134 989 134 989 990 08 o004 01 160 18 001 000 o001
17 135 99.4 13.4 98.9 13.4 98.9 99.0 0.8 0.03. 0.1 17.0 -1.9 0.01 0.00 0.01
18 13.6 99.3 13.5 98.8 13.5 98.8 99.0 0.8 0.03. 0.1 18.0 2.2 324] Student's t Calculation 0.01 0.00 0.01
19 13.7 99.2 13.6 98.7 13.6 98.7 98.9 08 0.04 0.1 19.0 -2.5 361{Sum[dB]~ 26.9| 0.01 0.00 0.01
20 13.8 99.1 13.7 98.6 13.7 98.6 98.8 0.8 0.04 0.1 20.0 -2.9 400[nMean”2 26.05498465 0.81 0.01 0.00 0.01
21 13.9 99.0 13.8 98.5 13.8 98.5 98.7 0.7 0.04 0.1 21.0 -3.3 441f(sum[dB]) 1120.3643398)] 0.80 0.01 0.00 0.01
22 141 988 140 983 140 983 984 07 o004 01 20 39 asafsumxali)- osf 07 o001 000 o000
23 14.2 98.7 14.1 98.2 14.1 98.2 98.3 0.7 0.04 0.1 23.0 -4.4 529a+ (t-value  0.016808737| 0.78 0.01 0.00 0.00
24 14.4 98.5 14.3 98.0 14.3 98.0 98.1 0.7 0.04 0.1 24.0 -5.2 576|b+ (t-valu.__ 0.013301567 0.76 0.01 0.00 0.00
25 14.6 98.3 14.5 97.8 14.5 97.8 98.0 0.6 0.05. 0.1 25.0 -5.8 625 0.75 0.01 0.00 0.00
26 14.7 98.2 14.7 97.6 14.7 97.6 97.8 0.6 0.05. 0.1 26.0 -6.6 676 0.74 0.01 0.00 0.00
27 14.9 98.0 14.9 97.4 14.9 97.4 97.6 0.6 0.05. 0.1 27.0 -7.5 729 0.73 0.01 0.00 0.00
28 15.1 97.8 15.0 97.3 15.0 97.3 97.5 0.6 0.05. 0.1 28.0 -8.2 784 0.72 0.01 0.00 0.00
9 153 96 153 970 153 970 972 0s 005 01 200 93 sm 071 001 000 000
30 15.5 97.4 15.4 96.9 15.4 96.9 97.1 0.5 0.05. 0.1 30.0 -10.1 900 0.70 0.01 0.00 0.00
31 15.6. 97.3 15.6 96.7 15.6. 96.7 96.9 0.5 0.06. 0.1 31.0 -11.2 961 0.69 0.01 0.00 0.01
32 15.9 97.0 15.8 96.5 15.8 96.5 96.7 0.5 0.06 0.1 32.0 -12.2 1024 0.68 0.01 0.00 0.01
33 16.0 96.9 15.9 96.4 15.9 9.4 96.6 0.5 0.06. 0.1 33.0 -13.1 1089 0.67 0.01 0.00 0.01
34 16.2 96.7 16.2 96.1 16.2 96.1 96.3 0.4 0.06. 0.1 34.0 -14.5 1156 0.66 0.01 0.00 0.02
35 16.4. 96.5 16.3 96.0 16.3. 96.0 96.2 0.4 0.06. 0.1 35.0 -15.5 1225 0.65 0.01 0.00 0.02
3 165 %4 165 958 165 958 90 04 00s 01 360  -165 129 064 001 000 002
37 16.8. 96.1 16.7 95.6 16.7 95.6 95.7 04 0.06. 0.1 37.0 -18.1 1369 0.63 0.01 0.00 0.03.
38 16.9 96.0 16.9 95.4 16.9 95.4 95.6 0.4 0.06. 0.1 38.0 -19.2 1444 0.62 0.01 0.00 0.03.
39 171 95.8 17.0 95.3 17.0 95.3 95.5. 0.4 0.06. 0.1 39.0 -20.4 1521 0.61 0.01 0.00 0.03.
0 172 97 172 91 172 91 93 03 00s 01 00 216 1600 060 001 000 004
41 17.5 95.4 17.3 95.0 17.3 95.0 95.1 03 0.06. 0.1 41.0 -23.1 1681 0.59 0.01 0.00 0.04
42 17.6. 95.3 17.5 94.8 17.7 94.6 94.9 0.07. 0.1 42.0 -24.6 1764 0.58 0.02 0.00 0.05.
a3 17.8 95.1 17.7 94.6 17.8 94.5 94.8 0.07 0.1 43.0 -26.0 1849 0.57 0.02 0.00 0.05.
44 17.9 95.0 17.8 94.5 18.0 94.3 94.6 0.07 0.1 44.0 -27.4 1936 0.56 0.00
45 181 94.8 18.0 943 18.1 94.2 94.4 0.07. 0.1 . 45.0 -28.9 2025 0.56 0.00

o.11}

Raw Data with calculated Results for 2.25MHz Transducer in Simulated Drilling Mud

[dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Mean [dB;Ad [dB] Std. [dB] [AQ[aBIling (dB]"2  af(de/cr/ [IEBHME[~ Ad Yy [x Tx*y [AmIcE] JEIBI sar Residt sum(y-ym

%7 1000 28 1000 98 1000 1000 00 000 10 10 000 00 000 30 098 00000 00003 00471

9.9 99.8 10.0 99.8 10.0 99.8 99.8 -0.2. 0.00 1.0 1.0 0.04 0.03 -0.02 4.0 0.97 0.0202 0.0001 0.0388

10.0 99.7 10.1 99.7 10.1 99.7 99.7 -0.3 0.00 1.0 0.9 0.03 0.03 -0.03 5.0 Regression model 0.96 0.0152 0.0001 0.0350

10.1 99.6 10.2 99.6 10.2 99.6 99.6 -0.4 0.05 1.0 0.9 0.03 0.05 -0.05 6.0 a 0.017407| 0.95 0.0159 0.0000 0.0290

10.2 99.5 103 99.5 10.3 9.5 99.5 -0.5 0.00 0.9 0.9 0.03 0.05 -0.06 7.0 b -0.011334] 0.94 0.0155 0.0000 0.0247

10.3 99.4 10.4 99.4 10.4 9.4 99.4 -0.6 0.00 0.9 0.9 0.03 0.06 -0.07 8.0 k1 1.017560] 0.93 0.0145 0.0000 0.0216

10.5 99.2 10.5 99.3 10.6 99.2 99.2 -0.8 0.05 0.9 0.8 0.03 0.07 -0.09 9.0 k2 0.011334) 0.92 0.0151 0.0000 0.0170

10.6 99.1 10.6 99.2 10.7 9.1 99.1 -0.9 0.06 0.9 0.8 0.03 0.07 -0.10 10.0 2 0.997722868 0.91 0.0145 0.0000 0.0145

10.7 99.0 10.8 99.0 10.8 99.0 99.0 -1.0 0.00 0.9 0.8 0.03 0.07 -0.12 11.0 Sx,y 0.000841215 0.90 0.0146 0.0001 0.0115

10.8 98.9 10.9 98.9 10.9 98.9 98.9 -11 0.00 0.9 0.8 0.03 0.07 -0.13 12.0 RMSE 0.000802089) 0.89 0.0142 0.0001 0.0094

10.9 98.8 11.0 98.8 110 98.8 98.8 -12 0.00 0.9 0.8 0.03 0.08 -0.14 13.0 0.88 0.0139 0.0001 0.0076

110 98.7 111 98.7 11.1 98.7 98.7 -1.3 0.00 0.9 0.7 0.03 0.08 -0.15 14.0 0.87 0.0137 0.0001 0.0059

111 98.6 111 98.7 11.1 98.7 98.7 -1.3 0.06 0.9 0.7 0.02 0.07 -0.15 15.0 0.86 0.0129 0.0000 0.0054

111 98.6 11.2 98.6 11.2 98.6 98.6 -1.4 0.00 0.9 0.7 0.02 0.07 -0.16 16.0 0.85 0.0125 0.0000 0.0045

112 98.5 113 98.5 113 98.5 98.5 -15 0.00 0.8 0.7 0.02 0.08 -0.17 17.0 0.84 0.0125 0.0000 0.0033

113 98.4 114 98.4 114 98.4 98.4 -1.6 0.00 0.8 0.7 0.02 0.08 -0.19 18.0 Student's t Calculation 0.83 0.0124 0.0000 0.0022

