(% AUB

American University of Beirut

Sy STV el
Final Report
Development of Al Slick Thickness Senscs

Imad H. Elhajj, Daniel Asmar, Mahdi Saleh, and Ghassan Oueidat
American University of Beirut i Lebanon

Prepared for:

U.S. Department of the Interior, Bureau of Safety and Environmental Enforcemen

Versions:

Version Reason for Change Date Changed by

1.0 Updated mechanical work 15 January 2018 G. Oueidat

11 Updated instrumentationand |, 7 5. v o018 | M. Saleh
testing Compiled the report

1.2 Reviewedhe completereport 20 January 2018 D. Asmar

1.3 Includedadditions 20 January 2018 M. Saleh

14 Review and additions 21 January 2018 I. Elhajj

15 Additions and corrections 22 January 2018 M. Saleh

1.6 Final review 22 January 2018 I. Elhajj

1.6 Review 1 February 2018 K. McKinney

1.7 Additionsand Corrections 12 February 2018 M. Saleh

1.8 Final review 14 February 2018 I. Elhajj

19 Final Approval 27 February 2018 K. McKinney

Submitted to:

Name

Affiliation

Authority

Kristi McKinney Bureau of Safety and

EnvironmentaEnforcement

ContractOfficer
Representative (COR)

This final report has been reviewed by the BSEE and approved for publication. Approval
does not signify that the contents necessarily reflect the views and policies of the BSEE,
nor does mention of the trade names or commercialgucts constitute endorsement or

recommendation for use.

This study was funded by the Bureau of Safety and Environmental Enforcement (BSEE),
U.S. Department of the Interior, Washington, D.C., under Contract EL7PC00001.



Executive Summary

The Bureau of 8f ety and Environment al Enf orcement 0s
(OSPD contracted th&merican University of BeirutAUB) to develop two oil thickness sensors under
BSEEAward #E17PC000QIThese sensors are designed to measure the thicknesgas crude and
refined oils on waterand wirelessly communicate thickness information in neartieal While the

first sensor (referred to as Capaatand shown irFigurel) is intended to measure thickness in the
range é 3mm and above, the second (referred to as Spectro) is intended for thicknesse&rimalow
The Capacitivesensorrelies on measurinthe capacitance of the oil/water/air that it contacts ansl use
this data toestimatethe locatiols of the o#air and oilwater interfacesDetermining instantaneous
interface locations of each fluid along the probe provides the data necessary to calculate the thickness
of the oil layer.The Capacitive sensor idesigned to vertically mount to a skimmer, boom, or floating
buoy and provide thickness readingsnotelyor to be hand held

The Capacitive sensor waesigned to operate in a dynamic environmeittere it travels through
waves and measures thickag¢srough varying water conditionehe Capacitivesensor willbbeusedin

oil spillsto provide slick thicknesastimates, in orddo guide response operatahsring oil recovery
operations.The Spectro senspishown inFigure 2, is a freefloating sensor that uses LHEiased
spectrometry to measure very thin layers of oil with high resolution (up to a thickness of a few
millimeters). This sensor issed to determine the presence dhinoil sheen.

This report d&ails the main milestones of the project and is not meant to be a comprehensive log of all
tasks carried out. The report discusses preliminary designs of the sensors including initial testing,
experimental testbeds developed, design refinement and teatidgOhmsett testing. The tests
conducted aDhmsettwvere performeas per a predefined test matrix (with exceptipasgisted by the

( E

team at Ohmsett, AUBengineerst e st e d both Capaci t operationa and Spec

measurementd.esting of both ensors took place between November 27 and DecemBéd 7.

Page2



Figure2: LED-based sensor

The testing at Ohmsdtir the capacitive sensircluded(1) indoordipping testsn the small tankising

four test oils, (2outdoor draggig tests at three speeds using the movable bridge mounted over the
main tankin calm water conditiongsingtwo test oils(3) outdoorwave testing with the sensor attached

to commercially available oil skimmer the main tankand subjected to multiple wa conditionsising

one test oil The testing at Ohmsett for the spectro sensor incl@iethdoor freefloating tests in a

small tank using two test oils, (2) outdoor fitgating tests in the main tank and subjected to multiple
wave conditions using ertest oil.The experimental results are discussed in detail iCkiagter7. In

general, the capacitive sensor showed very good accuracy during the indoor testing, where the average
absolute error rangddom less than 1mm to around 5Smmthe worst casalynamicscenarios. Also,

the sensor showed a good accuracy during the bridgented dragging tests where the average
absolute error was around 6mm. During the-fteating tests with waves, the capacitive sensor showed

an acceptable accuracy in mostlod cases where the absolute average error was less than AOmm.
expectedit was observed that the capacitive sensor accarmppedwhile testing against aggressive
waves(Harbor chop)and heavy oils types, due to gignificantoil-fouling. Based otthe experimental

results, several improvements for the sensor design are suggested at the end of this report, to enhance
the sensor performance during dynadfiigeiid conditions, and tfurtherdecrease the eibuling effect

on the sensor accuracy.

For the spectro sensor, a very good accuracy was obtained during the indoor tests, especially while
dealing with transparent oil sheens such as diesel, with an average absolute error of lesguthan 400
During the freefloating tests, despite the high standdediation values of the spectro measurements
caused by waves, the sensor overall accuracy was also acceptable, with an average absolute error of
around 500Qm. However, it was observed that the sensing range of the spectro sensor was decreased to
less thariimm when dealing with opaque oil types such as HOOPS (fresh). Aldouliilg of the

sensor lenses impacted the accuracy of the spectro device, especially at very thin oil thicknesses. It is
important to note that the spectro experiments encounterethdimigation in validating the ground

truth thickness, since it was hard to obtain unifordiltributed oil sheens at thin oil thicknesses (below
500um). Based on the experimental results, and aiming to enhance the performance of the spectro sensor
devie, several suggestions are included at the end of the report for future development.
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Chapterl- I nt roducti on

This report presents the design, prototyping, andntestf two low-cost floating oil thickness
measurement instrumentlatprovidenearreattime measumn@ents forcleanup operations during olil
spill incidents. The first sensor is designed for skimming operations, thieileecond is more suited
for oil spll tracking, and oil volume estiation. The first sensor is desigriede installed oaskimmer
(ex. TERMITE skimmef28]), aboom orafloating buoyto helpdirect cleaning operatioithe second
sensor is designad be momtedon a freefloating buoy. The presented experimental work and ggstin
demonstrates the accuracy aageatability of the proposéastrumentsinder different environmental
conditions

1.1 Background

Sea routes are used fbe transportation afil acrosdifferentcountries all over theorld, using large
oil tankers. Given the high reliancétbe world on oil and gas, atige associated high volume of traffic
at seait is not uncommon to witnesecidentabil spills[1]. Also, oil spills occur due to the release of
different oil types (crude/refined) from offshore platforms, oil wells, and pipelifiesse accidents
have lom-term hazardous effects on teavironment, especially on living organismgisias hids,
mammals, and fish.

Studies have revealed that in an oil spill, roughly ninety percerteobit volume is located in ten
percent of the oil spill ar¢2]. In addition, the appearance and thiclknefslik changes with respect
to time and weather conditions. Althouggmediatioroptions are available duringr@sponse to an oil
spill, one of the key features impacting the effectass of the cleaning techniquissknowing the
actual thickness of oil in slick area. For instancejhen at least 1 mm of oil thickness is detecied
situ burningis an option as a method to removeFor denser and meremulsifiedoils, burning is
possible only at thickness ranging from three to ten millime8kimmmers arewvidely used in dispill
response to recovéipating oil; unlike other chemical based techniques such as damerskimmers
perform physicabil/water separation by using gittracting and gravitpased technique# addition
to the sea stat@resece of ice, and other environmental conditions, oil gpitknessis one of the
most importantactors thagaffectsthe effectivenes®f skimmer§3].

To conclude oil thickness isa critical parameter thanbfluences the effectiveness of seveadl
remediation techniqueand its knowledgés essentiain directingthe cleanup platform§he sensors
we arepresering herecontributeto enhancing the efficiency of the currently used alggprocesses,
by providing oil situational awareness, goide cleanup crews towardee needed areas

1.2 Related Work

Techniques used to estimatd thickness or detedts presencecan be based on either remote
measurements or contdzdsed measurement. In what follows, wd digcuss both approaches.

1.2.1 Remote Sensing Techniques

Remote sensing techniques, such as visual imaging and visual observation, are widely used for assessing
oil spills. By utilizing airborne vehicles, visual observaiowhere an expert provides an estimate

the slick thickness based on color observaboissone of the simpleshethods used to locatsnd

estimate oil spillHowever, due thazeand lightreflectionfrom the sean some cases visual inspection

may be affected4]. Furthermore the success of visual imaging techniques is affected bgeae
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conditions as well theemperature condition§or instance, it can be difficult to see less buoyant oil
types while being swamped by wavesollectinginto unpredictable shapes during rough sea surface
conditions or in cold watetn the case of reflecting sunlight, ocean water may appear very bright and
it may be difficult, using traditional imaging techniques, to detect thin oil films floating on the water
surface.

Hyperspectral imaging from airborne vehicl8§, is another type of remote sensing technitha is
widely used to detect and monitor oil spills, where experiments revealed a high correlatiom lodtwee
spill spectral reflectance values and-gpill thickness measurements. The main limitation in
hyperspectral imaging was in applying it from airborne or satellite platfdreause oil spectral
measurement@rehighly affected by cloud coverage, iting conditions, and sea state.

Microwave passive imaging is another technique for measuring oil thicknesaiftmme or satellite
platforms and is somewhat unaffected by cloud coverage and adverse weather conditions. For instance,
in the work of Calh et al[6], oil spill locationswere detected through temperature measurements,
collectedfrom a Special Sensor Microwave Imager (SSMAhdan Advanced Microwave Scanning
Radiometer for EOS (AMSIE) satellitecarrying passive microwave sensors. The analysis of the
obtained satellite images revealed that the temperature of the oil spill area was gredter tfidine
surrounding unpolluted areas. Therefore, -teaé monitoring for a sudden or abnormal shift
temperature within the same area may be used for detecting an oil spill accident. However, oil thickness
estimation based on temperature variations could not be easily performed because the oil temperature
is affected by several factors other tharthisknesssud asits dielectric constafif].

To summarizealthoughairborne andégpace borneemote sensing techniques are helpfyiroviding a
relatively global assessment of the oil thickness, they fieeted by lighting antr atmospheric
conditions,andtheyarerelatively expensivecompared to @entactbasedsensingechniques

1.2.2 Contactbased Methods

Contactbased oithickness measurement methods refer to the more traditional instrumentation
approachsg, such as conductivity, capacitance, light arrays, electromagnetic, and8}ig&jn For
example, in the work of Denkilkian et al. [8] conductivity and LED arragee used in implementing

a wireless oithickness measurement sensor; it relied on a blue-&uEdy to detect the variation in
received blue light intensity as it propagates through oil or water. Also, a metallic array was used to
detect the oil thicknedsased on electric conductivitguch techniquerely on the fact that different
aqueous solutions feature different conductive properties. The main factor that affects the water
conductivity is the concentration of dissolved salts and other chemicaldrincontrast to seawater,
which is highly conductive becauseitsfsodium ions, oil possesses low electric conductivity. Variation

in the received voltage by the conductive plates was used in estimating oil thickness. Although the
implemented prototypprovided acceptable results, it suéfdfrom problems ofcorrosion,as well as

alow resolutionin the order oBeverakcentimeters.

Capacitive sensing is widely used for liquid level dete¢fibh [11]. The continuous capacitive
measurement techniques are used mainly in measuring liquid levels in storagevkemksaccurate
calibration is needed before operatid®?]. Unlike the conductivitybased sensorshe capacitive

sensing approach does not require direct contact between the sensor conductive plates and the examined
liquid (Oil/Water).As a consequencey lavoiding direct contact electrical corrosion is also awhitie
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comparison to other contabased oil thickness estimation technigueapacitivebased sensing
promises to benore reliableandhas donger operating lifetime.

1.3 Selected Sensors Description

In this project, wo sensors (Capacitive afghectrd were implementegargeting different resolutions

and applications. The sensing concept used in each sensor is described briefly in the sections below.
The other chapters of thisportdescribe the detailed implementation and testing of each of the two
Senses.

1.3.1 Capacitive Array Sensor

The capacitiveifjuid-level measurementechniqueis usedto monitor, with high resolution, rapid
changes in liquid amount3raditionally, this technique is used detect fluid variations, by using
capacitive sensors compogafth couple of conductive plates. The conductive plates are separated by a
constant distance of dielectric material. The capacitance value measured by the sensor without the liquid
is called the Net Capacitanc€n0 . After addi ng | thgoapadtande rchammgest h e
depending on the liquid amount and typeCas Ar x C,, where~; is the relative permittivity of the

liquid. The capacitive sensor plates could be shaped in different designs, including planar plates,
cylindrical probes, and wires.

The capacitive sensorproposed heraffers a novel designmeasuing oil thickness based on a
geometrical array of conductive electrodes mounted on actmsiv PCB board. This sensing
methodologywhich werefer to aggeometricatapacitivesensingrelies on discretealues reported by
an array of adjacent strips. This isdontrast taabsolute measurementsedin traditional capacitive
liquid-level sensing application®il thickness calculation ighen estimaté based on thgeometrical
dimensionsof the sensoafter detecting the number of electrodes immersed inThik change in
capacitance at each electrode, caused bychiamge in the dielectric constant of the surrounding
material is measured independentty order to detect the type ehvironment(air/oil/water) it is in.
The electric field formed by the electradés affected by the different types oknvironments
surrounding the sensor, thus permitting the differentiation between them based on the change in the
correspondinglielectric constant.

1.3.2 Spectrebased Sensor

The Spectrébased sensads based orthe phenoranon oflight absorption to determine oil thickness.
The sensor is designdar oil thickness measuremerds relatively high resolutiongil thicknesss
estimaed by analyzing thentensity ofabsorbed light pasgy through the examined liquidPrevious

work done on the spectral analysisirevealed that the correlation between oil thickness and spectral
reflectance was highly affected by external lightening conditions. To address this problem, the LED
basel sensor is packaged inside an encloguigolatethe examined liquid frordaylight Ourproposed
design is inspired by that tiat of Yeh and Tserd 3].
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Chapter2- L EEb as ed Seesnisgorim iaDiedat i ng

2.1 SensorDesign

The LEDbased sensor is composed of three main units: Processing and Communication Unit (PCU),
Light Source Unit (LSU), and the Light Receiver Unit (LRU). H@U calculates the oil thickness by
analyzing the intensity of the received light signalcquires the location from a GPS module and
sends the data to the base station through a wireless transceiver module. The overall block diagram
describing the main design of the sensor is shovigare 3.

Processing and Communication Unit

Wireless (RF) GPS (SKM 53)

T l

Microcontroller (Arduino Nano)

Output Control
Frequency Commands
Light Receiver Unit Light Source Unit
(Light Sensor + (LED + Power
Configuration unit) Supply)

Figure3: LED-based SenserBlock Diagram
2.2 SensorComponents

2.2.1 Light-to-Frequency @nverter (TSL230BR)

The main component of 4 IF éFigureRUmoduke provided byiTexas 2 3 0 BR
AdvancedOptoeledronicsSolutions (TAOS]14]. This module performs conversion of light intensity

to frequency at high-resolution It was chosen due to ithange itssensitivity programméically, its
low-power consumption, ahts ability to communicate directly to a microcontroller. The sensitivity of

the photodiode can be selected as one of three options (High, Meatidni,ow and the output
frequency can be scaled to one of four values. The device responds over thenltighdfr 3220nm to
1050nm.

Figure 4 shows the TSL230BR package and its pinout description. The recommended operating
conditions for this device include a supply voltage of 5V and adiemperature range fror25°C

to +70°C. The three sensitivity modes (1x, 18xd100x) are selected using two logic inputs SO and

S1, allowing the optimization of the device response based on the intended application. The output
frequency can be scaled by using two logic inpugs §3) where the output is connected internally to

a series of frequency dividers; dividg 1, 2, 10, and 100rablel).
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- S 8[]s3 _
Sensitivity Adjustment (SO, S1) Frequency Scaling (S2, S3)

sq] 2 7l]s2

FO Enable (Active Low)OE[ 3 6:|OUT Output Frequency

GNEE 4 5:|VDD

Figure4: TSL 230BR Package (Top View)

Tablel: Sensitivity & Frequency Scaling for TSL230BR device

S1 SO Sensitivity S3 S2 Frequency Division Factor
L L Power down L L 1

L H 1x L H 2

H L 10x H L 10

H H 100x H H 100

Instead of building a custom circuit to interface the TSL230BRuieodith the microcontroller board,
the additi on@Hr ebgouaerndc yi LG gyhdikroElektronik§il5] was used. The
board has a 2x5 connector (2¥%% separated pins), which simplifies its conrattivith any PCB or
test boardd6]. Figure 5 shows the Lighto-Frequency Clickmodule andFigure 6 shows its

HSEEECT]"N H[FLEHG ééiié

connections schedtic.