19 11.4 98.3 115 98.3 11.5 98.3 98.3 -1.7. 0.00 0.8 0.7 0.02 0.08 -0.20 19.0 Sum[dB]* 26.9) 0.82 0.0124 0.0000 0.0014
20 115 98.2 11.6 98.2 11.6 98.2 98.2 -1.8 0.00 0.8 0.7 0.02 0.08 -0.21 20.0 nMean”2 26.35874401 0.81 0.0124 0.0000 0.0007
21 116 98.1 117 98.1 117 98.1 98.1 -1.9 0.00 0.8 0.6 0.02 0.08 -0.22 21.0 (sum[dB]) 1133.4259925 0.80 0.0124 0.0000 0.0003
22 117 98.0 11.8 98.0 118 98.0 98.0 -2.0 0.00 0.8 0.6 0.02 0.08 -0.24 22.0 Sumx2(i)- 0.5 0.79 0.0124 0.0000 0.0000
23 119 97.8 12.0 97.8 12.0 97.8 97.8 -2.2 0.00 0.8 0.6 0.02 0.08 -0.25 23.0 a+ (t-value  0.003231464| 0.78 0.0124 0.0000 0.0000
24 12.0 97.7 121 97.7 121 97.7 97.7 -2.3 0.00 0.8 0.6 0.02 0.08 -0.26 24.0 b+ (t-valur  0.002554988) 0.78 0.0124 0.0000 0.0002
25 12.1 97.6 121 97.7 12.1 97.7 97.7 -2.3 0.07 0.8 0.6 0.02 0.08 -0.27 25.0 0.77 0.0121 0.0000 0.0003
26 12.2 97.5 12.2 97.6 12.2 97.6 97.6 -2.4 0.07 0.8 0.6 0.02 0.08 -0.28 26.0 0.76 0.0121 0.0000 0.0007
27 123 97.4 123 97.5 123 97.5 97.5 -2.5 0.07 0.7 0.6 0.02 0.08 -0.29 27.0 0.75 0.0122 0.0000 0.0013
28 123 97.4 12.4 97.4 12.4 97.4 97.4 -2.6 0.00 0.7 0.5 0.02 0.08 -0.30 28.0 0.74 0.0120 0.0000 0.0018
29 124 97.3 12.4 97.4 12.4 97.4 97.3 -2.7 0.07 0.7 0.5 0.02 0.08 -0.31 29.0 0.73 0.0118 0.0000 0.0021
30 124 97.3 125 97.3 125 97.3 97.3 -2.7 0.00 0.7 0.5 0.02 0.08 -0.31 30.0 0.72 0.0117 0.0000 0.0028
31 126 921 125 973 125 973 972 28 007 07 05 002 008 -032 310 072 00114 00001 00032
32 12.7 97.0 12.7 97.1 12.7 97.1 97.1 -2.9 0.07 0.7 0.5 0.02 0.08 -0.33 320 0.71 0.0115 0.0001 0.0044
33 12.8 96.9 12.8 97.0 12.8 97.0 97.0 -3.0 0.07 0.7 0.5 0.02 0.08 -0.35 33.0 0.70 0.0116 0.0000 0.0058
34 129 96.8 129 96.9 129 96.9 96.9 -3.1 0.07 0.7 0.5 0.02 0.08 -0.36 34.0 -12.3 1156 0.69 0.0117 0.0000 0.0074
35 13.0 9.7 13.0 96.8 13.0 9.8 96.7 -3.3 0.07 0.7 0.5 0.02 0.09 -0.38 35.0 -13.2 1225 0.68 0.0117 0.0000 0.0093
36 13.2 96.5 131 96.7 13.1 9.7 96.6 -3.4 0.07 0.7 0.5 0.02 0.09 -0.39 36.0 -14.1 1296 0.68 0.0118 0.0000 0.0113
37 13.2 96.5 133 96.5 13.3 96.5 96.5 -3.5 0.00 0.7 0.4 0.02 0.09 -0.40 37.0 -14.8 1369 0.67 0.0118 0.0000 0.0128
38 13.3 96.4 13.4 96.4 13.4 96.4 96.4 -3.6 0.00 0.7 0.4 0.02 0.09 -0.42. 38.0 -15.8 1444 0.66 0.0119 0.0000 0.0151
39 13.4 96.3 13.5 96.3 13.5 96.3 96.3 -3.7 0.00 0.7 0.4 0.02 0.09 -0.43 39.0 -16.8 1521 0.65 0.0120 0.0000 0.0177
40 13.6 96.1 13.5 96.3 13.7 96.1 96.2 -3.8 0.08 0.6 0.4 0.02 0.09 -0.44 40.0 -17.6 1600 0.65 0.0119 0.0000 0.0195
41 13.7 96.0 13.7 96.1 13.7 96.1 96.1 -3.9 0.08 0.6 0.4 0.02 0.09 -0.45 41.0 -18.5 1681 0.64 0.0119 0.0000 0.0214
42 139 95.8 13.8 96.0 13.8 96.0 95.9 -4.1 0.08 0.6 0.4 0.02 0.09 -0.47 42.0 -19.6 1764 0.63 0.0120 0.0000 0.0244
43 139 95.8 13.8 96.0 13.8 96.0 95.9 -4.1 0.08 0.6 0.4 0.02 0.09 -0.47 43.0 -20.1 1849 0.63 0.0117 0.0000 0.0244
44 13.9 95.8 14.0 95.8 14.0 95.8 95.8 -4.2 0.00 0.6 0.4 0.02 0.09 0.62 0.0117 0.0000 0.0265
45 14.0 95.7 14.1 95.7 14.1 95.7 95.7 -4.3 0.00 0.6 0.4 0.02 0.09 0.61 0.0118 0.0000 0.0299

[ o4
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Distance Tof [pse

[cm/(sec Distance |Tof [use

Sound Velocity for Sim,

ud at

c Tof [ sec Tof [use
15.7 1!