1E
L g DTS

Figure5: Light-to-Frequency Click (Mikroelektronika)
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c1 T E1

100nF 10uF
TSL230BR

Figure6: Connection Schematic (Ligit-Frequency Click Mikroelektronika)

2.2.2 GPS Modulei SkyNav SKM53

The ASkyNav SKM53% GPS moduleKigure7) provided by Skylal17], is based on the MediaTek

3329 singlechip architecture, has an embedded antenna, afBART interface. This module is
characterized byts high sensitivity-{L65dBm) which enables GPS tracking in harsh environments. In
comparison with other available GPS modules in terms of cost, power consumption, and sensitivity, the
SKM53 was found to be preferablEable 2, shows the main technical specifications of the SKM53
GPS module.

Figure7: SKM53 GPS Module

Table2: GPS SKM 53 Technical Specifications

Receiver Type L1 frequency band
Sensitivity Tracking:-165 dbM, Aquisition:-148dbM
Accuracy Position: 3.0m CEP50 without SA (Open Sky)
Acquisition Time Cold/Warm Start: 36s/33s, Hot Start: 1s;AReuisition: < 1s
Dimensions 30mm x 20mm x 8.5mm
Weight 10g
VCC 5V +/-5%
Current 50 mA (typical)
Operating Temp. -40°C ~+85°C
Humidity <95%

Page22



2.2.3 Processing Unit" Arduino Nano

The Arduino Nano development boaFddgure8) is an opersource prototyping platform based on the
ATmega328 microcontrollef18]. This module was selectedue to its lowcost, low power
consumption, and simple programmability. Main technical specifications éfrtheno Nano module
are shown imable3.

Figure8: Arduino Nano Board

Table3: Arduino Nano Modulé Technical Specifications

Microcontroller ATmega328
Operating Voltage 5V
Clock Speed 16MHz
DC Current (I/O pins) 40mA
Input Voltage (VIN pin) 7~12Vv
Power Consuntjon 19mA
PCB Size 18x45mm
Weight 79
Analogl/O pins 8
Digital I/O pins 22

2.2.4  Wireless Transceiver TB394 2.4 GHz

The TB394 module shown igure9 is a lowcost wireless transceiver module (RS232 TTL UART)

for Arduino with an IPEX antenng19]. It operates in two modes, the AT mode and the data
transmission mode. The module is configured while working in the AT mode. A serial port is used to
issue basic AT commands to set the mededrameters (baud rate, frequency settings, ID number,
factory settings, and version informatioable 4, shows the main technical specifications of the
selectedvireless transceiver modules.

Figure9: Wireless Transceiver Module (RF)
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Table4: Wireless Transceiver ModuleTechnical Specifications

Parameter Specification
Operating Voltage 3.3V~5V
RS232 Interface 3.3V/5V TTL level
Frequency Range 24022482 MHz
Transmit powe 20dBm (100mw)
Receiver sensitivity -87dBm
Operating Temperature -40~+85°C
Baud rate 9600 (Default)
Transmission distance 400m (Open Ground)
Size 32x13mm

2.2.5 WirelessReceiver

To receive thesensor measures wirelessly, imalessto-USB receiver modulevas implemented using
the wireless RF transceivéB394 2.4 GHzand a USBo-TTL adapter. A 3Bprinted package was
implemented to fit the two modules connected together on the sameFRLB2(10). The USBTTL
adapter is based ahe CH340 chip, and supports a baug ranging from 50bps to 2Mbps.

FigurelQ: Wirelessto-USB receiver module

2.2.6  Light Emitter Module

Based on the preliminary experimental work done on the spectrometer device, the blueadight
selected as the light emitting module mainly because of the high correlation observed between blue
light absorption and the oil thickness. The basic 5mm blue LED with a 30mA max current consumption
and 3.4VvDC forward voltage drop was selected.

2.3 Circuit Design

The control circuit of the LEEased spectrometdfigure1l), is powered by a linear power supply
composed of a voltage regulator (LM2940) with two capacitors (C1=0.47uF & C2=22uF) for filter
functions. TheLM2940 regulator was chosemimarily due to its low voltage drop (0.5V) which is
recommended fobatterypoweredapplications. The GPS module (SKM53) is connected to the main
controller board through its serial connection pins (RX, TX) and powered lgthditage regulator
output (5V) through a transistor acting as a switch. Since the GPS module is connected to digital /O
Arduino pins, a software serial library is used to replicate the serial connection functionality on those
pins. The wireless transeer module is connected to the hardware serial pins of the microcontroller
(TX, RX) and powered by the regulator output voltage (5V) through a transistor acting as a switch. The
use of transistors (2N3940) is essential due to the relatively high curremingption of the modules
which cannot be handled by the Arduino controller pins. Resistors are used to limit the current between
the Arduino digital pins and the transistors base connector.
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2.4 Hardware Implementation

A doublesided PCB Figure 12) is used to implement the LEBased sensor control circuit. The top
layer of the PCB holds the microcontroller module, the GPS module, and the RF wireless transceiver.
The bottom layer of the PCB holds the LigbtFrequency anverter module carrying the TSL230BR

chip. The blue LED is placed in the bottom part of the buoy (directed upward) and centered with the
photodiode position at the top. While the liquid mixture (Oil/Water) passes through the middle part of
the sensed arethe received light is processed and converted to oil thickness based on the calibration
functions.
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Figurell: LED-based spectrometer control circuit schematic
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Figurel2 LED-based spectrometer PCB
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2.5 Initial Experiments

Given that the LEEbased sensor is intended to measure very thin oil layers, light oil typteanajor

target for testingBased on past experiments presented in the project propbsaé several LEDs with
different colors were wed, the blue light was found to have the maximum correlation between the
absorbed light and oil thickness. To assess the effectiveness of the method in measuring different light
oil thicknesses, a small experimental platfpstmown inFigure13, was implemented representing the
inner part of the sensor buoy. The light source (blue LED) is mounted in the bottom part of the platform
aligned with the receiver at the top of the container. Frequency measurementkeetgytthe light
receiver module at different thicknesses of oil. To knowaittealoil thickness, oil was added to the
containewith controlled amouni®y using a labelenhicro-pipet. The container is closed from its sides

by the blackadhesive mateal. The black cover has one major opening in the bottom side to allow the
blue light to pass, and other minor openings at the top layetetépty some amount of light from the
environmento enter to the container. This is heeded because duringtiopethe sensing part is not
isolatedcompletelyfrom the envionment; instead, water and passthrough the horizontal openings
allowing some exterior light tenter andnterfere with the measurements.

To handle the interference with the exterior ligigtyeral light measurements are taken while the LED

is turned off. When activating the LED, the difference between the new measurement and the stored
measurement is calculated remove the effect of the environmental light. The frequency provided by
the teceiver is directly proportional to the light intensity. In other wohitgherlight intensitiesresult

in increasedrequency of tb generated square wave signal.

To control the sensitivity pins SO and S1 are u$edlecrease the noise effect, low sewvisy was set

by connecting thes1 pin to GND and the SO pin to VCC. The division factor was set to 100 by
connecting S2 and S3 pins to VCC. To measure the output frequency, the output pin of the TSL230BR
was connected to the Arduino second digital povigled with an external interrupt. The frequency is
calculatedby counting the number of rising edges occurred at the pin fortaircénterval of time (1

sec).

Processing and Communication Unit
(Arduino, GPS, and Wireless modules)

Light Receiver Module
(TSL230BR)

» Sensing Area

Light Source
(Blue LED) ¥~

Figurel3 LED-based Sensor Sensing Section (Side View)

2.5.1 LED-basedSensorlnitial Experimenti Light Oil

In this experiment, a lubricating oil with a viscosity of 10 centistokes (R&@¥f) was testedl he
received light intensity was measured successively after adding controlled amounts of oil to the

Page26



container measurdaly its volume. To get the corresponding oil film thickness, the volume (m3) of the
added amount is divided by the area of the container (m2). The eardammensions are listed below:
1 Width =4.€&m
Length = 8.9cm
Height = 5.5cm
Distance between LED andIO0.3cm
Distancebetween PCB and light Receiver module: 1.6mm

=A =4 -4 =4

Thestatistical analysis of the experimental resultthofy-eightsamples (N=383are shown il able5,
and the corresponding graph is showfigure14.

Table5: LED-based SensarLight Oil - Experiment Results
Oil Thickness (mm) 0 122 | 244 | 366 | 488 | 6.1 732 | 854 | 9.77
Mean 69 64 56 45 38 35 31 28 24
Standardeviation 022 | 055| 036 | 0.72 | 048 | 043 | 047 | 045 | 044
Maximum 69 65 56 46 38 36 31 28 24
Minimum 68 63 55 43 37 35 30 27 23

Frequency
(Hz/100)

Frequncy (Hz/100)
w n [6)] (o2} ~ (o]
o o o o o o

N
o

=
o o

0.00 1.22 2.44 3.66 4.89 6.11 7.33 8.55 9.77
Oil Thickness (mm)

Figure14: Output Frequency vs. Oil Thickness Plot (LIBBsed Light Oil Experiment)

As shown inFigure 14, the initial experiments on light oil show a lineatationshipbetween the
received frequency and oil thickness. As more oil is added to the solution, the received frequency
decreases linearly since thexeived light mtensity is decreasedh@& equation relating oil thickness to

the received frequency isbtained by usig linear regression analysi§or instance, for the
experimented oil type with a viscosity of 10cSt, the calibration equation is deflt@ad represented

by the following formulatd V& w @u X Gt X;evhere®is the output frequency aridis the oil
thickness measured in mm.

2,5.2 LED-based Sensor Initial Experimerit HeavyOil

Even though the heavy oil types are not the main target for thebaSBd sensor, this experiment aims
at monitoring the behavior of the sensor when dealing with heavy oil types. The same experimental
procedure used in the ligbtl expeiment was repeated in this test. The light oil wegace with a
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heavy oil sample witha viscosity of 140cSt (Gear Oil). Afterdding controlled amounts of oil, the
output frequency of the light receiver module was calculated and stored for each thisangss size

(N) = 38). The experimetal results are shown ihable6 and the corrggonding graph is shown in
Figurel5.

Table6: LED-based SenserHeavy Oil- Experiment Results

Qil Thickness (mm) 0 0.48 0.73 0.97 1.22
> Mean 64.60 2457 14.65 6.57 2.31
qc:_) § Standard Deviation 0.49 0.50 0.48 0.50 0.47
S Maximum 65 25 15 7 3
- Minimum 64 24 14 6 2
70
60
o)
S 50
N
< 40
>
e
o 30
>
o
i 20
10
0
0.00 0.49 0.73 0.98 1.22

Oil Thickness (mm)

Figurel5: Output Frequency vs. Oil Thickness (LEasedSensor Heavy Oil Experiment)

The result of this experiment showed thatrémeeived light intensity is highly attenuated due to the use
of heavy oil with a viscosity of 14€5t limiting the measurement range to aroundmm2 using the
current sensitivity configuratior.his result was expected due to the ptgisproperties of heg oils.

In addition, it was observethat the relation between the oil thickaesd output frequency is almost
linear after 0.4hm of oil thidkness.

2.6 LED-based Sensor Mechanical Design

As described before, the sensor must be able to measure thin dilikmesses on the surface of water
based orthelight absorption technique, therefore, any light coming from the environment would be
undesirable. On the other hand, oil films with thicknesses in the micrometers to millimeters range are
subject to breakingnd separating into oil bubbles, the film thickness would be discontinands
bubbles will have different and namiform thicknesses along their spread. A package for the@anto

sensor (emitter/receiver) is needed to keep water away from the dlestmod the power source as

well as to maintain a straight and fixed geometry of the opposing parts of the sensor, while considering
the stated constraints, keeping the emitter below water at a fixed distance from the surface, and keeping
stability when waes are present in the sensing environment. Multiple desigresevaluated for the
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sensor packag all intended to act as buoy packadgeégurel6 shows a threpart package focusemh

keeping light away from the light receiveFirst, by having the sensor @0 mpar t ment &6ad p
downward covered by the white curved cap, second by making all other parts mat black to minimize
subsea light reflection. The source/emitter is plac&birmp a r t mehitetCo g &r,t ment O6bd s
as the floating part of the package.

Figurel6: a) Light shield and cap, b) Light shield and floater, c) LED light channel and electronics
holder

Figurel17, shows a first iteration of the modelkigure 16. For ease of manufacturingodifications

weremadeto simplifythed esi gn in terms of geometry. Compartm
where batteries antthe light receiver are placed, similarly to the packagé&igure 16, the sensor is

downward facing, it can be accessed by screwing
direct sunlight from being reflected towards th

floater holding the light source, the source similarly to the caségare16 is powered by the battery

in 6ad usi ng 6widrTehse pmaasisni ndge si gn i mp rFiguredfisghet | n t
reduction of the interferingrosssectionalarea of the wire tubes with the oil film, thus reducing the

film distortion caused in the case of dynamic environments.

Figurel?: a) Electronics case, b) Light shield, c) FloateiCdple channel
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Figurel8, shows theecond iteration based on the fwrevious models. fiis iteration airmfor minimal
manufacturing cost, maximum shading, and buoy stability. Nevertheless, this iteration is not ideal in
terms of pbustness against film distortion.

Figurel18 Maximum shading iteration (isometric view and front section plane view)
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Chapter3- Capac$Senver abasilginti al Testing

3.1 Sensor Design

Since oil is lighter than water, it risesthe top of the water surfacedafioats, thereby forming amil

layer. The capacitive sens@ composed of an arr@f electrodesuilt onto a planar PCB. Capacitance

is measured at each electrode independently to detect the number of electrodesdnmmeitsand

calculate the thicknesBue to sea water waves and the motion of the platform holding the sensor, the
height of the examined liquid may vary up and down through the sensor plates, changing the
surrounding medium of the electrodes (air/oillevy and thus changg the capacitance measured
between each couple of electrodegure19shows a crossection of the geometrical capacitive sensor
design. The main advantage of the vertical capacitive seagengs is that calibration against different

types of oil/water is not needed on site since the sensor functions based on the difference in capacitance
between electrodeand not on the absolute capacitance values.

By using the vertical capacitive sensoray design, the presented sensor can distinguish the water/oil
interface and the oil/air interface. The thickness of oil can be deduced, regardless of where along the
sensor this thickness occurred. In other words, in contrast to several implemeatgtivedliquid level

sensors found in the literatunénich use a floater to maintain a fixed position of the sensor on the top

of the liquid surface, the presented sensor does not require any assumptions regarding its position
relative to the liquid surfze. Illustration inFigure20 demonstrates that if the sensor can deduce the two
interfaces between the different mediums, the thickness can still be calculated (to within the resolution
of the sensor). The appliban of this sensor does not require any special packaging considerations
beyond waterproofing of the box in which the eledesrand the battery are housed.

Electrodes
Air

Capaciance

Iy

v

PCB

Figurel9: Capacitive Sensor Design
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AIR

OIL

Water

Figure20: lllustration of vertical capacitive array at different positions

To maintain an accurate measure while the sensor is being dragged througtethad to reduce the

fouling effect the sensor is designed to be very flatife-like design) so thait possesses minimal
resistance and drag. This way it icut stdrning hr ough
maneuver. Since the sensing array is mounted on a slim PCRBIptaten thickness)ith sharp edges,

water comes off easily from treensor body while dragging, reducing the accumulation of oil on the
sensing stripsThis was evident throughout the tests conducted.

It is important to note that while the main use case of the presented device isntuited on
skimmers/booms, theapaitive sensor design allowr mountingit on several othe platforms
including Unmanned Aerial &hicles (UAV) and drones since the sensor can move freely in
air/oil/water layers without the need fiboaters or fixed platforms. In such casesile scaming the
oil spills area, the drone can take sample measurements of the oil $isi¢iora several locationand
produce a map showgrthe oil distribution in the &cted area.

3.2 Capacitive Sensor Initial Implementation
3.2.1 Capacitive Sensing Unit

Before implenenting the Capacitive sensor prototype, several PCB boards with different electrode
designs(Figure 21) were implemented and testeddemonstratéhe concept of using the capacitive
touch sensing in measuring oil thickneBsefirst implementation of the complete sensing goittains
thirty-seven conductive electrodes distributed equatign top to bottom on the top layer of a double
faced PCB Figure22). The electrodes have the fallimg dimensions: Width: 2mm, Length: 50mm,
Vertical separation gap: 0.5mm. The bottom layer of the PCB contains the tracks connecting electrodes
to the connection socket. A &in D-Subminiature PCB connect§20] [21] was selected to connect

the sensing unit to the capacitive controller modules (MPR121) in the processing unit.- The D
Subminiature connectors are selected due to their compact size, and the high nymisehey offer.