1MHz

Sound Velocity for Sim,

c Std. [usec Mean Tof V [cm/(sec Distance |Tof [ se:

] Tof [ sec] Tof [
7 15.7

Appendices

sec] Std. [usec; Mean Tof V [cm/(sec

3 14.8 14.9 14.9 0.06 14.9  2017.9 3 15.7 5.8 0.1 157 1906.8 3 X 15.8 0.1 157 1906.8
4 19.8 19.8 19.8 0.00 19.8  2020.2 4 21.1 20.6 20.7 03 208 19231 4 211 20.6 20.7 03 208  1923.1
5 24.5 24.6 24.7 0.10 24.6 2032.5 5 25.9 25.5 25.6 0.2 25.7 1948.1 5 25.9 25.5 25.6 0.2 25.7 1948.1
6 20.4 29.4 29.4 0.00 294  2040.8 6 30.9 30.8 31 0.1 309 19417 6 30.9 30.8 31 0.1 30.9 19417
7 34.3 34.3 34.4 0.06 34.3 2038.8 7 35.7 35.7 35.8 0.1 35.7 1959.0 7 35.7 35.7 35.8 0.1 35.7 1959.0
8 39.1 39.2 39.3 0.10 392 20408 8 406 405 40.6 0.1 406 19721 8 206 405 40.6 0.1 406  1972.1
9 44.1 441 44.0 0.06 441 20424 9 45.6 45.4 45.5 0.1 455  1978.0 9 45.6 45.4 45.5 0.1 455  1978.0
10 49.0 49.1 49.0 0.06 49.0 2039.4 10 50.4 50.2 50.4 0.1 50.3 1986.8 10 50.4 50.2 50.4 0.1 50.3 1986.8
1 53.9 53.8 53.9 0.06 53.9  2042.1 11 55.3 55.2 55.3 0.1 553 1990.3 11 55.3 55.2 55.3 0.1 553 1990.3
12 58.7 58.7 58.7 0.00 58.7 2044.3 12 60.1 60.1 60.1 0.0 60.1 1996.7 12 60.1 60.1 60.1 0.0 60.1 1996.7
13 63.6 63.5 63.6 0.06 63.6 2045.1 13 64.9 64.9 65 0.1 64.9 2002.1 13 64.9 64.9 65 0.1 64.9 2002.1
14 68.4 68.4 68.4 0.00 68.4 2046.8 14 69.8 69.8 69.8 0.0 69.8 2005.7 14 69.8 69.8 69.8 0.0 69.8 2005.7
15 73.1 73.2 73.2 0.06 732 2050.1 15 74.6 74.5 74.6 0.1 746 20116 15 74.6 74.5 74.6 01 746 20116
16 77.9 78.1 78.1 0.12 78.0 2050.4 16 79.5 79.5 79.5 0.0 79.5 2012.6 16 79.5 79.5 79.5 0.0 79.5 2012.6
17 82.8 83.0 82.9 0.10 829 2050.7 17 84.3 84.3 84.3 0.0 84.3 2016.6 17 84.3 84.3 84.3 0.0 84.3 2016.6
18 87.7 87.7 87.8 0.06 87.7 2051.7 18 89.2 89.2 89.1 0.1 89.2 2018.7 18 89.2 89.2 89.1 0.1 89.2 2018.7
19 92.6 92.7 92.5 0.10 92.6 2051.8 19 94.1 94 94 0.1 94.0 2020.6 19 94.1 94 94 0.1 94.0 2020.6
20 97.4 97.6 97.4 0.12 97.5 2052.0 20 99 98.9 98.9 0.1 98.9 2021.6 20 9 98.9 98.9 0.1 98.9 2021.6
21 102.3 102.3 102.3 0.00 102.3 2052.8 21 103.7 103.8 103.7 0.1 103.7 2024.4 21 103.7 103.8 103.7 0.1 103.7 2024.4
22 107.3 107.2 107.1 0.10 107.2 2052.2 22 108.5 108.6 108.6 0.1 108.6 2026.4 22 108.5 108.6 108.6 0.1 108.6 2026.4
23 112.1 112.2 112.1 0.06 112.1 2051.1 23 113.4 1135 1135 0.1 1135 2027.0 23 113.4 1135 113.5 0.1 113.5 2027.0
24 116.9 116.9 116.9 0.00 116.9 2053.0 24 118.2 118.4 1183 0.1 1183 2028.7 24 118.2 118.4 118.3 0.1 118.3 2028.7
25 121.7 121.7 121.7 0.00 121.7 2054.2 25 123.1 123.2 123 0.1 123.1 2030.9 25 123.1 123.2 123 0.1 123.1 2030.9
26 126.6 126.7 126.7 0.06 126.7 2052.6 26 128 128 127.9 0.1 128.0 2031.8 26 128 128 127.9 0.1 128.0 2031.8
27 131.5 1315 131.4 0.06 131.5 2053.8 27 132.8 132.8 132.8 0.0 132.8 2033.1 27 132.8 132.8 132.8 0.0 132.8 2033.1
28 136.2 136.2 136.3 0.06 136.2 2055.3 28 137.5 137.5 137.7 0.1 137.6 2035.4 28 137.5 137.5 137.7 0.1 137.6 2035.4
29 141.1 141.1 141.1 0.00 141.1 2055.3 29 142.4 142.5 1425 0.1 142.5 2035.6 29 142.4 142.5 142.5 0.1 142.5 2035.6
30 146.0 145.9 146.0 0.06 146.0  2055.3 30 1473 147.4 147.4 0.1 147.4 20357 30 147.3 147.4 147.4 01 147.4 20357
31 150.9 150.8 150.8 0.06 150.8 2055.2 31 152.1 152.2 152.4 0.2 152.2 2036.3 31 152.1 152.2 152.4 0.2 152.2 2036.3
32 155.7 155.7 155.6 0.06 155.7 2055.7 32 157 157 157 0.0 157.0 2038.2 32 157 157 157 0.0 157.0 2038.2
33 160.5 160.5 160.4 0.06 160.5  2056.5 33 161.8 1619 161.8 0.1 161.8  2039.1 33 161.8 161.9 161.8 0.1 161.8  2039.1