To protect the sensing unit from the effects of direct contact with the examinedditplith reduce
fouling, the PCB was sprayed by an electrically isolating material (Nanopr¢gih)
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Bottom View (Tracks) Top View (Electrodes)

Figure22: Initial Capacitive Sensor Design

3.2.2 CapacitiveProcessng Unit

The capacitive processing ufiigure23) is composed of the capacitive touch controllers (MPR121),
microcontroller module (Arduino Nano), and communication modules (GPS & RF). Basically, the
MPR121 modules are usdd measure the capacitance valudsthe ®nsor electrodes and the
microcontroller board (Arduino Nand$ usedto contol the measurement process)culate the oil
thickness and report itvirelessly to the base station
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Analog Voltage < MUX <+ Sensing Unit (Electrodes Array)
Measured
First and &cond Output Microcontroller WirelessModule
Filter Stages g Voltage ADC g (Arduino Nano) g (RF 2.4GH2)

T

GPS (SKM53)

Capacitive Touch Controller (MPR121)

Figure23: Capacitive Processing UniBlock Diagram

3.2.3 Capacitive Touch Contréérs (MPR121)

The MPR121 is &apacitive sensacontroller used in touch and proximity sensing applications. It
supports twelve sensing electrodes and can be connected to a microcontroller equipped with an 12C
communication channel. This module normally works with an input voltagesbatw.6V and 3.3V

under a temperature range-d0°C to +85°C. It has a low current consumption of around 29pA at a
sampling rate of 16ms. The address pin (ADD) is used to set the 12C address of the chip. By default,
the ADD pinin the break out boardrigure24) is connected to GND setting the 12C address to Ox5A
[27]. The chip may be configured to three other I12C addrdssesnnecting the ADD pin as follows

ADD to 3.3V = 0x5B / ADDto SDA= 0x5C / ADD to SCL = 0x5023].

Figure24: MPR121 Breakout Board

Three MPR121 modules wensed in thenitial sensor design to cover thigirty-sevenelectrodes in

the sensinginit. Each of thecontrolless is set ta urique 12C address by changing the connection of

the ADD pin as described beforBhe @nnectionbetween the controllers and the Arduino isset

using two power lines and twaC communication lines (3.3¥3.3V/ SCLiT A5/ SDAT A4/ GNG

T GND). The sensing pins are connected sequentially to the electrodes in the sensing card starting from
top to bottom. The code scans each electrode iteratively and reads the filtered voltage value provided
by the internal 1®it Analog-to-Digital-Converter (ADC).

The MPR121 can measure a range of capacitances from around 10pF to 2000pF with a resolution of
0.01pF. The voltage measured by the chip is inversely proportional to the capacitance which is affected
by the amount of ltarge stored in each electrode. The voltage of each electrode is measured after

applying a constant amount of current for a fixed duration of tig(e25).
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Measured Voltage (V)

Charging Discharging

T 2T

Figure25. MPR121 Voltagevieasurement Cycle

The capacitance of the electrode changes due to the change in the dielectric constant of the examined
liquid, thus changing the measured voltage. @ahwunt ofcurrent (I) andthe charge time (Tare
configured to set the charge amouppléed to the electrodes. The peak voltage is measured after
charging each electrode sequentially. The capacitance (C) is calcasated0 T "OoX&Y Where

Q is the charge amount measured in coulomb, and V is tteyg@amount measured in volts.

Thechip contains a set of different registers used to configure the operational parameters and to get the
output data from the device. The main registers used in our application are listed as follows:

9 Electrode Filtered Data Register (0x04x1D):
This regisér holds the filtered output data corresponding to the output of the second filter ranging from
0 to 1024. Thiglatais obtainedoy measuring the voltage value of each channel and converting it from
analog to digital using the internal-bit ADC. This regster is updated every ESI x SFI and i®ad
only register.

91 Filter/Global CDC Configuration Register (0x5C)
The first two bits of this register are used to set the number of iterations for the first filter (First Filter
Iterations- FFI) and may be sét the following values: 00 (6 sampleBefault), 01 (10 samples), 10
(18 samples), and 11 (34 samples). The remaining six bits are used to configure the amount of charge
current applied to the electrodes. This current configuration section is nametatge @ischarge
Current (CDC) and can be set to a range of values between 0 and 63 (000000 (Disabled), 1 (1pA),
010000 (16pA)Default), and 111111 (63pA)).

9 Filter/Global CDT Configuration Register (0x5D)
The first three bits of this register are useddanfiguring the charging timeChargeDischargeTime
- CDT), two bitsto set thenumber of samples taken for the second filter (Second Filter Iteradtions
SFI), and three bit® set up thesampling time (Electrode Sample IntervdtSl). The CDT can bset
to 32us by setting the bits id1and may be disabled by using 000. Other values may be set by using
the following equation: CDT = 27(R), where n is the decimal encoding of the tHrgdinary value.
The default value for the CDT bits is 001 whicbrresponds to 0.5us. The SFI can be set to the
following values: 00 (4 samplésDefault), 01 (6 samples), 10 (10 samples), and 11 (18 samples). The
ESI maybe set to a value between 000 and 111 which corresponds to period value between 1ms and
128ms usinghe following equation period = 2*n ms, where n is the decimal encoding ofliite 3
binary value used. The 0x5C and 0x5D registers are the two main registers used in our application to
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configure the MPR121 devices. All the global filtering and chargargipetersre set upsing these
two registers. The applied settings willlddized by all electrodes if the autonfiguration option and
the individual charge/discharge feature are disabled.

3.24 Initial Capacitive Sensor Prototype

The connectionbetweerthe Arduinomoduleand the MPR121 modulese described in the schematic
shown inFigure26. Twelve input bannels from each MPR121 modale connected to the electrodes

of the sensing unit. The main poweipply (VDD) of the MPR21 withan operational voltage range
between 1.71V and 3.6V is connected to the 3.3V output pin in the Arduino board regulator and
decoupled by a 0.1yF capacitor to GND. The GPSule(SKM 53) and th&F wireless transceiver
(2.4GHz) is connected to teduino through hardware and software serial communication. Transistors
(2N3904) are controlled by the microcontroller and used as a switch to power ON/OFF the GPS and
wireless modulesThe hardware implementation of thitial capacitive sensqgrrototypeis shown in
Figure27.
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Capacitive Sensor (Bottom ViewTracks)

Initial Capacitive Sensor Prototype
(Overall)

Figure27: Capacitive Sensor PCBs

3.3 Capacitive Sensor Initial Mechanical Design

Preliminary design iterations have been made, maodifications have been made desgo to fit a

final description of an easy to manufacture and sqeeklageFigure28is the CAD model of the very

first design made with the 3D printed prototype, it represents the first iteration, anth€a@nsaaling
chamber and a sealed cap with side brackets for fixture purposes, this iteration turned out to be bulkier
than expected.
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Figure28: Capacitive Sensor PackaginBrototype 1

Figure29represents the first iteration, this iteration takes into account space for vibrating motors and
battery storage, it also includes sealing measures. Nevertheless, it is not dfficireanufacturing

since itis made up of four paresach regiring small tolerance whiclvould probably cause malfunction
(weak seals and loose partsigure29representan exploded view of the package, the grey parts made
of rubber for sealing purposesince the assembly needs to widnd splashing and occasional
submersion depending on the conditions under which it is operated. The whiterearéehined out

of Polyamide which was chosen as a matef@lits durability and shock absorption properties

Figure29: Capacitive Sensor Packagintjeration 1

The secondteration inFigure 30 takes into consideration the manufacturing process and tolerances
with which thisdesign can be achieved on @RC mill. Sealng is achieved by applying pressure on
rubber Grings and gasket&igure31 provides a closep on the capacitive strip, control board, and the
hasp lock chosen to apply pressure on the case g8blkgt.drawingsvith detailed dimensions for the
iterationshownin Figure30 are present ithe Appendixat the end of this document.
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17.16 #0.05

7.12

Figure30: Capacitive Sesor Alpha Iteration (adopted for Prototype 2 machining)

7.2

11.98

- 0.79+0.05 -

Figure31: a) Capacitive card, b) Control board, ¢) Spring reinforced hasp lock

The capacitive sensor packaging has been completed and tested for waterproofing. Thresetests

ma d e

- Continuous water splashing for 2 minutes (passed)

t wi ce

each

t o

det er mi

ne

t he

packageds

- Continuous contact with running water under the sink for 2 minutes (passed)
- Submesion in water at a depth of @@ for 30 seconds (passed)
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Figure32: Alpha package Bottom view

Figure33: Alpha package and extension front view

Figure34: Alpha package and extension right view
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Since all three tests were sucgfel a bracket/extensiofigure32, Figure33, Figure34) wasdesigned
and 3D printed to fix the packatethe linear actuatqjpart of the tethed discussed lateffhe package
mounted on the testbed linear actuatastested once upside dowand once ithe properorientation,
the fixing bracket/extension was able to withstand the strasbeh peaked at the change in direction.

3.4 Capacitive Sensor Initial Testing

Several experiments were performed to assegseitiermancef the proposed capacitive sensor under
different conditions and using different oil types (Heavy/Light). During the experiments, the sensor was
immersed in the examineidylid (oil/water), and voltage measurements were sent wirelessly to the base
station. A software application was developedeceive and save the measured voltage values

3.4.1 Oil Types Used in Initial Testing ¥periments

3.4.1.1 Fuel Ol

Experiments were performeddssess the performance of the proposed capacitive sensor while working
with heavy fuel oil. However, first weneasured the viscosity of the procured heavy fuel oil using the
viscous meter available in our labs, and the results were in the range of 350Q¢®. The viscosity

of the fuel oil was measured using the following procedure: a spindle of a specified diameter is
immersed into the oil and rotated atprecisespeed, the drag measured gives the viscosity of the
medium. The results of the experimeane shown ifrable?.

Table7: Measured Viscosity (Fuel Oil)

Spindle Speed (RPM) Viscosity (cP)
SP R4 10 3446.4
SP R4 20 3456.1
SP R4 30 3381.7
SP R4 50 3332.6
Average 3404.2

As stown inTable7, while the measured viscosity is in Centipoise (cP), which represents the absolute
viscosity of the oil the kinematic viscosity is represented in Centistokes (cSt). The main difference
between thewo units is that theSt (kinematic) represents the ratio of a liquid density to its absolute
viscosity in cPTo convert from absolute (cP) to kinematiS{, the obtained values (cP) adevided

by the density of the liquid. Most hydrocarbons (fueluricating oil) have a density between 0.85
and 0.9.To calculate the average kinematic viscosifythis fuel oil the average of the msured
absolute viscosity (34@®) is multiplied by the density of the oil. For a density of 0.85, the kinematic
viscosty is 4000cSt. For a density @9, the kinematic viscosity 8777cSt. As a conclusion, the
kinematic viscosity of the availabledloil is between 3777 and 4G measured at room temperature
(around 25°C).

3.4.1.2 Light/Medium QOil

Three different singlgrade oil types available in the local Lebanese market were selected for the light
and medium oil experiments each with a different viscpagyshown iTable8.
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Table8: Viscosity of light and medium o#amples

Viscosity (€St Name Description
680 cSt BP Energol GRXP 680 Industrial Extreme Pressure Gear Oil
140cSt Power Gear 140W Automotive Gear Oil
10cSt Power 10W Engine Qil

3.4.2 Preliminary Capacitive SensoExperimentsi Light Oil

Experiments werdrst conducted on the proposed capacitive sensor to assess its ability to differentiate
between air, water, and oil.

3.4.2.1 Experiment I Sensor in Air

In this exgeriment, the sensor was surrounded onlgibythe values of the first twelve electrodes were
measired and logged every five seconds. An instandbexxperimental results is shownTiable9,
and the corresponding graph is showfrigure35.

Table9: Experiment 1 (Airy Numerical Values

Time El E2 E3 E4 E5 E6 E7 E8 E9 E10 | E11 E12
10:25:30| 180 | 170 | 168 | 172 | 170 | 175 | 172 | 175 | 169 | 171 | 166 170
10:25:35| 180 | 170 | 168 | 173 | 171 | 176 | 172 | 175 | 170 | 171 | 166 169
10:25:40| 180 | 170 | 167 | 173 | 170 | 176 | 172 | 176 | 170 | 172 | 165 170
10:25:45| 180 | 170 | 168 | 173 | 171 | 176 | 172 | 175 | 169 | 171 | 166 169
10:25:50| 180 | 169 | 167 | 173 | 170 | 177 | 172 | 175 | 169 | 171 | 166 169
10:25:55| 180 | 170 | 167 | 172 | 170 | 176 | 172 | 175 | 169 | 171 | 166 169
10:26:00| 180 | 170 | 167 | 173 | 170 | 176 | 172 | 175 | 169 | 171 | 166 170
Average | 180 | 170 | 167 | 173 | 170 | 176 | 172 | 175 | 169 | 171 | 166 169

©
8
B1OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
DLW WOOONMNMNNMNMNMNMOOOMODOOOOOOO dddANANNMMOMMNMITIT I W
ceNeoNoNoNoNoNoNolNoNoRoNoNoNoNoNoNoNoNoNoNolNoNoNolNolNolNollolNolNo]
A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
Time
em— —E2 E3 — 4 ES E6
E7 E8 E9 E10 E11 E12

Figure35: Experiment 1: Sensor in Air

Theresultsof this experimenshowed adifference between the absolweltagesmeasured by each
electrode while placed in the same medium (air). This difference is primaributed to the resulting
inevitable manufacturing inconsistencies between each electrode, including issues such as trace length,
soldering, and connectors. However, since our oil thickness estimation algorithm is based on relative,
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and not the absoluteitage measurements, the difference between the measured values will not affect
the accuracy of our results. More importantly is the stability and repeatability of the measured values
over time.

3.4.2.2 Experiment 2 Locating the Oil/Water Interface (Ligiil)

The aim of this experiment is to monitor the effect of oil on the actual voltage value measured by each
electrode. The sensor was placed initiallyiater,and light oil (10cSt) was gradually added to the
container; this procedure ensures no oil contatit thie bottom sensor electrodes during immersion.
Thus, the first six electrodes from the top of the sensor were covered with oil, and the remaining
electrodes are immersed in water. Voltage values of the first twelve electrodes were measured every
five seconds; an instance of experimental results is showralre 10, and the corresponding graph is
shown inFigure36.

TablelQ: Experiment 2 (Light Oil/Water) ADC VoltageValues

Time El E2 E3 E4 ES5 E6 E7 E8 E9 E10 E1l E12
11:11:03| 168 157 157 162 159 162 53 6 6 6 5 6
11:11:08 | 167 157 158 162 159 162 53 6 6 6 5 6
11:11:13| 167 157 158 162 159 162 53 6 6 6 6 6
11:11:18 | 168 157 158 162 159 162 53 6 6 6 6 6
11:11:23 | 168 157 157 162 159 162 53 6 6 6 6 6
11:11:28 | 168 157 158 162 160 162 53 6 6 6 6 6
11:11:33 | 167 157 157 162 159 162 53 6 6 6 6 6
11:11:43| 168 157 157 162 159 162 53 6 6 6 5 6
11:11:48 | 168 157 157 162 159 162 53 6 6 6 5 6
11:11:53 | 168 157 158 162 159 162 53 6 6 6 6 6
11:11:58 | 167 157 157 162 159 162 53 6 6 6 6 6
Average | 168 157 157 162 159 162 53 6 6 6 6 6
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Figure36: Experiment 2 Light Oil / Water

Paged4



As shownin Figure 36, the reslis show that the voltage measured by the bottom five electrodes (E8
E12) was much lower than the voltage measured by the other electrodereslitisvas expected
because of the relativelyigh conductivityof water Also, the voltage of the first fivelextrodes

(covered by oil) was lower than the voltage read by the same electrodes while placed in the air medium
(experiment 1). The voltage measured by the seventh electrode (E7) was partially decreased because of
it being located at the interface of aihd water, and accordingly beipgrtially immersed in oil. The

resultsof this experiment were considered encouraging sinu®ited the viabilty of our approach in
differentiating between electrodes immersed in airoolyater.

3.4.2.3 Experiment 3 Locating the Oil/Air Interface (Light Qil)

The aim of this experimel$ to monitor the difference between the voltage measurezhdy ofthe

sensor electrodes while moving the sensor between the air and oil mediums. The voltage measured by
the first twelve eletrodes of the sensor were recorded while moving the sensor in a random manner
between the two mediums. A measurement was recorded every second. An instance of the experimental
results is shown iffablel1l, and thecorresponding graph is shownkigure37.

Table11: Experiment 3 (Air/Oil)i ADC VoltageValues

Time El | E2 | E3| E4 | E5 | E6 | E7 | E8 | E9 | E10 | E11 | E12 Status
11:23:27| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:29| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:30| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:31| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:32| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:34| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:35| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:36| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:38| 179 | 170 | 168 | 173|170 | 175| 171 | 175|169 | 171 | 165 | 169
11:23:39| 179 | 169 | 166 | 171 | 168 | 172 | 168 | 172 | 165| 167 | 161 | 165
11:23:40| 170 | 161 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 158
11:23:41| 170 | 161 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:43| 170 | 161 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:44| 170 | 160 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:45| 170 | 160 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:47| 170 | 161 | 158 | 162 | 160 | 164 | 160 | 163 | 157 | 159 | 154 | 157 Oil
11:23:48| 170 | 160 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:49| 170 | 160 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:51| 170 | 160 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:52| 170 | 160 | 158 | 162 | 159 | 164 | 160 | 163 | 158 | 159 | 154 | 157
11:23:53| 170 | 160 | 158 | 162 | 160 | 164 | 160 | 163 | 158 | 159 | 154 | 157

Air
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Figure37: Experiment 3 (Air/Light Oil)

The periment shows an immediate change in the measured voltages upon moving between the oil and
air mediums. Note that although the difference is small, the measured voltiagaiirs always higher
than in oil.

34.3 Preliminary Capacitive Sensor ExperimenitsHeavy Ol

3.4.3.1 Experiment I Locating Oil/Water Interfacé-uel Oil)

In this experiment, the sensor was immersefiéh oil and water, the values of three electrodes were
measured and logged every one second. The aim of this experiment is to mortituartigein the
sensor voltage readings while moving the sensor electrodes bdétweeihand water. A sample of the
numerical results are shown inTable 12, and the corresponding graph is shownFigure 38
(Temperature: 23°C, RH: 60%).

Tablel2: Fuel oil experiment-lADC VoltageValues

Time E8 E9 E10 Time E8 E9 E10
3:19:13 165 160 159 3:20:13 165 158 157
3:19:14 165 161 159 3:20:14 165 158 157
3:1915 166 161 159 3:20:15 166 158 157
3:19:16 166 161 159 3:20:16 166 159 157
3:19:17 166 161 158 3:20:17 167 159 157
3:19:18 166 161 159 3:20:19 167 160 158
3:19:19 166 161 159 3:20:20 167 160 158
3:19:20 166 161 159 3:20:21 168 161 158
3:19:21 166 161 159 3:20:22 168 162 159
3:19:22 166 162 160 3:20:23 168 162 159
3:19:23 166 162 160 3:20:24 168 163 159
3:19:24 166 162 161 3:20:25 167 163 160
3:19:26 166 162 161 3:20:26 168 163 160
3:19:27 167 162 162 3:20:27 167 163 160
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3:19:28 167 162 162 3.2028 167 163 161
3:19:29 167 162 162 3:20:29 167 163 161
3:19:30 167 162 162 3:20:30 167 163 160
3:19:31 167 162 162 3:20:32 167 163 160
3:19:34 167 162 162 3:20:33 167 163 160
3:19:35 167 162 162 3:20:34 167 163 159
3:19:36 167 162 162 3:20:35 167 162 159
3:19:37 167 162 162 3:20:36 165 158 157
3:19:39 167 162 162 3:20:37 161 156 156
3:19:40 167 162 162 3:20:38 161 156 156
3:19:41 167 162 162 3:20:39 161 156 156
3:19:42 167 163 162 3:20:40 161 156 156
3:19:43 167 163 162 3:20:41 161 156 156
3:1944 167 163 162 3:20:42 161 156 156
3:19:45 168 163 162 3:20:43 161 156 156
3:19:46 168 163 162 3:20:45 161 156 155
3:19:47 168 163 161 3:20:46 161 156 155
3:10:48 168 163 161 3:20:47 161 156 155
3:19:49 168 163 161 3:20:48 161 156 155
3:19:50 168 163 160 3:20:49 161 156 155
3:19:52 164 158 157 3:20:50 161 156 155
3:19:53 161 156 156 3:20:51 161 156 155
3:19:54 160 156 156 3:20:52 161 156 155
3:19:55 160 156 156 3:20:53 161 156 156
3:19:56 160 156 156 3:20:54 161 157 156
3:19:57 160 156 156 3:2055 162 157 156
3:19:58 160 156 156 3:20:56 162 157 157
3:19:59 160 156 155 3:20:57 163 157 157
3:20:00 160 156 155 3:20:59 164 158 157
3:20.01 160 155 155 3:21:.00 165 158 157
3:20.03 160 156 155 3:21.01 166 159 157
3:20.04 160 156 155 3:21:02 167 159 158
3:20:06 161 156 155 3:21:03 167 160 158

170
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<160 7 /_\
o s —
8 155
2 150

145

————[8 =——E9 E10
Figure38: Fueloil experiment I Locating oil/water interface
The results show the difference between the absolute voltage measured by each electrode while moving

between fuel ib and water. The high values illustrated figure 38 correspond to values measured
while the electrodes are in fueill, and the low values correspond to values measured in water.
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Although the sensor electrode® @ompletely covered with a thin layer of oil after being immersed in

the fuel oil for the first timgFigure39), the voltage values measured by the electrodes, while being
immersed in oil are different from thalues measured in the air, despite being covered with fuel oil.
This difference is used in our algorithm to distinguish between oil/\watafaces

Air

Fuel Oil

Water

Figure39: Capacitive Senseofrlnitial Experiment (Fuel Oil} ExperimentalSetup

3.4.3.2 Experiment 2 Locating Oil/Air Interface

The aim of this experiment is to monitor the difference between the voltage measured by the sensor
electrodes while moving betwegrel oil and air. Voltage values of two electrodes were measured every
one seond; experimental results for one of the experiments are showirabte 13, and the
corresponding graph is shownkigure40 (Temp: 23°C, RH: 60%).

Table13: Fuel oil experiment-2ADC Voltage Values

Time E6 E7 Time E6 E7
2:21:50 172 167 2:22:26 170 165
2:21:51 172 167 2:22:27 170 165
2:21:52 172 167 2:22:28 170 165
2:21:53 172 167 2:22:29 170 165
2:21:54 172 167 2:22:30 170 165
2:21:55 172 167 2:22:31 170 165
2:21:56 172 167 2:22:32 170 165
2:21:57 172 167 2:22:33 170 165
2:21:58 172 167 2:22:34 170 165
2:22:00 172 167 2:22:35 170 165
2:22:01 172 167 2:22:36 170 165
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2:22:.02 172 167 2:22:37 170 165
2:22:03 172 167 2:22:39 170 166
2:2204 172 167 2:22:40 170 165
2:22:05 172 167 2:22:41 170 166
2:22:06 170 163 2:22:42 170 165
2:22:07 166 160 2:22:43 170 165
2:22:08 164 160 2:22:44 170 166
175
o
Q 170
Q
2 160
< 155
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Time

Figure4Q: Fuel oil experiment 2 Locating air/oil interface

The results show that the voltage measured by the two electroddsAE@vhile moving between fuel
oil and air are different. In the last part of the experiment, the rate of movement was increased thus
producing a higher frequency signal as showhigure40. Theimportance of thisesultlies in that it
reveals that the sensor is feasible for oil types with high viscosity such as the tested fuel oil.

3.4.4 Preliminary Capacitive Sensor Experiment€Environmental Conditions

To assess the environmental conditions (temperature and relative humidity) effect on the measurements
we conducted two experiments. In the first experiment, the sensor was placed airpped the
readings were logged every 30 sec. During thénd experiment,the relative humidity varied
between 72% and 58% and the temperatamged fron21°C to 24.7°C. The span of measurement for

each electrode wagry limiteda n d

di

dnodt

exceed

3.

8 %

n

t he

wor st

In the second experiment, the sensor waseplat a closed room where the temperature and humidity
were changing relatively fast due to air conditioning. Duringekgerimentthe relative humidity

varied between 60% and 46% and the temperataried betweer21.2°C and 24.7°C. The span of
measurerant for each electrode wasry limiteda n d

di dnodt

exceed

2.

7 %

As a result, these experiments providedratial evidence thathe sensor repeatability lsgh under

different environmental conditions.

3.5 Preliminary Algorithms for Estimat ing Oil Thickness

Primarily, the measurement algorithms aim to calculate the oil thickness basedlonghsions of the
sensor. Several approaches were evaluated to detect the most accurate and reliable method to estimate
the oil thicknesdor all envionmentalcases (static/dynamic). The following sections describe the

different approaches
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3.5.1 Non-supervised Clustering Algorithm (HYleans)

Before implementing any algorithm to estimate oil thickness we plotted the experimental results ona C
v s . : grgp,whereC is the difference between the baseline capacitance (in air) of each strip and its
capacitance i n i tisthetransientctchangg in @ aapriesenting hawGast the oil is
slipping offa strip Figure41).
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Figuredl: C vs. Ct

In this graph we noted the obvious clustering of data poatsording tothe medium they are in.
Accordingly, we attempted to group data poinéing a clustering algorithm known asnkean§?6],
witha feature vect or i Koeapsis knsvendo pmduce Qood resdits gi@n the
number of cluster is known beforehand. Here we chose tlulesters representing air, oil, and water.
To implement the algaghm in realtime, the softwarewas developed using Microsoft Windowerms
.Net (C#) framework. The results of the measurement algorithm including the estimatedkoiss
(mm) and the index of electrodes included in each cluster and the raw voltag@@meents are shown
in the Graphical User Interface of the applicatiBiy(re42).

‘ a5 Oil-thickness Monitoring Software AL O X

Voltage Measurments (Raw Data)

04:03:02 ; 178,169,166,167,162,163,158,159,133,115 Oil Thickness (mm)

04:03:04 ; 178,169,166,167,161,163,158,159,133,114 95 |

04:03:06 ; 178,169,167,167,162,163,158,159,132,113 Air Cluster

04:03:09 : 178,169,167.167,162,163,158,159,131,113 o2 |

04:03:11 ; 178,169,167,167,162,163,158,159,130,107 81?3“‘” |
/

04:03:13: 178.169,167,167,162,163,158,159,130.83 :
Water Cluster

04:03:15: 178.169,167.167,162,163,158,159,129.81 [ ]
89

04:03:17 : 178,169,167.167.161,163,158,159,128,82
04:03:19 : 178,169,167,167,162,163,158,159,127.86 [ Write to Log txt file
04:03:21 : 178,169,167,167.162,163,158,159,125.91

Start Stop

Figure42 K-means algorithm results
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As shown inFigure 42, the activated electrodes (first ten) are clustered into three different groups
(air/oil/water). The index of each electrode classified into one of the three clusters is shown in the figure.
From a position directly above the fluids, the sensor is loweredrerticaldirection into theoil/water

medium. Notice that, as expected, the decreasing values of the bottom two electrodes (E8 &dE9) did
affect the classification decision since the rate of change is considered as the second attribute of
clusteing. The estimated number of oil electrodes (4) in this case was identical to the actual number of
electrodes immersed in pdswas notedsisually.

Although the results of thedheans algorithm were accurate while the sensor was not moving (static
cas@, the results wereot reliable in the dynamic case, becaldsmeans undevertical movement
results in inconsitent clustering primarily becausetaps that are in transition between mediand

got fouled(e.g, oilwater)

3.5.2 Thickness Estimation Basedn Interfaces Detection

In this approachoil thickness was estimatdxhsed on the difference between the air/oil interface and

the oil/water interface. The algorithm starts by calculating the relative changdtafe ofeach
electrodefrom its calibraed valued measured while the sensoriis air. This step is essential for
normalizing the voltage measurements taken by all electrodes.foheach electrode f i neve x @i 0
divide its voltagedifferentialwith thatofi t s nei ghbor elé@éctroderaod | é atdreo
call this parametei R a t. Tocagoi division by ero, null deltas on the denominatoe replaced by

a value of one

To test the algorithmman experiment was conducted a light engine oil (10\A40). The sensor was
immersed inan oil/water mixture with 1cm of oil thickness. The experiment was implemented in the
lab undera temperature of 24 °C and relative humidity of 5@sampling rate of 1/300msaas
adoptedA sample of the calculated ratissshown inFigure43. To get the oil thicknesshe algorithm
proceeds by calculating the difference between the index of the electrode located at the oil/water
interface layer and the index of the electrode located at the air/oil interyacellado s the interfaces

are identified based on the relative electrode behabependingon the results shown iRigure43,

we notice a clear difference between the values before and after electrodeoE€lestsode E10 shows

a simila behavior.

1.2
» 08

0.4
0.2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Electodes

Figure43: Interfaces detection algorithimRatios
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Theelectrodes located at the interface layers (E6 and E10) show a severe drop in the computed ratios.
To get the index of each inface electrodghe first two minima of the ratios ser@® identified Then

the difference between the indexes of the two minimum electrodes is calculatedH& 04 andis

usedfor calculating the oil thickness based ondiraensions of thelectodes

To assess the performance of this algorithm in static cases, aceal@ewere calculated after taking

a set of thickness measurements. Two cases were tested in this expehenérdt case represents
applying the measurement algorithm onheaaltage reading without using any averaginghe second

case, a moving average of the voltage readings is used before applying the measurement algorithm. To
calculate the moving average, each new voltage reading is added to the voltage measuiements ta
beforeit and the result idivided by two.

The following table presents the results, wheneeiach case, the average of around three hundred
measurementsastaken. The oil used is lightil, with a viscosity of 10 cSt. The experiment was done
indoor at a temperature of around Z&°The first case results are shownTiable 14 and the second
case measurements are showmable15.

Tablel4: Static Experimerdl Results (Case 1)

Index of Oil/Water | Index of Water/Oil Ol Measured Actual Percentage
Interface Interface Interval | Thickness (mm) | Thickness (mm)| Error (%)
29 24.05 4.94 11.86 125 5.08
Tablel5: Static Experimeral Results (Cas 2)
Index of Oil/Water | Index of Water/Qll Qil Measured Actual Percentage
Interface Interface Interval | Thickness (mm) | Thickness (mm)| Error (%)
29 24 5 12 125 4

The experimental results show that after applying the moving average (Case 2) the peecetége
reduced from 5% to 4%. As a result, this algoritivas considered acceptable for static conditions.
Unfortunately for dynamic situationsdue to foulinga relativelyhigh error was observed in detecting
the air/oil inerface. Thereforethis mehod wasdeemed acceptable fatatic conditions but not
recommended fathedynamic cases.

Based on the results obtained from the first two methods, we concluded that the algorittinstrivest
capable ofdifferentiating betweerthe staticand dynamic cases, and focus on the strips that are
exhibiting change sincethose would be the electrodes that are transitioning between methutimes.
next trials, the work was focused dealing withhigh-dynamic conditions.
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Chapter4- Experi ment al Setups

In order tosimulate the environments and conditions within which the sensors will be operating we
designed and developed two main experimentalbieds. The experiments were organized into two
categories, indoorandoutdoors. Therefore, indoor testbeds and an ousdiestbed were designed,
manufactured, and used to run all planned experiments. For indoors experiments two testbeds were
made, one for the LEDased sensor, and another for the capacitive sensor. As for the outdoor
experiments, a single testbedsmade br both sensordhe testbed is a large tank made to simulate

the behavior of the sensors in open sea conditions.

4.1 LED-basedSensor Testbed

The following desigrwasused fortess conducted in osmall tank it comprisesof two major parts:

the fixed sengsocaseshown inFigure44, and the LED/emitter cas#f Figure45. The first design is
intendedo be suspended above the oil during tests, and the second is irttebdetbved vertically

while keeping alignment between LED and spectrometer. Once the optimal distance between emitter
and spectrometés determinedit would be possible to designthird package to contain both the light
source and spectrometer in their fixealidated positions. Shop drawingsth dimensionsof this

testbed can be found in tA@pendix

Figure44: Exploded view of assembly fit for the spectrometer case
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Figure45. Experimental Spectrometer package assembly (Left) and exploded view (right)

An experimental packageasdesigned and manufactured tbe indoor lab, (Figure 46, Figure 47).

The distance between light source and frequency sdmssadjustableby including slider beams on
which the light source package is lowered and lifiedinM10 screw shaft that rotates around its own
axis. Rotating the screw clockwidifts the source holder with respect to the sensor box, and inherently
lowering the source with respect to the sensor box by rotatingterclockwise The freedom to vary

the distance between both parts of thesatlows the user to identify thaptimal distance for reading
accuracy and sensitivity to oil film thickness. The packegsmachined on the CNC out pblyamide,

due to its ease ohachinabilityand low friction coefficientFigure46 shows the expgei me nt al set u
upper part open (left) and closetglt), the upper part ia box manufactured to fit the experimental
printedcircuit board with the 12\battery.The system is mounted #olinear actuator in case dynamic
actuation is desired in futuremeriments.

Figure46: Sensor/battery box (left: lid off, right: lid on)
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Figure47. complete setup (left: lid off, right: lid on)

4.2 Capacitive Sensor Indoors Lab Estbed

The indoor lab tank design wasiplemented totest the capacitive sensomn various conditions
encountered in the application environment such as waves, still water, and sensor tilting due to dragging

in the seaThe tank is made of plexiglass aequippedwith a mechanism for sensortaation. The
implementedab tankis shownin Figure48.