34 165.3 165.2 165.4 0.10 165.3 2056.9 34 166.7 166.7 166.7 0.0 166.7 2039.6 34 166.7 166.7 166.7 0.0 166.7 2039.6
35 170.3 170.2 170.2 0.06 170.2 2056.0 35 171.6 171.6 171.6 0.0 171.6 2039.6 35 171.6 171.6 171.6 0.0 171.6 2039.6
36 175.1 175.1 175.1 0.00 175.1 2056.0 36 176.5 176.5 176.5 0.0 176.5 2039.7 36 176.5 176.5 176.5 0.0 176.5 2039.7
37 180.0 180.1 180.0 0.06 180.0 2055.2 37 181.3 181.4 181.3 0.1 181.3 2040.4 37 181.3 181.4 181.3 0.1 181.3 2040.4
38 184.9 184.9 184.9 0.00 184.9 2055.2 38 186.1 186.2 186.2 0.1 186.2 2041.2 38 186.1 186.2 186.2 0.1 186.2 2041.2
39 189.8 189.7 189.6 0.10 189.7  2055.9 39 191 191.1 190.9 0.1 191.0 20419 39 191 191.1 190.9 0.1 191.0 20419
40 194.5 194.6 194.6 0.06 194.6 2055.9 40 196 195.8 195.9 0.1 195.9 2041.9 40 196 195.8 195.9 0.1 195.9 2041.9
41 199.3 199.4 199.5 0.10 199.4 2056.2 41 200.7 200.7 200.7 0.0 200.7 2042.9 41 200.7 200.7 200.7 0.0 200.7 2042.9
42 204.3 204.3 204.3 0.00 204.3 2055.8 42 205.7 205.6 205.7 0.1 205.7 2042.1 42 205.7 205.6 205.7 0.1 205.7 2042.1
43 209.1 209.0 209.0 0.06 209.0 2057.1 43 210.4 210.5 210.3 0.1 210.4 2043.7 43 210.4 210.5 210.3 0.1 210.4 2043.7
44 213.7 213.8 213.9 0.10 213.8 2058.0 44 215.2 215.2 215.1 0.1 215.2 2044.9 44 215.2 215.2 215.1 0.1 215.2 2044.9
45 218.6 218.6 218.7 0.06 218.6 2058.2 45 220 219.9 220 0.1 220.0 2045.8 45 220 219.9 220 0.1 220.0 2045.8
Average 0.05 116.87 2049.7] Average 0.06 118.2 2014.8] Average 0.06 118.2 2014.8]
Raw Data with calculated Results for 0.5MHz Transducer in Mud
Distance Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Mean [dB/Ad [dB]  std. [dB] [AG[dBIL] (dB]"2  aldB/cm/ [dBl/cm InAd'y' X x*y X*x [AmrE)JEBI o Resid: sum(y-ym
3 232 1000 000 226 1000 000 222 1000 1000 00 00 10 10 00 00 000 30 00 B 3088 070 000 O 080
4 275 87 271 90 261  9%5 256 %4 253 99 %3 37 0s 07 04 37 37 0@ 40 17 16 049 004 003 030
5 318 914 320 911 306 920 296 924 295 927 919 81 07 04 02 40 40 093 50 a7 2] Regression model 034 o004 000 o008
6 356 876 355 876 337 889 326 895 324 898 887 113 10 03 01 38 38 130 60 78 36fa 070%| 024 004 000 003
7 301 841 390 81 380 846 370 80 366 86 847 153 06 02 00 38 38 70 124 9lb 03sss[ 017 004 000 000
8 432 800 423 808 410 816 405 815 399 823 8.2 188 09 01 00 38 38 80 173 64l 203200 012 o004 000 000
9 47 765 462 769 450 776 442 728 438 784 774 226 08 01 00 38 38 90 234 a1k o3sssl 008 004 000 000
0 so9 723 o4 727 493 733 484 737 478 744 733 267 08 00 00 38 38 100 308 100{rn2 09142f 006 004 000 000
11 549 683 548 683 536 690 524 696 520 702 691 309 08 00 00 39 39 10 392 121fsxy o013 004 005 000 001
12 572] 660 576 655 574 652 559 661 558 664 658 342 05 00 00 38 38 120 472 003 005 000 001
13 591 641 606 625 599 627 578 643 582 640 635 365 08 00 00 36 36 130 546 002 005 000 001
14 6l6 616 616 615 621 605 607 613 609 613 613 387 04 00 00 35 35 180 624 001 004 000 001
15 638 594 646 585 642 584 634 586 630 592 88 412 05 00 00 34 34 150 711 significance 001 004 000 001
16 667 565 671 560 669 557 661 559 647 5.5 563 437 07 00 00 34 34 160 805 critical t 001 004 000 001
17 690 542 681 550 681 545 673 547 660 562 549 451 08 00 00 32 32 170 882 000 004 000 001
18 719 513 713 518 709 517 701 519 690 532 520  -480 07 00 00 32 32 180 995 000 004 000 001
19 752/ 480 748 483 749 477 732 488 723 499 485 515 09 00 00 32 32 190 1126 361[sum(aB]~2 000 005 000 001
0 786 446 783 448 778 448 768 452 760, 462 451 549 07 00 00 32 32 200 1264 400[nMeann2 000 005 000 001
21 sLa 418 817 414 806 420 798 422 789 433 422 578 07 00 00 32 32 210 1398 41 (sum(dB])"2 000 005 000 001
22 saal 388 858 3723 836 390 828 392 820 402 389 611 10 00 00 32 32 20 -1548 48a|sumx2(i)-nx_ 000 005 000 001
23 74/ 358 g0 341 874 32 858 362 83 369 36 644 11 00 00 32 32 20 1704 529]a+ (t-value) 000 005 000 001
24 909 323 925 306 913 313 893 327 880 342 322 678 14 00 00 32 32 200 1874 576[b+ (t-value) 000 005 000 001
25 942l 290 972 259 98 278 922 208 917 305 286 714 18 00 00 32 32 250 2056 625
26 971 261 1008 223 979 247 958 262 %48 274 253 747 20 00 00 32 32 260 235 676
27 1002 230 1036 195 1007, 219 994 227 981 241 222 718 17 00 00 32 32 270 2018 729
28 1014 218 1061 1720 1034 192 1016 204 1006 216 200  -800 20 00 00 32 32 80 2579 784
29 1031) 201 1071 160 1049 177 1033] 187 1028 194 184 816 16 00 00 31 31 290 2725 841
[l o oo ol 17 [ ad W 7] s
Raw Data with calculated Results for 1MHz Transducer in Mud
Distance Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Mean [dB] . (de[AdWILing] (d81"2  alds/cr/[THEMGHE 0 Ad 'y X xty XX [AmicE) RN 5o Residt sum(y-ym
3 2727 1000 271 1000 278 1000 268 1000 265 1000 1000 0.0 10 10 00 00 000 30 00 9 45145 084 000 000 100
4 317 90 320 91 324 94 315 953 315 950 954 038 06 03 23 46 053 40 21 16 05 005 000 034
5 31 916 365 906 372 906 362 906 360 905 908 0.4 03 01 23 46 106 50 53 25[_Regression model 03 005 000 012
6 409 88 411 80 418 80 408 80 406 859 82 138 038 02 00 23 46 159 60 96 36fa 1501677] 020 o005 000 004
7 454 823 463 808 462 816 452 86 450  8L5 816  -184 051 01 00 23 46 21 70 149 49lo 0519621f 012 005 000 001
8 503 774 510 761 515 763 502 766 498 767 766  -23.4 050 01 00 23 47 269 80 215 6afk1 4489200) 007 005 000 000
9 547 730 557 714 558 720 549 719 545 720 720 280 058 00 00 23 47 32 90 290 s1fk2 051921 004 005 000 000
0 89 688 604 667 599 679 506 672 504 671 6.5 325  0.80 00 00 23 46 374 100  -37.4 100/r22 0997444| 002 006 000 000
1 631 646 646 625 647 631 642 626 638 627 631 369 087 00 00 23 46 -42a 110 67 1210sx,y 000375| 001 006 000 000
12 668 609 694 5.7 62 586 686 582 682 583 587  -413 127 00 00 23 46 475 120 570 144[RMSE 0003288) 001 006 000 000
13 709  s68 741 530 744 534 734 534 729 536 540 460 155 00 00 23 46 529 130 688 16 001 006 000 000
14 750 527 785 486 786 492 7.8 490 773 492 497 503 168 00 00 23 46 579 140 810 000 006 000 000
15 799 478 827 444 828 450 820 448 815 450 454 546 139 00 00 23 46 -629 150  -943 000 007 000 000
16 850 427 89 402 876 402 82 406 861 405 409 591 105 00 00 23 45 681 160 1089 000 007 000 000
17 887 390 918 353 98 350 911 357 906 359 362 638 16l 00 00 23 46 735 170 1249 000 007 000 000
18 955 322 970 301 978 300 90 308 957 308 308 692 088 00 00 23 46 797 180 1435 000 008 000 000
19 997 280 1012 259 1017 261 1005 263 1002 264 266 734 084 00 00 23 46 846 190  -160.7 000 008 000 000
20 1039 238 1050 221 1054 224 1040 228 1041 224 227 773 065 00 00 23 45 890 200 -1780 000 005 000 000
21 1060 217 1075 196 1067 211 1071 197 1056 209 206 794 091 00 00 22 44 914 210 1919 000 005 000 000
[ oo oi] 19 435 17] 0.1 0.0] 1.53]
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Raw Data with calculated Results for 2.25MHz Transducer in Mud