Figure48: Capacitive Sensor Experimental Testbéeb tank
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A 3-phase brushless DC motor (BLD®aschosen to actuate the raakdgpinion mechanism fitted on
the tank, the motor specifications are as follows:
Operating Voltage: 12V
Motor rated speed: 376
Motor Diameter 36mm
Gearbox: planetary gear reducer
Speed: about 150m/s.
Shaft length: 20mm
Reduction ratio: 27:1
Signal g/cle pulse number: 2*27
Control mode:
1 PWM speed control
¢ Direction control
1 Feedback pulse output

=8 =8 =4 =4 -4 -8 -4 -84

The motor is interfaced with MATLAB SimulinfEigure49) using an Arduino Mega 2560 to rueak
time external mode simulations withl aype speed profile input normalized to PWM range. After
conducting several experiments on the motor for parameter identification purpesemadticed that
the motorspeed reaches a maximum of 4&@ at a PWM range of 150 to 255.

=

@

=
-

sequence

FIT0421 3-Phase Brushless Motar(12V 150RPM)

Figure49: overall Simulink block diagram
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Random Input motor response vs Time (seconds)
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Figure50: Motor performance

As seen in the comparison Bfgure 50 the maximum speed is reached at P¥OM input for most

inputs, the rsponse is fast enough for our application. Consideringotieevolution induces 3cm of

travel for the rack and piniomechanismand that lhe sensor capacitive card ischd in length, the
desiredwave profiles can all be aézedin terms of relative anjpude travel and wave frequency using

the motor at hanthountedon the designed lab tank setup. Upon testing the nibteas noticed that

due to backlash and sideways yla nonruniform loadis applied on the motor shaft by the rack and
pinion mechaniw causinga random change in torgueherefore a bangbang controllewasadopted

to make the position tracking independent of such disturbatieesesults of this method were much
acceptable fowave amplitudesimulation A second change to the tankshaen made on the software
application end, allowing the user to set the frequency, amplitude, and phase shift of the simulated
wave/sensor trajectory. Both the software and hardware implementation changes allowed the
experimentso be performed more efiently but one person.

4.3 Capacitive Sensor Outdoors Lab Estbed

The tank inFigure51 shows thdinal designused to build theutdoors tested; modificationswere
made regarding the tank partitionirsgich as theniclusion ofa wooden separator along the length of
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the tank in order tenabletestingof different conditions in the tank at the same tifrtee linear actuator

in Figure55 can be placed on either side of the iiarts since it is not fixed on the tank rim. The tank
dimensons are 1x1x®eters (three meters cubed volunadthoughonl 'y a fracti on of
(~50%) is filled withseawateand oil. The medium is controlled with a submersible controllabigopu
(Figure52, Figure53) in order to test various wave profiles. The complete ssagtested in rainy and
sunny weatherwith no complications regarding waterproofing both on the sensor and tank ends.
Nevertheless, wvasnoticed that due to residue and debris accumulation from tree and dirt around the
tank caused the pump to clog if the tainks oléamed prior to testing. Manufacturing drawings of the
steel tank can be found in tA@pendix

W

Figure51: Large tank Galvanized steel SolidWorks design

The chosen pump model is the Abyzz A200 manufactured by VENOTEC Germany, it can deliver up
to 17 I/h flowrate at a maximum speed of 5.4mith a maximum head of &8anda maximum
pressure of Bbar, and a power range of 4 to 200

15 250 5
o

12 200

0
0 10 20 30 40 50 60 70 80 a0 100

plm]

Figure52: Abyzz 200 controllable pumj Figure53: Pump specifications
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The large wave tankvas manufatured and delivered to the test locatidfigre 54), the wave
generating pummvas alsadelivered, andvastesedto check the resistance of the tank to waves. The
pump was firsset torunin positive mode from 0%o 100% (200W) powelthe randommode was
tested with random flow directions at random power delivery; wave mode was tested with varying flow
direction time (symmetric profile and n@ymmetric profile). Furthermore, the pump was tested with
minimum negave flow direction (varying from 0% to 100%) as well as positive direction (minimum,

to the full power positive flow direction). The tank passed all tests, welds were checked twice for
leakage as well as the séough windows, and no leaks were detectédally, for the sake of
displacing the sensor through the taamknear actuatowith astroke of 1.-nheterswasfixed onto the

tank (igurebb).

Figure55: Linear actuator

Functionality testsvere made on the large tankyhere actuator, switches and control panetre
waterproofed and tested in the raihile the sensowas in operationA control pane(Figure56) was
developedor the actuatorin whichthe panel contagd a 220VAC to 24VDC and 5VDC switching
mode power supply (SMPS) to power the stepper daive the Atmega microcontrolldsoth the drive
and the microcontrolleweremounted on the panel all. A potentiometealong with limit switches
wereadded for speed contrahddirection changeespectively.
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\
Figure56: Control panel Figure57: 3D printed &tensioninstalled on rail

A bracketextensior{Figure57) wasdesigned and 3D printed to fix the packaggh the linear actuator.
The package mounted on the actuatastested once upside down and oncthaproperorientation,
the fixing brackdextension was able to withstand the stressbih peaked at the change in direction.
Figure 58, shows a photo of the initighpacitive sensgorototypemounted on the large tank actuator
while dragging.

Figure 58 Photo of Capacitive sensmrounted on the large tank actuator while dragging
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Chapter5- LEEbhased Sensor Desiegn nEevneelnuat i on

This chapter describes the experimental work done to evaluate the preliminarigalsE® senso
design performance under different conditions. After analyzing the experimental results, design
refinements were applied togliinal buoy and sensor design.

5.1 Experimentsfor Tuning Distance

As described in the previous sections, the HiE3ed sensor maass the thickness of a transparent oll
layer floating on water surfaeesing the principle olight-absorptioranalysis. The LEEbased sensor
device is composed of a light source module ¢hgitsa blue light on the lower surface of the-wihter
mixtureand a lightto-frequency converter module to measure the intensity of the light after penetrating
the oil layer. To select the optimal distance between the two modulesgfigtier and lighisensor),
several experiments were performedune the systery recording the sensor response with respect
to a set of different distances. The experimental setup shdvigLire59is usedor this purpose, where

it is composed of graduatedplexiglasscontainer Figure59-Left), and a variable distance platform
(Figure59-Right). The variable distance platform is composed of two independent units connected with
a waterproof cablé/hile the lower unit contains the light source (blue LED), the upper unit contains
the sensor board. Changing the distance between the two units is done by ratatéagled rods
described in previous chapter.

Figure59: Experimental setup for LEEbased sensor tuning experiments

5.1.1 Distance Tuning Eperiment 1(5.8/ 6.5/ 7.4 cm sensitivity (x100} scaling (100)

The first set of experimentgereperformed using the following distancé&s8, 6.5, and 7@m. During
these experimentthe sensitivity and scaling factors of the lightfrequency converter were set to 100.
The experiments were performed indoors using a light lubricatingithh a viscosity of 1@St. The
experimental results of the three experiments are shown regbgatiFigure60, Figure61, andFigure
62.
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Figure60:. LED-based Sensor TunirigDistance: 5.8 cm, Seitivity: 100, Scaling: 100
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Figure61l: LED-based Sensor TunirigDistance: 6.5 cm, Sensitivity: 100, Scaling: 100
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Figure62 LED-based Sensor TunirigDistance: 7.4 cm, Sensitivity: 100, Scaling: 100

The results of the first set of tunimgxpermentsshowed that the output frequency decreased as the oil
thickness was increased. Since the output frequency is relatetirecemannerto the received light
intensity, it is concluded that as the oil thieks increases the penetrating light is more attenuated.
However,as shown ifFigure60, andFigure61, for distances below 7cm, major fluctuations appeared
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especially in the thicknessd&®low 100@im. In contrast, results obtained from the 7.4cm experiment
shown inFigure62 show more stable and an almost linear response with respect to oil thickness.

5.1.2 Distance Tuning Experiment 2(7.4/8.5 cm sensitivity (x1) scaling (100)

To assess the effect of different configuration parameters on the system response, several distances were
tested while the sensitivity factor of the ligltfrequency converter module was decreased taric

the scaling factor was set to 100. The first twpeagiments were done using the same light soukce

resistor of 228§ was connect ed ilight LER. Afteetsat, thd LEED inténkitg wab | u e
increased by replacing the series resibioa smaller resistance of Mpand the second experiment

with 8.9cm distance was repeated. The experimental results of the three experiments including the
frequency response with respect to the oil thickaesshown inTable16and the corresponding graph

is shown inFigure63.

Table16: LED-based Experimental ResultsDistance tuning experiment 2

Frequency (Hz/100)
Thickness (um) 7.4cm 8.9cm 8.9cm (increased LED brightness)
0 81.921 62.581 104.167

1000 76.233 58.233 97.577
2000 73.332 54.695 92.133
3000 70.932 52.089 88.723
4000 67.421 50.173 84.578
5000 65.326 47.944 79.500
110.000

__100.000

o

o

< 90.000

N

I

< 80.000 \

%)

c T

=)

o

LL

+
50.000 —C=—= o
40.000
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Oil Thickness (um)
=@=7.4cm ==@=8.9cm 8.9cm (increased LED brightness)

Figure63: LED-based Sensor TuningExperiment 2 (Graph)

The three experiments showed an almost linear relation betweeoutpat frequency and the oil
thickness with no major fluctuations. However, major differences between the three curves were
recorded regarding the threshold and slope values. To interpret the result more precisely, the average
value and the average slopéeach curve was calculatethe averagethreshold was obtained by
calculating the arithmetic mean of all frequencies recorded in each experiment. Slope values were
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obtained by calculating the absolute differenbesveenconsecutive frequenciesecordel by each
experiment. In addition, the range of each experiment is acquired by calculating the absolute difference
betweerthemaximumand minimum frequency recorded in each experiment. The threshold, slope, and
range values for each expeent are showmiTable17and the correspondirggaphis shown inFigure
64.

Tablel7: Distance Tuning Experiment-ZZomparison

Thickness (um) 7.4cm 8.9cm 8.9cm (increased LED brightness)
Average Slope 3.319 2.927 4.933

Average Threshold 72.527 54.285 91.112

Range (Max Min) 16.595 14.637 24.667

Average Slope I

0 10 20 30 40 50 60 70 80 90 100

8.9cm (increased LED brightness)®8.9cm  ®7.4cm
Figure64: Distance tuning experiment €omparison (graph)

The eperimental reults of the second set of tuniegperinentsshowed that when the distance was
increased from 7.4 cm to 8.9cm, the threshold, range, and slope values were decreased. Since working
atalargerdistance is more desired to protect the sensor lenses from fouling while workyrgaimic

sea conditias (wave} a solution was tested by increasing the LED brightness. The result of the 8.9cm
experiment with enhanced LED brightness showed the maximum values of frequency slope, threshold,
and range. Regarding the threshold value, the result was expeurtedadarger amount of light is
incident on the sensor lens. The most imponpaiitis that the slope and range values representing the
system sensitivity to oil thickness changesreincreased. This result proved the efficiency of using
distances largr than 7cm (8.9 cm) e increasing the light intensity.

5.1.3 Distance Tuning Experiment 3(6.5/10 cm- sensitivity (x10)- scaling (10)

In the thirdset of experimentsye increagdthe sensitivity factor to 10x and decredthe scaling
factor to 10. Two eperiments were performed using two different distances6-30cm). The
experimentatesultsdescribing the frequency response with respect to the oil thickméres two
cases are shown irable18 and the corresponding graghshown inFigure65.
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Tablel8 LED-based Experimental ResultsDistance tuning experiment 3

Frequency (Hz)
Thickness (um) 6.5cm 10cm

0 7799.49 5910.55
100 7508.87 5651.60
200 7221.89 5776.64
300 7114.79 5556.38
400 6982.67 5474.42
500 6865.20 5385.42
1000 6582.92 5160.02
2000 6113.75 4871.74
3000 5101.94 4519.09
4000 4835.85 4168.43
5000 4621.81 3845.51

Distances
—8—6.5cm —8—10cm

9000
8000
7000
6000

5000

Output Frequency (Hz)

N
o
o
o

3000
0 1000 2000 3000 4000 5000

Oil Thickness (um)

Figure65: LED-based Sems Tuningi Experiment 3 (Gaph)

The frequency response recorded atcdband 1@m showed a similar linear relation with the oil
thickness. Howevelit was observed thahe 6.5m frequency curve decreased in average when the
distance is increased to 10cm. This result was expected gie amount of light reaching the ligbt

frequency converter decreases as the distance is increased. To assess the effect of the distance increase
on the sensitivity of the system, more detailed interpretation was performed by calculating the average
slope, average threshold, and range of the curves obtaamedhe two experimentd éblel19, Figure

66).
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Tablel19: Distance Tuning Experiment-3Tomparison

Frequency (Hz)
Thickness (um) 6.5cm 10cm
Range 3177.683919 2065.044133
Average 6431.748564 5119.987496
Average slope 317.7683919 231.5130086

Distances

m10cm m6.5¢cm

Average slope

Range

0 1000 2000 3000 4000 5000 6000 7000

Figure66: Distance Tuning Experiment-3Comparisor{Graph)

The slope and the range of frequertyangewerealso decreased with increasing the distance. This
result revealed that the 6.5cm was better in terms of sensor sensitivity to changes in oil thickness.
However, a tradeoff between the sensitivity and the distance was considered since lagee dis
contributesto protecting the sensor lenses from oil fouling during operatinpanynamicsea after
conditions. Based on that and since the frequency response at 10 cm was considered acceptable also,
the 10 cm was selected to be used in final @edssign with a configuration of 10x and 10 scaling
factors.

5.1.4 DieselExperiment 4(10 cm- sensitivity (x10} scaling (10))

The same experimental setup was used to evaluate the sensor perfamiesel oil instead of
lubricating oil. The distance beg&n the lightemitter and the lighto-frequencyconverter modules
was set to 1€m. The oil thickness was added gradually through three stabese inthe first stage,
thethicknesswas increased frompbn to 50um by increments of 100m. After reaching 60um, the
thicknesswas doubled to sch 10@um. In the last stagehethicknesswas increased from 100t to
500Qum with increments of 10Q0n. Table 20 shows the experimental results including the sensor
frequency response ead thickness level, andigure67 shows the corresponding graph.
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Table20: LED-based Experimental Resudt- Distance tuning experiment 4

Thickness (um) Frequency (Hz)

0 6067.41

100 5931.47

200 5826.41

300 5741.53

400 5594.78

500 5402.47

1000 5222.15

2000 5138.92

3000 5044.20

4000 4945.12

5000 4862.07
6300.00
< 6100.00
< 5900.00
9 5700.00

o
qg)_ 5500.00
L 5300.00
g 5100.00
8 4900.00
4700.00
4500.00
0 1000 2000 3000 4000 5000 6000

Oil Thickness (um)

Figure67: LED-based Sensor TuninigExperiment 4Graph)

The experimental results of the diesel experiment showgtase in the output frequency with the
increase in oil thickness. It is important to note here that a major chathgecimrve slope was observed
pastthe thickness of 10Q0n.

5.2 Oil-ThicknessCalibration and Measurement

The aim of this experiment is tovauate the performance of the sensor after performing calibration
which is done by recording the output frequency of the sensor against several oil thickaedsas
piecewise linear fit to the data was performed, with the first equation be@yaerthickness and
100Qum thicknessand the second betwe#®0um thickness and at 3000um thickness

To measure the oil thickness based on the calibration equations, oil was removed from the experimental
setup and new amount of tap water was filled. Lubricatihd10cSt) was added gradually to the
graduated container representing several oil thidewgsanging from 100um to 350®. The
sensitivity factor of the lighto-frequency converter module was set to 10x and the scaling factor to 10.
The dstancebetween the upper and lowegrarts of the experimental setup was set to 6.5cm. The
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experimental results showing the measured oil thicknesses with respect to the actual thicknesses are
shown inTable21.

Table21: Results of thickness measurement experimeBD-based sensor

Actual oil thickness (um) | Measured oil thickness (un|  Absolute Error (um) Percent Error (%)
100 107.75 7.74 7.74
300 291.19 8.81 2.93
500 522.03 22.03 4.40
800 676.17 123.83 15.47
1000 1042.48 42.48 4.24
2000 2102.34 102.33 5.11
3500 3530.60 30.60 0.87

Based on the experimental results, it can be concluded thatl tiiickness measurement using the
current configuratiosettings were reliable with a maximum errobdf% for the valugabove 1000m
oil thickness, and5.5% for the values below 100® oil thickness.

5.3 Bouy Design

A floating buoy (Figure 68) was manufactured for the LEDased sensoiBased on thecritical
dimensions identified in thieining experinens, the distance between the ligdritter module and the
light sensor module was set tac© Mainly, the buoy structure is composed ob@sparallel to each
other, eactoneholding severalffloaters. Theodsarejoinedwith threeseparatelatforms. A triad of
floaterswaschosen for the stability of the design, waterproof light case andvboxchoserfor the

ease of deployment and resistance to salt watar.\Wdebuoy has an enclosing volume of a 40cm
diameter cylinder with a 35cm height. Theolgancy can be increased and decreased depending on
necessity and weight by adding and remowagondaryoamfloatersaround the exposed parts of the
threaded shaft#\ blue LEDis placed inside thdédht holder as a separate unit.

Light Sensor and Control _
Unit

» Primary flaaters

Light Source (Blue LED
——» Secondary Floaters

Figure68: Spectrabased senserimplemented Buoy
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5.4 Bouy Experiments

After designing the final sensor buoy, several experiments were performed to assess the performance
of the sensor in floating conditions. The sensor was embedutethénbuoystructure and a 160iters

tank filled withseawatemwas used in the experiments. During the experiments, controlled amounts of
lubricating lightoil with a viscosity of 10cSt was added to the container to form a set of different
thicknesses. The experimtal setup with the buoy installed is shoinrFigure69.

Ahy®

<

Figure69: LED-based Buoy Experimental Setup

Table22: Bouy Experiment- Frequency response vs. Qil Thickness

Thickness (um) Average Frequency (Hz) Standard deviation

0 4910.08 15.56626

200 4847.60 217.1475

400 4758.28 105.6207

600 4703.27 19.51385

800 4540.35 26.51144

1000 4471.62 32.18685
4950
N 4900
L 4850
2 4800
$ 4750
& 4700
L 4650
+ 4600

>
8 4550
=)
3 4500
4450
4400
0 200 400 600 800 1000 1200

Oil Thickness (um)

Figure70: Buoy Experiment Frequency responss. Oil ThicknesgGraph)
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The experimental results showed an almost linear decrease of the frequency response with the increase
of oil thicknesgFigure70). However, in this experimerhjgh standard deviation keeswere recorded
(Table22). Then, aset of experiments were performed to assess the effect of the water level and waves
on the stability of the frequency response. The new experiments were done using sewverassce
listed as the following:

- Fixed buoy (no waves)

- Changing the water level while the busyixed

- Fixed buoy subjected to waves

- Floating buoy (no waves)

- Floating buoy subjected to waves
The same experimental procedure was repeated with two différdntknesses00umand D00UmM
The output frequenciesecaded from the two experiments are shown Tiable 23, and Table 24
respectively.

Table23: Floating Buoy Exp. 1 (500 pm)

Average Frequency (Hz) Standard deviation Condition
10247.7 24.46433 4 cm water level above led
10508.59 41.98751 7 cm water level above led
10377.53 426.8029 7 cm water level + waves
9947.77 65.60328 Floating buoy (3 cm water level)
9869.097 593.6456 Floating + waves

Table24: Floating Buoy Exp. 2 (1@um)

Average Frequency (Hz) Standard deviation Condition
10708.91 26.81183 4 cm water level above led
12033.64 67.09064 7 cm water level above led
11698.08 1146.598 7 cm wakr level + waves
10577.9 120.4646 Floating buoy (3 cm water level)
10283.84 476.4398 Floating + waves

It was observed that once waves are introduced, the standard deviation was highly increasing because
of high-frequency fluctuations dominating the raeed values. However, since the average frequency
obtained at the same thickness level were almost similar with and without waves, the result was
considered acceptable, and work was focused on decreasing the fluctuations algorithmically.
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Chapter6- Capaci torwveDe&xwiagruati on and Refi nel

This chapterdescribs the experimental work done to evaluate peeformance of thereliminary
capacitive sensor designder different conditions. After analyzing the results, design refinements were
applied to the s&sor layout, and the final design was implemented and tested.

6.1 PerformanceTesting

To evaluate the performanad the preliminary sensor desigrthree sensor boards with similar
dimensionsKigure71) were implemeted and tested.

Figure71 Sensor prototypes for repeatability testing

The three sensor boards use th8Dmale connector (shown at the top of each sensor) to connect to
the controller circuit. To compare the three boards, ralitage values we taken from each sensor in
three cases: air, oil, and water. In each sensor board, 36 strips were activated, andvaltsgjeof
measurements werecordedor each strip during the experiment.

First, the comparison of the sensors mdih mediumshows that the baseline values of the three boards

(A =151, B = 154, C=149) are similar. Note that the baseline values of the sensor boards depend not
only on the dimensions of the sensor board but also on the actual hardware implemertditndshing

aspects in terms of soldeg and copper thickness, which addhe base capacitance of the electrodes.
Second, the three sensors were totally immersed in water to compare the measured voltages. In the case
of immersing the board in watea large attenuation of the voltage values of the three boards was
observed. The results of this experiment showed a similar response of the threeng@lesorsvater

With similar average values (A=2.2, B=2.3, and C#2,.1he three sensors are demonstiab be

behaving similarly.
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Figure72 Capacitive Sensdrerformancdéxperiment Oil Case

To analyze the results the case where the sensor is immersedilirtiee relative differencesom the
calibration values arealculaed (Figure72). The relative differences are divided into two categories
thefirst category containthe electrodes located in the (E1 to E4) and he second categoopntains

the electrodes immersed wil (E51 E36). It was notedhat the relative difference of each electrode

was increasing with the electrode ingdsixice the connection tracks mounted on the bottom layer of the
PCB have more length in oil when the electrode is lower. We also noted thtcnede in sensor A

(E25) did not follow the expected pattdire., a decreagewith its relative difference less than 4% in

oil. This problem was more obvious in sensor B with several electrodes (E5, E6, E7, E8, and E11)
behaving similarly to E25 in sear A. The main difference between these electrodes and the other
electrodes is that the relative difference of their values is very small, ranging from 0.1 % to 1.28% when
the sensor is immersed in oilvhile interpreting the experimental results, thecile connectbn
between all the sensor components (sensing electrodes, connection tracks, male D37 connector, female
D37 connector, and MPR121 controllers) was tested. A major problem was observed in the connector
part (D37) where we noticed that a numbaf the connector pins were electrically not connected.
Despite the fact that this problem was not observed initially during the preliminary experiments, it was
demonstratethatit may occur after seral iterations okensoreplacemen{mounting/dismoating)

due to connector bendirzgd stress

Based a the experimental resultandto avoid possible electrical connectivity problems, we decided

to completely remove the connector from the design, and mount the capacitive controllers on the sensor
board instead of the controller board. By doing so, the size of the controller board size significantly
decreased. The major advantage of this change is that capacitance measurements are done on the sensor
boards without having any connector between the measmtechannel and the sensing stiijis
enhancemenincreases the sensitivity and the robustness ofsémesordesign By removing the

connector, we also avoid the issue of mechanical variations, conneatbnd, and aging of soldering.
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6.2 Evaluating the Impact of Different Power Sources on the Sensorgfformance

During the initial testing of the sensor, two main sources were used to power the circuit. First, the
control circuit was poweragsinga USBport on a laptop. The USBort was used to power thedrino

module, and to retrieve the measured voltages from the MPR121 modules. Tt $Bvides the

Arduino with 5VDC, and the Arduino provides 3.3VDC to the MPR121 controllers through the 3.3V
embedded voltage regulator. During operation, the laptgpaanected to the power adapter, plugged

into the AC power lines (220AC). The second source used to power the wessmkadacid battery

of 12VDC. To assess the effect of the two power sources on the voltages measured by the capacitive
stripes, the swsor was placed at a fixed position, and a set of voltages measured by all electrodes were
recorded. The sensor was set at a fixed position (surrounded by air), and a sample of 250 measures was
recorded. The voltages measured by the first twelve electandesialyzed and presented able25.

Also, a graph showing voltages measured by the first electrode E1 in the two cases, is $tiguva in

73.

Table25: Voltage (ADC)- Batteay vs. USBport Power Sources

Electrode Mean Star?dgrd Max Min Range
Deviation

El 167.00 0.00 167 167 0

E2 157.00 0.00 157 157 0

E3 156.00 0.00 156 156 0

E4 159.00 0.00 159 159 0

E5 158.07 0.26 159 158 1

Battery E6 161.00 0.00 161 161 0
Powered E7 160.00 0.00 160 160 0
ES8 166.00 0.00 166 166 0

E9 159.00 0.00 159 159 0

E10 158.00 0.00 158 158 0

El1l 149.00 0.00 149 149 0

E12 153.00 0.00 153 153 0

El 167.43 0.50 168 167 1

E2 157.02 0.15 158 157 1

E3 156.00 0.06 157 156 1

E4 159.04 0.19 160 159 1

E5 158.58 0.49 159 158 1

USB-port E6 161.00 0.06 162 161 1
Powered E7 159.50 0.50 160 159 1
ES8 162.05 0.22 163 162 1

E9 159.00 0.00 159 159 0

E10 158.00 0.06 159 158 1

El1l 148.70 0.46 149 148 1

E12 153.00 0.06 154 153 1
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Figure73: Voltages measured by E1 in Battgrywered and USPBoweredtrials

This experiment showed that using the USBt as a power source, introduced additional noise to the
measured voltage signals. This can be inferrech fthe increased standard deviation values shown in
Table25, and the high frequency oscillations introduced to the E1 voltage signal sh&iguia73.
Based on the experimental results, it was coredutiat connectinde device to an AC power source

is not recommended, to avoid inserting additional noise to the sensor measurement.

6.3 SensorDesignRefinement

As an enhanceméefor the preliminary sensatesign, and to ensure a reliable connection barivtiee

sensor electrodes and the connection trattlesyefined design uses plugged vias embedded in a
multilayer PCB instead of usinghe exposed vias @lble layer)The new board is composed ofa 4

layer PCB, with sensor pads mounted on the top artdrbdayers of the PCB, and the connection
tracks are mounted in the two inner layers of the PCB. In this case, the connection tracks are completely
isolated from the external material and sensing i€ aary by the horizontal padso drive power and

ensue data connections to the microcontroller, the sensor board is connetitec¢aatroller board

through a 4pin connector (wire)To extend the range of the sensor, an additional MPR121 device was
added to cover twelve new electrodes added to the samsitnd he mairadvantage of this design is

that the controller board and the sensor board become separated, connected to each other using only
four wires.The updated capacitive sensor schematic is showigure 74. The schematic shows the
connection between four MPR121 controllersl thesensing pads numbered from 1 to 48. Addressing

of the MPR121 is done using the ADD pin of the controllers. By connecting the address pin to GND,
3.3V, SDA, SCL the four contri@rs have the following 12C addresses respectively Ox5A, 0x5B, 0x5C,

and 0x5D.

In summary, the main change regarding the sensing unit is that it includesiffrtyelectrodes instead
of thirty-six, the four MPR121 controllers are added to the sensigngtead of the processing unit,
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the tracks are buried inside the inner layers ofaydr PCB design, and the electrodes are implemented
on the two &yers of the PCB (bottom, top).
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Figure74. Capacitance Measurement Schemakinal Design

The final version of the processing unit included a-lmliage drop regulator (LM2940), in addition to

two capacitors for signal smoothing (0.47uF and 22uF). In addition, several components were added to
the circuit, such as heat sinksr fregulators and power jacks (3.5mm) to connect the battery packs.
Three boards were implemented and testeglire75 shows a sample of the implemented boards.

Communication and
power pins connected to
the sensing unit

Arduino Nano

Wireless Communication dtule
GPS Module (SKM53)

Input Voltage Rgulator

Figure75: Processing ahCommunication Unit
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6.4 Optimized Sensor Prototype

The final sensor design was prepared adaydr PCB boardFigure76); where connection tracks are
embedded in two inner layers and sensing strips are placed surtaee layers. After adding an
additional MPR121 controller to theensomboard, the number of sensing strips was increased from 36
to 48. Considering all the past experiments and design recommendatidris,ordeto enhance the
sensitivity of the unt, increasing the width of the sensing pads with respect to the gap between the
electrodes is recommendedlthough the sensor measurement range irh) we increasedhe
measurement range to 1dn2 in orderto have additional margins in case of maximunckiness
scenario anfr wave conditions. he distance between the first sensing pad and the end afsthe |
controller module i8.2&m, this gap only includes hidden tracks to allow for the packaging to overlap
the board and to lower the sensing strideghdy below the package edgé&he widh of the sensor

boad is 60.0nm. The total length of theemsor board was increased toc2b As the capacitive
controllersareembedded inside the implemented package, they will be fully isolated from water and
oil. The sensing strips will be immersed in the measured mixture. The microcontroller provides the
sensor with the power and Ground lines gatd the measured thicknetsoughthe data lines of a-4

pin wire. Five items from the sensor design with identicahdin si ons wer e or der ed
company in Chinahttps://www.pcbway.cony/
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Figure76. Optimized Sensor Prototype

Page77



6.5 Capacitive Sensor Tuning Experiments

As described befor¢ghe MPR12Xkontrollers are used to measure the capacitaneaatf electrode in

the sensing unitSince the MPR121 modulesea DC charge technique to measure the capacitance,
the current charge and the charge duration parameters need to be configured befooa.opasati

on this,tuning experiments were performéal find the best combinatioof the charge current and
duration tobe used in the finadensor design. The nmaaim of the tuning process is to seléot
combinationcurrent/timethat maximizes theensorsensitivity in terms of diffentiation between air
and oil. Thevoltage measurementised in the tuning experimerase tiken at the output of the second
filter of the MPR121 controller. The third filter output of the MPR121 controller is ignorekisn
project because it compares the raw voltage measurements with the baseline values used mainly for
capacitive touch applications. The charge current may take a value bepweamd 631A, and the
charge durabn is set to value between 0.5usec andsg2. During the experimenis which tuning

was performegthe sensor was fixed on the indoor tamid immersed in Bquid thatcontainsa layer

of heavy oil (Fuel) with 2Gim thickness (seleigure77).

Figure77. Experimental InstallationTuning Experiments

6.5.1 Current Tuning Experiments

Current tuning was performed by setting the charge duration time to a fixed vabugusécand
changing the charging current amount from 1pA to 63pA oynarement of 1pA. Thexperimental
results are shown ihable26 and the corresponding graph is showfrigure78. The vertical margins
in Figure78indicate the interfaces between different groups of electydagsbuted adollows:

1 E1lto E25: Air
E26: Air/Oll
E27 to E33: Ol
E34 to E40: Water, covered by a thin layer of oil (fouling effect)
E41 to 48: Water

=A =4 -4 =
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Table26: Current tuning experimen¥6ltage (ADC) vs. Current(B2uA))

Current (LA)
Electrode 1 8 16 24 32 40 48 54 62
El 4 52 105 159 212 265 319 358 408
E2 4 49 100 151 201 252 304 340 389
E3 4 50 100 152 202 253 305 342 390
E4 4 50 101 152 203 254 306 343 391
E5 4 50 101 152 202 254 305 342 390
E6 4 49 101 151 202 253 303 341 389
E7 4 50 101 152 202 253 304 342 391
E8 4 50 101 153 203 254 305 343 392
E9 4 49 100 152 202 253 303 341 390
E10 4 49 99 150 200 250 298 338 386
Ell 4 48 99 149 198 248 298 335 382
E12 4 49 99 150 200 250 300 337 385
E13 4 49 99 150 200 251 301 339 387
El14 4 a7 96 145 194 243 292 328 375
E15 4 a7 96 146 194 242 292 329 377
E16 4 47 97 146 195 244 293 330 378
E17 4 48 98 148 197 246 296 333 381
E18 4 48 97 147 196 245 295 331 379
E19 4 48 97 147 195 244 294 331 378
E20 4 48 97 147 196 245 295 331 379
E21 4 48 98 147 196 246 295 332 379
E22 4 48 97 147 195 245 296 331 378 <
E23 4 a7 96 145 194 242 292 328 375 =X
E24 4 48 97 147 195 245 293 331 378 S
E25 4 49 100 151 201 253 306 341 390 %
E26 4 48 98 147 196 246 294 332 381 g
E27 4 47 96 144 192 241 289 326 373 ~
E28 4 a7 95 145 192 240 288 324 372
E29 4 a7 95 143 191 239 288 323 371
E30 4 46 95 143 191 238 288 322 370
E31 4 46 95 143 191 239 285 322 369
E32 4 46 94 143 190 238 285 321 368
E33 4 46 93 141 187 235 281 316 362
E34 4 43 88 132 175 220 263 295 338
E35 3 41 83 126 167 208 250 280 321
E36 4 42 85 127 169 211 253 284 326
E37 3 37 75 112 150 187 224 251 290
E38 3 35 70 106 140 175 209 234 270
E39 2 32 65 98 129 161 191 215 247
E40 2 25 50 74 99 122 145 162 185
E41 0 6 14 21 27 34 40 45 51
E42 0 5 11 17 22 28 33 38 43
E43 0 2 6 10 13 17 20 23 27
E44 0 3 7 12 16 20 25 28 32
E45 0 2 5 8 11 14 17 20 23
E46 0 1 4 7 9 12 14 16 19
E47 0 1 3 6 8 10 13 14 17
E48 0 1 3 5 7 9 11 13 15
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Figure78: Current tuning Graph {oltage@ADC) vs. CurrenfuA))

Based on the tuningesults, it was observed that t#ference between the air and oil electrodes
increase with the current in a directly proportional manner. Theoretically, this result is expected since
the capacitance is directly related to the product of duration and current. However, to avoid the
saturaion of the 16bit ADC contained in the MPR121, the suitable time duration parameter need to be
assignedtonsideringadditionaltuning experimerst

6.5.2 Time Tuning Experiments

In contrast to the current tuning experiments, in the time tuning experimentsrémg emount was set

to a fixed value of 1uA and charging duration time was changed gradually from 0.5usec to Bausec.
do this, the CDT register included in the MPR121 controller was set with different ualoeterto

set the needed charge time val(sseTable27). The state of the sensor electrodesiislar to theone
presented in current tuning experiment section abbveexperimental results are shownTable28

and the corresponding graghshown inFigure79.