Appendices

0.9622
0.4870
0.2465
0.1248
0.0631
0.0320
0.0162
0.0082
0.0041
0.0021
0.0011
0.0005

91
53
315
37
39
502
%9
631
63
75
87
879

0 0.001428 10
0.059031 0.000892 03
0.06199 0.000217 0.1
0.065653 8.55E-06 0.0
0.070013 9.39E-06 0.0
0.074002 1.25E-05 0.0
0.075744 1.56E-06 0.0
0.07799 9.44E-08 0.0
0.08166 2.17E-08 0.0
0.085527 8.26E-10 0.0
0.089974 3.386-10 0.0

6.456-09

0.093348

005 1906 1573.977
004 253 1579719
004 3152 1586.294
005 3774 1589.825
008 4398 1591633
011 5022 1592.991
008 5678 1585.065
004 6302 1586798
005 6926 1588.218
004 7548 1589.825
022 8188 1587.689
022 818 1587.662
009 5354 158669

I Testl | Test2 I Test3 T Testd | Tests |
Distance Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Gain [dB] Rel. Amp. Mean [dB[A td. (dB] [AGIGBILY (dB]A2  alds/em/ [dBl/em(2in Ad"y' X
3 338 1000 315 1000 314 1000 314 1000 314 1000 00 10 0 000 o 000 9 5.9162
a 39.8 94.0 37.2 94.3 36.9 94.5 37.1 94.3 37.2 94.2 0.2 05 03 127 5.73 -0.66 16
5 46.2 87.6 432 883 2.8 886 428 88.6 429 885 04 03 01 130 5.83 -134 25[ Regression model
6 52.2 816 49.2 823 49.1 823 49.1 823 49.2 82.2 03 01 0.0 132 5.96 -2.06 36la 2.0043
7 59.1 74.7 56.0. 75.5 55.6 75.8 55.6 75.8 55.3 76.1 0.5 01 0.0 136 6.11 -2.81 49(b -0.6810]
8 65.4 68.4 62.8 68.7 62.2 69.2 62.0 69.4 61.8 69.6 0.5 0.0 0.0 137 6.19 -3.56 64[k1 7.4212|
9 70.9 62.9 68.1 63.4 68.0 63.4 67.6. 63.8 67.4 64.0 0.4 0.0 0.0 135 6.09 81fk2 0.6810|
10 76.9 56.9 73.8 57.7 733 58.1 733 58.1 725 58.9 0.7 0.0 0.0 1.34 6.01 100|r"2. 0.9981]
11 82.6 51.2 80.1 514 79.3 52.1 79.0 52.4 78.2 53.2 0.8 0.0 0.0 133 6.00 121YSx,y 0.0051]
12 885 453 85.5 46.0 85.2 462 84.9 46.5 83.9 475 0.8 0.0 0.0 133 5.97 144|RMSE 0.0042]
13 93.9 39.9 90.6 40.9 91.2 402 90.9. 405 89.6 418 0.8 0.0 0.0 132 5.93
14 97.7. 361 95.4. 36.1 9.5 349 95.5 359 95.3 36.1 05 0.0 0.0 1.30
0.5] 0.2] 1.4
tudent's t Calculatio
Sum[dB]*  1.8399|
(nMean”2 0.3417
(sum[dB])  4.1000)
[sumx2(i)-  1.4982
a+ (t-value  0.0115
b+ (t-valu__ 0.0028|
Sound Speed Calculation for 0.5WiHz frequency in water Sound Speed Calculation for 1MHz frequency in Mud Sound Speed Caldation o L25MH frequency n water
Distance [ Tof [u sec. Tof [ sec Tof [u sec. Tof [u sec Tof [useclszd [Eec Mean Tof V [m/(sec]|
i ;;2 i; ;;; ;;; i;i z:;; 2:2; j::;g Distance [ Tof [p sec| Tof [u sec] Tof [w sec] Tof [ sec] Tof [ sec|Std. [usec] Mean Tof (u:V [m/(sec)]
5 359 353 361 349 349 059 3554 14069 3 209 204 204 205 205 0.2 205 1460.6 Distance | Tof [usec Tof sec Tof [sec Tof [usec Tof [sec|Std. [usec Mean Tof V [m)/[sec