Table27: Hex values representing different charge time configurations

Charge Time (us) Hex Value
0.5 0x20
1 0x40
2 0x60
4 0x80
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0xAO0
0xCO
OxEOQ

16
32

Table28: Time tuning experimenMpltage(ADC) vs. Time (0832 ps))

Voltage (ADC)

Time (us)

32

386
368
372
373
370
368
371

373
371

366
364
366
374
364
365
368
369
368
368
368

371
369
365
368
378

371

359
357
359
356
354
354

346
237
169
202
163
153
139

1

16
196
186
187
188
187
186
186
189
188
184
182
185
190
183
184
184
187
186
185
186

186
186
184
185
191

185
180
180
179
179
180
178
172
119
87

102
82

78
70

0

98
93
93

94
93
93
93

94
94
92

91

93
98
92
91

92

93
93
92
93

93
92
92
93
96

93

90
90
89

90
89
89
86
59
44
51

41

39
34

0

49

47

46

47

47

47

a7

a7

a7

a7

46

47

54
45

46

46

46

46

46

46

46
45
45
46
47

46

a4
45

a4
a4
a4
43

43

29
22
25

20
19
17

0

24
22
23
23
23
23
23
23
23
22
22
23
22
22
22
22
22
22
22
22

22
22
22
23
23

22
22
21

21

21

21

21

21

14
10
12

0

11
10
11
11
11

11
10
11
10
10
10
11
10
10
10
10
10
10
10
10

10
10
10
10
10

10
10
10
10
10
10
10
10

0

0.5

0

Electrode

El

E2

E3

E4

ES5

E6

E7

E8

E9

E10
Ell
E12
E13
El4
E15
E16
E17
E18
E19
E20

E21
E22
E23
E24
E25

E26
E27
E28
E29
E30
E31
E32
E33
E34
E35
E36
E37
E38
E39
E40
E41
E42
E43
E44
E45

Page81




E46 0 0 0 0 0 0 0
E47 0 0 0 0 0 0 0
E48 0 0 0 0 0 0 0
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The experimetal resultgevealedan increae inthe measured voltage in a directly proportional manner

with time.

6.53

Based on the results of current and time tuning experiments, and to select the best conafination
current and time in terms of sensitivity, two electrodes vgelected as references from air and oil
mediums. The absolute difference between the voltages measured by each of the two geggodes
E27)was used as the sensitivity factor to be monitored while testing all jgossimbinationsThe
difference betwen the two electrodes (delta) is calculated for all possible combinations and shown in

Combined Tuning Experiments

Electrode

Table29 and the corresponding graph is showfiigure80.

Table29: Combiredtuning - Numerical results

Figure79: Time tuning- Graph {oltage ADC) vs. Timg0.5-32 us))

Time (usec)
Current (UA) 0.5 1 2 4 8 16 32
1 0.00 0.00 1.00 3.00 4.00 6.00 14.00
2 0.67 1.00 2.00 3.33 8.33 16.00 18.67
3 0.67 1.67 2.67 5.00 13.33 23.67 14.33
4 0.67 2.00 3.67 7.67 16.67 27.00 3.33
5 0.67 2.33 4.67 10.33 20.00 20.00 0.00
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6 1.33 2.33 5.67 12.00 22.33 10.67 -0.33
7 1.67 2.33 7.00 9.33 26.67 3.00 0.00
8 2.00 2.33 7.33 11.33 28.33 1.00 0.00
9 2.00 3.33 8.00 12.00 30.00 0.67 0.00
10 2.33 4.00 7.00 16.33 24.67 0.33 0.00
11 2.67 5.33 10.33 15.67 18.33 0.33 0.33
12 3.00 5.67 11.33 18.33 8.33 0.00 0.33
13 3.00 6.67 13.33 19.67 3.00 0.00 0.00
14 3.33 6.33 14.00 22.33 0.33 -0.33 0.00
15 3.67 8.67 14.67 27.33 0.00 -0.33 0.33
16 4.00 9.00 15.33 30.00 0.00 0.00 0.00
17 4.00 10.00 14.33 33.67 -0.67 0.00 0.00
18 4.00 8.67 15.67 29.33 -0.33 0.00 -0.33
19 4.33 9.33 15.00 34.00 -0.33 -0.33 -0.33
20 4.67 9.67 16.00 31.33 -0.33 -0.33 -0.33
21 5.00 10.33 16.67 31.33 -0.67 0.33 -0.33
22 5.00 11.33 17.00 21.00 0.00 0.33 0.00
23 6.00 12.00 18.00 14.00 0.67 0.33 0.00
24 6.33 14.33 16.67 7.00 0.67 0.00 -0.33
25 6.33 14.00 25.00 4.67 0.33 -0.67 -0.33
26 5.67 13.67 26.67 3.33 0.00 -0.67 -0.33
27 5.67 12.33 29.67 2.67 0.33 -0.67 0.00
28 6.00 13.33 25.33 1.00 0.67 0.00 0.00
29 6.33 13.67 25.00 0.00 0.33 0.33 0.33
30 7.00 14.00 26.67 0.33 0.00 0.33 0.33
31 7.67 14.33 25.67 0.67 0.00 0.67 0.67
32 8.00 15.67 26.00 0.33 0.33 0.33 0.33
33 8.33 16.33 26.33 -0.67 0.33 0.00 0.00
34 8.67 16.33 27.00 0.00 -0.33 -0.33 -0.33
35 8.67 16.33 28.33 0.33 -0.67 -0.33 0.00
36 8.67 16.33 27.67 0.33 -1.00 0.00 0.67
37 8.67 16.33 30.00 0.33 -0.67 0.00 1.00
38 9.33 16.00 31.00 0.67 0.00 0.33 0.67
39 10.33 16.33 31.00 0.00 0.33 0.00 0.33
40 10.67 17.00 30.00 -0.67 0.33 0.33 0.00
41 11.00 18.33 29.00 -0.67 0.00 0.00 -0.33
42 10.67 17.67 27.00 0.33 0.00 0.33 -0.67
43 11.00 18.00 25.00 0.00 -0.33 0.00 -0.67
44 11.33 17.33 19.33 -0.33 -0.33 0.00 0.00
45 11.67 19.00 16.00 0.00 -0.67 0.00 0.00
46 12.00 19.33 12.67 0.33 -0.33 -0.33 0.00
47 11.67 20.00 11.00 1.00 -0.33 -0.33 -0.33
48 12.00 20.00 9.00 0.00 0.00 -0.67 0.00
49 12.33 21.33 7.00 -0.67 0.00 -0.67 -0.33
50 13.33 21.33 5.67 -1.00 -0.33 -1.00 -0.33
51 13.00 21.67 5.33 -0.67 -0.33 -0.67 -0.67
52 12.33 20.67 4.33 0.33 -0.33 0.00 -0.33
53 12.33 20.67 3.33 0.67 0.00 0.33 -0.33
54 13.00 21.67 2.33 1.33 0.00 0.67 0.00
55 14.00 23.67 2.00 0.33 0.00 0.33 0.33
56 14.00 29.00 1.67 0.33 0.00 0.33 0.33
57 14.00 29.67 1.67 -0.33 0.00 0.33 0.33
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58 14.33 28.67 1.33 0.33 0.00 0.67 -0.33
59 14.67 25.00 1.00 0.33 0.33 1.00 -0.33
60 14.33 25.00 0.67 0.33 0.67 0.33 -0.67
61 14.67 25.00 0.33 0.33 0.67 0.00 -0.67
62 15.00 26.33 1.00 0.00 0.67 -0.33 -1.00
63 16.00 28.00 2.00 0.00 1.00 0.00 -1.00

Charge Time (us)

e ().50 ==—=1.00 2.00 ==—==400 ==—8.00 16.00 e=—32.00

N N w w
o o o o
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Current (LA)

Figure80: Combined Tuningsraph (delta vs time and cent)

Based on the experimental results for the tuning, the combinationset Zjlharge duration time and
32uA of charge current amount was selected since it admitted the maximum difference factor between
oil and air while attaining an acceptable power comgption and relatively high sampling rate before
reaching the saturation level.

6.6 Capacitive SensoEnhancedMulti -Layer Design with Pins

Based on all the pasbservations while wing with the different sensor prototypesewoticed that

the major foulingeffect is occurring while the sensor is moving dowto ithe liquid. During the
downward movement, a set of electredae entering the watearrying a thin layer of oil acting as a
separator between the electrodes and water. Without having a suiitieant of time to clean the oil
layer from the sesor strips, the oil layesticks to the sensor strips and highly affetiie voltage
measurements of the electrodiesair, this problem is reducesince oil is pulled by gravity and tension

with the surfae oil downward. The vertical motion of the sensor was recorded several times to monitor
the fouling effect. A snapshot from a video recording of the sensor vertical motion showing the fouling
effect in water is shown iRigure81. Note that this effect is minimathile working with low vicious

oils.
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Oil-Fouled region:
Electrodes soiled by
oil due to vertical
sensor movement.

Figure81 Photoshowing oitfouled electrodes

To reduce the fouling effect on the sensor, and to increase sensor sensitivity, a novel solution was
developé, which consisted adding pinsiormalto theplane ofstrips of the sensing array. In addition,
sensing electrodes were added to the two sides of the sensor and the connection tracks were embedded
in a 4layer PCB design. The added pins play a maj@r iropenetrating the thick oil layer covering the
sensor strips. While the sensor is immersed in the examined liquid containing oil and water layers, the
pins located in the water section of the sensoshoetcircuiteddue to water conductivity. The ugp

pins located in the oil section are totally immersed in oil and thus the measured capacitances are related
to the dielectric constant of the oil, which is different fribvat ofwater and air. Based on this enhanced
design, the actual sensing methoddusg the sensor cdrethought ofas a mixture between capacitive
sensing and conductive sensing technigsiegrtcircuiting is done in the water partition of the sensor

and capacitive sensitgppensn the air and oil sections of the sensor due ta theulating properties.
Figure82illustrates the enhanced sensor design showing the following (@rtSensing electrodes

(b): Connection trackgc): Anti-fouling ping and(d): PCB The implemented sensorgtotype with

pins is shown irFigure83.
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Figure82 Enhanced sensor design with pins

Figure8 Enhanced sensor design with pins

To assess the performanaiethe added pins, two sensors with/without pins were tested. To compare
the rateof changeof the electrodegs me airs thertveo doards, the average voltage measured by the
last three electrodes in each of the two sensors were recorded and pigtiesi8d).
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Pins Experiment (Voltage(ADC) vs. Time(sec))

Voltage (ADC)
N W b 01 O
o
o
{

19

21.7
3

2.8
55
8.2
7
4

73
75.7

O

0.1
10.9
13.6
16.3
24.4
27.1
29.8
325
35.2
37.9

43

48

51

54.1
56.8
59.5
62.2
64.9
67.6
70.3
78.4
81.1
83.8
86.5
89.2

O
o
<
Time (sec)

=== \\/ith Pins ==\N/ithout Pins

Figure84: Pins Experiment (Voltage(ADC) vs. Time (sec))

The experimental results shownhigure 84, showclearly that the voltage measured by sensor with
installed phs made a severe drop in the voltage after being immersed in water. This is because the
horizontal pins penetrated the-@luling layer covering the sensor body, as showfigure 85. In
contrast, the voltage measured by th@asdsensor (exposédo pins), showed a much slowertage

drop. This experimerdemonstratethe ability of the horizontal pins to decrease thdailing effect

on the sengoperformance by increasing thate of changeof the voltage measured by difent
electrodes when moving between oil and water mediums.

[

Pins penetrating thd
oil-fouling layer

Figure85: Photo showing pins penetrating thefoililing layer
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Based on the experimental results, it was concluded thatthexl pins play a major role in penetrgtin

the thick oil layer covering the sensor strips. While the sensor is immersed in the examined liquid
containing oil and water layers, the pins located in the water section of the serstworec#cuited

due to water conductivity. The upper pins locatethe oil section are totally immersed in oil and thus

the measured capacitances are related to the dielectric constant of the oil, which is differtmtfrom

of water and air. Based on this enhanced design, the actual sensing method used by tbaerdensor
thought ofas a mixture between capacitive sensing and conductive sensing teclstiqugsrcuiting

is done in the water partition of the sensard capacitive sensir@ppensn the air and oil sections of

the sensor due to their insulatingpperties

6.7 Additional Attempts to Reducethe Oil-fouling Effect

6.7.1  Adding High-Frequency Vibration Mechanism to the Sensor

Although the initial testing phaskemonstrated the ability of thamacitive sensor in determining the
medium it is in, one problem wabserved with the oil soiling of the electrodes in the water under the

oil slick level, while the sensor bobs up and down. Although the oil eventually slides off these strips
and rises to the surfacegtdynamics of the process is relativelgw for thick oils and risks affecting

the determination of the oil/water interface. To deal with this issudnitied sensorprototypewas
equipped with a vibrating modul@=igure 86), to help expedite the removal of aibf fouled strips.

To assess the effect of the vibrator module, two experiments were performed; before and after activating
the vibrators. The same procedure was used in performing the two experiments. The sensor was
immersed vertically from a fixed positi into the water through a thin floating-talyer. The voltage
measured by the capacitive stripes was recorded. To interpret the experimental results, thdrepltage

of two stripes passing from the initial position (Air) to the end position (Wateilg whnetrating the

oil layer, were recorded and compared. An instance of the experimental results is shiaiie 80,

and the corresponding graphs, displaying the voltage drop of the two stripes with resipeet aoe

shown inFigure87, andFigure88.
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Figure86. Capacitive sensor with vibration mechanism
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Table30: Vibrator Experiment (Voltage (ADC) vs. Time (sec))

Time (sec) E1 (ADC) E1 with vibrator (ADC) E2 (ADC) E2 with vibrator (ADC)
1 144 144 161 162
2 136 135 148 148
3 133 137 140 142
4 127 111 132 111
5 132 89 137 54
6 118 76 122 65
7 108 76 88 49
8 90 64 86 40
9 81 65 74 46
10 80 59 66 39
11 76 58 72 35
12 73 54 64 41
13 68 54 58 39
14 69 50 56 36
15 71 49 60 37
16 66 47 58 29
17 62 42 50 33
18 59 44 52 31
19 58 41 54 33
20 59 37 52 30
21 60 38 51 33
22 57 36 49 30
23 54 36 48 28
24 55 33 48 30
25 51 32 50 27
26 51 33 49 27
27 53 33 50 31
28 52 34 50 25
29 50 34 47 27
30 48 1 46 26
160
140
__120
8
< 100
% 80
§ 60
40
20 — —— —
0

1 3 5 7 9 11131517 19 21 23 2527 29 31 33 35 37 39 41 43 45 47 49 51 53
Time (sec)

= F1-Without Vibrator =—=E1-Vibrator

Figure87: E1 voltagedrop, before &after installing the vibratofVoltage (ADC) vs. Time (sgt
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Volatge (ADC)
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1 3 5 7 9 111315171921 232527 29 31 33 35 37 39 41 43 45 47 49 51 53
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= E2- Without Vibrator =——E2-Vibrator
Figure88: E2voltage drop before &fter installing the vibratrr (Voltage (ADC) vs. Time (sec)

The experimental resultsuealed that the use of vibrators helped increase the rate of the voltage drop
of the two electrodesThis result supports the idea of usmgibration system, since spieg up the
voltage drop igssential in decreasing the-fwlling effect.

6.7.2  Preliminary Work Done on Coating witiNanoprotet Material

In addition to the proposed vibrator aboseyeral coating materials were tested. Fingt,initial sensor

prototype was coatewvith a transparent electricahgulation material provided biNanoprotech

composed of the following ingredients: highly purified mineral oil, anticorrosion additivesxiaiaint

paraffinic, and naphthenic hydrocarisoimhe recommended temperature for operation of this material

is between20°C to +35°C and it maintains its properties for a temperature rangesfié@to +140°C.

Spraying the sensor cartridge with the Nanoprotech maté&iglirg 89) is done manually, and the

board is kept to dry in air for around twetiour hours before the first use. The excess of the spraying
process (liquid residue) remaining on the sens
conpleted. The material is completely transparent, and covers all the components of the sensor
including, the pins, stripes, and connection tracks.

To compare the sensor performance before and after applying the Nanoprotech coat, two identical
experiments we performed. In the two experiments, the sensor was immersed into the oil/water
mixture starting from a fixed position above the water surface. To monitor the effect of the material on
the oilfouling process, the voltagirop of the last two electrodels35, and E36), while passing from

the air layer until reaching the water layer, were recorded and analyzed. The experimental results of the
immersing experiment are shownkigure90.