6 s a9 2 as @ oom a9 14313 4 27.2 27.3 27.3 27.2 27.2 0.1 27.2 1468.4
z 4ot a8 8 5l 0576 4Rd2 1457 5 333 332 335 334 335 0.1 334 1497.9 B LS.
8 sas  ss2 553 ss2 552 0152 556 14503
s 63 614 614 613 589 1097 6086 14788 6 395 39.6 39.6 395 396 01 396 1516.7 4 B4 B3 B3 B3
10 e85 675 624 675 6.4 0472 6.66 14780 7 45.8 45.9 a6 5.7 45.8 0.1 45.8 1527.1
u 747 78 746 746 746 0089 7466 14733 8 52.7 526 52.7 525 526 01 526 15203 5 35 316 35 35
12 808 808 808 808 807 0045 8078 14855
3| 6.8 26.9) #6.9) 26.9) IR 26.9]  1496.0) 9 58.8 58.8 58.8 58.9 58.9 0.1 58.8 1529.6 6 331 38 Hn1 38
14 9 w9 929 93 931 0084 9298 15057 10 65.1 65.1 65.1 65 65 0.1 65.1 1537.0 7 u 89 u 41
15| 1001 1003 1002 1002 1002 0071 1002 1457.0] 11 714 71.2 713 71.2 712 0.1 713 1543.6 - -
16 1062 1063 1062 1064 1062 0089 10626 15057 8 w4 02 502 5L
B b 4 1e 126l 124 oosa| 1248 1s11s) 12 77.6 77.3 775 775 77.3 0.1 77.4 1549.6 . . . ¥
18 195 1187 186 1186 186 039 1188 15152 13 84 84.2 84.4 84.2 84.2 0.1 84.2 1543.9 9 %7 %8 %8 567
Bome mg m ma mee o me o el e mo  ses %5 %5 S04 03 sed  ded oo oo L
o e ose s ried 15 9.1 9.7 9.7 9.5 9.5 0.2 9.5 1554.4
2 1a48 52 142 1442 141 0497 14452 15223 16 1031 1028 103 1027 1027 0.2 102.9 1555.5 1 892 63 63 62
23 sl 1511 1513 1505 1503 0434 15086 15246 17 1092 1089 1091 1087 1089 0.2 109.0 1560.2 DB B BS RS
24 1573 1573 15725 1576 1574 0130  157.42 15246 . 1 X X
e i ima el iees o0 iessel o7l 18 1153 1151 1153 1151 1153 0.1 115.2 1562.2
26 1707 1695 1696 1697 1697 0488  169.84 15309 19 121.2 121.2 121.4 121.3 121.4 0.1 121.3 1566.4 B 8 88 87
7 768 1558 1758 1765 1771 057 1764 15306 20 1283 1275 1277 1274 1275 04 127.7 1566.4 4 83 B4 83 @
28 1842 1835 1831 183 1831 0550 18346 15262 . X
i i i il s iaes iaa 21 1342 1336 134 1338 0.2 133.9 1568.1
0.15 775 1535.6

0317 106.124 1487.317]

Appendix E: Univariate regression Matlab Sample code used

%load('Water0.5MHz Univariate.mat’);

X=MHzWater(Log);
% Center the data;
X=X-repmat(mean(X,1),size(X,1),1);

%% Define the vectors X and Y from data matrix

Y=X(:,2);

X=X(:,1);

% Find the estimate of B

B=(inv(X'*X))*(X'*Y);

% Display the value of B

B

% Plot a scatter plot of X and Y

scatter (X,Y,filled");grid

hold on;

% Plot the line defined by (A = 0 since the data is centered)
line(Imin(X),max(X)1,[(B*min(X)),(B*max(X))],*");

legend('X Data',"Y Predicted")

title('Univariate regression with Logarithmic data for 0.5MHz in Water")
xlabel('Distance[cm]’)

ylabel('Amplitude [dB]")
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