Page90



———

| Super Insulation

NANO

PROTECH 1

Figure89: Naroprotechi Liquid Electrical Insulation

160

140

Voltage (ADC)
e}
o

60

40

20

0 v

AHdOONOTNMNAODONOTNANADNONONLTNNAODNON OO ®MN

O dNOSTOLONOD T OdNMNMITOLOND T OO dNNITIOLONNODO TN M O
Addddddddd dNANNNNNNN ANNOOOOO®

Time (sec)
= N0t Coated - E35 === Not Coated - E36 Coated - E35 Coated - E36

Figure90: Nanoprotech CoatingAssessment Expienent (Voltage (ADC) vs. Time éx)

As shown inFigure 90, the Nanopraich coating increased tinate of drop of the measured voltage,

while the sensor being immersed from oil to water. This can be deduced from the severe drop in E35
and E36 voltages, recorded immediately after the immersing started. In contragt,apgiiging the

coat, therateof changewas much slower as shown in the graph. At the end of the experiment, when

the voltages are almost stable, values measured by the coated sensor were lower than the values recorded
by thenoncoated sensor. For instance, the voltages measured by EE3@rxkfore coating, were

between seven and eight (ADC). After coating, the voltages of E35 and E36 decreased to around two
and three (ADC). This decrease validates that the coating played a role in enhancing the conductivity
of the electrodes. In additido the oitfouling assessment experiments, several experiments were done
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to analyze the effect of the coating on the sensor response in all conditicil (Aiater). Voltages
measured by electrodes when immersed in air and water, with and without caisgown iffable
3L

Table31: Voltages in air & water, before and after coating with Nanoprotech insulation material

Voltage (ADC)

Electrode | Air (Not Coated) Air (Coated) Water (Not Coated) Water (Coated)
E25 138 138.19 3 2
E26 132 132 3 2
E27 132 132.06 2.44 2
E28 134 134.78 2.46 2
E29 133 133.01 2.04 2
E30 134 134.99 2.06 2
E31 133.69 134 2.24 2
E32 135 135 2.02 2
E33 132.05 133 2 2
E34 131 131.99 2 2
E35 131 131.96 2.04 2
E36 148 148.99 291 2

As shown inTable31, the voltages measured by the sensor electrodes are almost equal in Air and Water
cases, before and after coating. Hoarewt was noticed that in theater case, vthges measured after
coating are slightly lower and more stable than the voltages measured before coating. This result,
validates the conclusion made in the poerd experiment, indicatinthat the Nanoprotech coating
enhanced the conductivity of the s&gpwithout impacting the sensor behavior in other cases (equal
values in Air case). Also, to check the coating effect on oil detection, two identical experiments were
performed before and after coating the sensor cartridge. Initially, the sensor waly partiarsed in

water, where the first five electrodes were surrounded by air. Then, oil was added to the water container
from a fixed position above the water sugathe purpose of this methodsw@ monitor the oil effect

while contacting the electrodalirectly without being altered by the sensor motion. Also, the main aim

of this experiment is to check if the coating imgdlee oil detection capability. The experimental results
including the measured voltages (ADC) and the percent relative chartipesvoitages, are shown in
Table32.

Table32: Relative differences (%) in Oil case, before and after coating with Nanoprotech insulation

Not Coated Coated
Voltage (ADC) Voltage (ADC)
Electrode Air (0]] Relative Difference (%) Air Oil Relative Difference (%)
E1l 167 160 4.19 168 161 417
E2 157 149 5.10 158 150 5.06
E3 156 148 5.13 157 149 5.10
E4 159 150 5.66 160 151 5.63
E5 158 149 5.70 159 149 6.29

Page92



The experimental resultgvealed that the percentage relative changes, due to the oil contact, were
similar in both versions (6%); coated and necoated. Thus, it can be concluded, that the coating
didnét have any negative effect on the oil detec

The experimentalasults presented above showed that the Nanoprotech coating helped in reducing the
oil-fouling process, while not impacting the air and oil detection capabilities. Also, the use of the
Nanoprotech material was observed visually to decrease the wetnesssehior board while being

immersed in water. However, several questions were raised regarding the actual composition of this
material, and the reason behind enhancing the conductivity of the electrodes. Clarification of the actual

role of the material ineeded, basedohe f act t hat t toie s to msulate electachl 6 s pr i
parts in water and not to enhance the conductivity. However, further investigatesdedh the future

work.

6.7.3 Preliminary Work Done on Coating with Ultreever dry Material

While attempting to reduce €fibiling of the strips, UltreEver-Dry producedby Ultratech was tested

First, after spraying the sensor with the two product components (base coat and top coat), the sensor
was immersed and removed several times int afseater/oil mixtures, including light, medium and

heavy (Fuel) oil samples. As a result, in most of the trials, it was observed that the oil wasfalling
immediately after removing the sensor from the examined liquid. However, in some cases,lespecial
when dealing with heavy oil types (Fuel), the material performance was affected.

To analyze the effect more accurately, several experiments were performed. The experiments were done
using the same sensor board, before and after applying the coagndtr&kver dry material is applied

by manual spraying in two stages. In the first stage, the sensor cartridge is sprayed by the bottom coat
material. Then, the board is kept drying in air for around 15 minutes. In the second stage, the top coat
materialis applied to the board by manual spraying. After applying the top coat, the sensor is kept
drying in air for around twentfour hours, before the first use. The spraying process was performed
under a specialized fume hood. The fume hood is aeathind, filtered laboratory enclosure, used

to remove hazardous vapors and particles resulting from the spraying process. It is important to note
that the spraying was done based on regular motion iterations, to have a homogenous and equally
distributed amountf coating material on the sensor surfaces. However, since the spraying was done
manually (by hand), some differences in the coating distribution was observed on the sensor surfaces.
In the first experiment, the voltages measured by the sensor electreeeaorded while the sensor

was set to a fixed position in air. To assess the impact of this material on the sensor, voltage values
obtained after applying the coating are compared to the corresponding values stored before applying
the coating. A samplef the experimental results, showing the average of a set of voltages measured by
the first twelve activated electrodes, are showmahle33, and the corresponding graph is shown in
Figure9l.

Table33: Relative differences (%@nd Voltages (ADG)before ad after coating with Ultraever dry

Electrode | Non-coated(Avg. Voltage (ADC)) | Coated(Avg. Voltage (ADC)) | Relative Differences (%)
El 171.00 167.83 1.85
E2 161.79 158.11 2.27
E3 160.05 156.03 251
E4 166.00 156.00 6.02
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E5 163.12 155.31 4.79
E6 167.02 153.86 7.88
E7 164.48 158.46 3.66
E8 168.98 162.40 3.89
E9 162.60 158.03 2.81
E10 163.72 157.91 3.55
El1l 157.72 153.17 2.88
E12 160.93 156.00 3.06
175.00
170.00
8 165.00
a)
< 160.00
>
& 155.00
©
> 150.00
145.00
140.00
El E2 E3 E4 E5 E6 E7 ES8 E9 E10 E11 E12
Electrode

m Voltage (ADC) Non-coated mVoltage (ADC) Coated
Figure91: Voltages (ADC) measured before and after coating with 4ditea dry (Air)- Graph

The experimental results revealed that the voltages measutied bgpacitive stripes in alecreased
after applying Ultraever dry material. Since the@lage is inversely related to the capacitance, it was
concluded that the additional coating layer increaseddbke bapacitance of the stripes.

To assess the voltagieop numerically, the percent relative differences are calculated and shown in
Table33. The percentage differences vargdongthe stripes, ranging between 1.85% and 7.88%. This
variation is due to the different distribution of the coating material on the sensor surfaeeeldmge
percentage diffrence wa around 3.77%.

To monitor the effecof the coating material in the oil andater cases, another experiment was
performed. In this experiment, the sensor was partially immersed in an oil/water mixture. Before
applying the coat, the thiryix adivated electrodes were distrileatin the oil/water mixture as follows

1 E1to E16: Air
1 E17 to E21: QOIll
1 E22to E36: Water

The voltages measured for the rapated sensor, before and after immersing in the examined liquid,
in addition to the percentagelative differences, are shownTable34.
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Table34: Noncoated- Voltage (ADC) & R.D (%) - Partially immersed in oil/water mixture

Voltage (ADC)
Case Electrode Calibration ( Air) Partially imnr:&rtsu er: in oiliwater Relative Difference (%)
El 171.00 172.00 0.58
E2 161.79 162.01 0.14
E3 160.05 160.99 0.59
E4 166.00 165.13 0.53
E5 163.12 162.97 0.09
E6 167.02 166.06 0.58
E7 164.48 164.94 0.29
> ES 168.98 170.29 0.78
- E9 162.60 164.0 0.86
E10 163.72 163.43 0.18
E11 157.72 159.03 0.83
E12 160.93 160.94 0.01
E13 148.09 147.86 0.15
El4 149.65 149.19 0.30
E15 150.06 149.83 0.15
E16 154.02 153.03 0.65
E17 152.98 147.97 3.27
E18 155.90 148.99 4.44
Q E19 154.02 147.88 3.99
E20 157.00 149.01 5.09
E21 153.68 141.99 7.61
E22 154.00 66.82 56.61
E23 149.01 48.33 67.56
E24 151.04 48.15 68.12
E25 138.94 74.94 46.06
E26 139.61 45.64 67.31
E27 140.18 35.21 74.88
E28 142.98 18.07 87.36
§ E29 140.99 21.00 8511
E30 143.09 36.58 74.43
E31 141.99 77.72 45.26
E32 14351 17.97 87.48
E33 140.00 23.29 83.36
E34 139.43 17.49 87.46
E35 138.99 12.44 91.05
E36 153.23 32.11 79.04

The same experiment was repeated after coating the sensor with thevaltdry material. The
voltages (ADC) measured by all electrodes, in addition to percentage relative differences are shown in
Table35.
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Table35: Coated(Ultra-ever dry)- Voltage (ADC) & R.D (%)- Partiallyimmersed in oil/water

Case | Electrode Calibration (Air) Partially immersed in oil/water mixture Relative Difference (%)
El 167.83 166.95 0.52
E2 158.11 157.97 0.09
E3 156.03 156.00 0.02
E4 156.00 157.04 0.66
E5 155.31 156.60 0.82
g E6 153.86 155.15 0.84
E7 158.46 157.01 0.92
E8 162.40 163.33 0.57
E9 158.03 157.81 0.14
E10 157.91 156.99 0.59
E1l 153.17 152.11 0.70
E12 156.00 153.99 1.29
E13 143.23 140.06 221
o E14 144.69 139.30 3.72
E15 144.20 139.78 3.07
E16 150.06 144.17 3.93
E17 147.03 126.89 13.70
E18 144.94 107.01 26.17
E19 127.00 91.21 28.19
E20 127.97 92.70 27.57
E21 147.00 103.11 29.86
E22 147.09 103.90 29.36
E23 144.03 103.19 28.36
E24 146.97 103.74 2941
E25 130.43 95.82 26.53
= E26 131.94 95.25 27.81
% E27 137.00 97.62 28.75
E28 154.00 136.27 1151
E29 137.14 95.97 30.03
E30 133.03 97.48 26.72
E31 137.00 95.62 30.20
E32 134.00 94.69 29.34
E33 135.03 89.08 34.03
E34 135.71 83.13 38.75
E35 136.20 78.64 42.27
E36 152.29 90.60 40.51

To assess the effect of the coating material on each of the three cases (Air/Oil/Water), the average value
of the percent relative differences calculated for each case in the two previous expédrahkaf4,
andTable35) are shown iMable36, and the corresponding graph is showFRigure92.
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Table36: Comparison betwearlativedifferences in Air/Oil/Water cases befard after coating

Average Percentage Difference (%)
Non-Coated Coated (Ultra-Ever Dry)
Air 0.42 0.53
Qil 4.88 2.84
Water 73.41 28.95
80.00
& 70.00
9 60.00
® 50.00
£
3 40.00
.029 30.00
8 20.00
(&)
® 10.00
0.00 S [
Air (0] Water
Case

m Average Percentage Difference (%) Non-Coated

m Average Percentage Difference (%) Coated (Ultra-Ever Dry)

Figure92 Comparison betweerlativedifferences in Air/Oil/Water cases before antkatoating

This experiment revealed that after applying the kirar dry coating, the relative pertage change

in the watemwas reduced. Theoretically, this result was expected since the coating plays a major role in
isolating the electrodes from wat®Vithout coating, the electrodes were skrtuited due to the water
conductivity, thus, the potential difference was dropped to around zero. In contrast, after the coating
was applied, an additional layer (dielectric) was added to the electrodeasingrthe base capacitance,

and decreasing the sensor sensitivity. Also, a decrease of the relative change of the electrodes immersed
in oil was observed.

Several important notes were recorded while working with the-eltea dry material. First, it was

noted that the manual spraying technique (by hand) resulted in an irregular distribution of the coating
thickness on the sensor surfaces. Thus, aundiorm coating layer was observed, impacting the base
capacitance of the electrodes inconsistently. 8asethis, a more consistent method is recommended

to be used during the coating process. Also, it was observed that the addition of thevésliday

coating layer, decreased the sensitivity of the sensor. This conclusion was made after observing the
deaease in the percentage relative difference calculated for each of the electrodes while being immersed
in water and oil. Further investigation regarding the performance of this coating anthyptugrholic

materials will be done ifuture work.

As a contusion, despite the fact that adding the vibration mechanism decreasedfthaing effect,
it was not considered in the final sensor design since it has a major disadvantage related to the added
power consumption and the complexity introduced to thekgging. Also, the supdrydrophobic
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(Ultra-ever dry) coating was not considered in the final sensor design since it decreased the sensor
sensitivity Regarding the Nanoprotech coating (Nano electrical insulation), despitedhthat it

helped decreasthe oilfouling effect, it was not considered since further investigation is needed to
validate the initial observations recorded during the initial experiments. At the end, the best solution to
handle oiffouling was found to be the horizontal pins intmodd in the previous section, where no

power consumption was added, and no major changes were applied to the sensor design and packaging.
It is important to note that chemical coatings will be studied in more details in the future development

6.8 Battery Testing

Several experiments were performed to test the performance of the selected baktefigkowing
presented experiment was implemented to assess the selected 9V battery pack composed of 6 AA 1.5V
batteries (single useEnergizer) connected in seri@$e battery pack used is showrFigure93, and

the experimental parameters are shown in the list below:

Baud Rate115200

Number of MPR121 controllerd:
Charge Curren32 pA

Charge duratiorn2 psec

Sampling timel messagewvery 2 seconds

=A =4 =4 4 4 =4

DataOne Message containing all voltage readings

Messagd=xample
"786,750,754,756,755,753,755,757,753,745,736,728,729,699,695,698,702,699,694,680,6 25,609
,605,599,580,543,557,561,556,545,517,465,3P687,115,110,108,104,107,103,105,96,88,75,
69,56,43

Wireless ModuleStatus: ON.

Experiment Start Time: 10:00 PM

Experiment Date2/10/2017

Sensor installation: Small tank (Lab). EE13 (Air), EL13E22(0OIil), E23E48 (Water)

=A =4 =4 4 =

Power Source: 9V made of 6ttEies energizer singlese (1.5V) connected in series.
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Figure93: 9V Battery F;ack AA Batteries

The experiment lasted around 4 hours and the results showed that the selected batteries remained in an
acceptable condition praling the circuit with the needed voltage during the entire experiment
duration. For more accurate monitoring of the battery voltage value with respect to time, the input
voltage was logged every 30 minutdfie numerical voltage values are showrTable 37 and the
corresponding graph is shownkigure94.

Table37: Voltage vs. Time Battery Experiment

Time (HR: MIN) Voltage (V)
10:05 8.84
10:35 8.47
11:00 8.33
11:30 8.19
12:02 8.07
12:30 7.99
13:07 7.92
13:34 7.86
14.05 7.80
14:36 7.74
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Figure94: Voltage vs. Time (Graph)Battery Experiment

As a conclusion, since the batteries remained in good condition for almost 4:30 hourSnafocisn
transmission, with a relatively high baud rate and no heating or disconnection in transmission was
recorded, the 9V battery pack was selected for #ta tdesign of the sensdro increase the battery
lifetime, NiMh AA batteries could be used witlitoperforming any modifications to the battery pack.
Example of the rechargeable NiMh batteries with a capacity of 2500mAh is sh&iguie95.

Figure95: AA Rechargeable Batteries (2500 mAh)

6.9 WirelessTransmissionTesting

To validate the range of the selected wireless modules, an experiment was pedortinedhird of
October2017 where all thesensor components werdigated and embedded inside thiaaersion of

the proposed capacitive instruméwegrsion 1). The RF transmitter wastivatedfor the duration of the

entire experimentA message ofaw voltagevaluesmeasured by all electrodess senevery two
secondsThe base station (LaptopRF Receiver) was placeat a fixed position anche sensor was
movedaround up to a distance of 200 metiesn the base statiomo disconnectior delays were
recordedThe result of this experiment was considered acceptable, since the signal transmitted by the
RF module was received for asthnce excekng the target rangef the eventual application.
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6.10 EnhancedAlgorithms Based onSensorMovement Tracking

6.10.1 Movement Tracking in Dynamic Liquid 6nditions

As described before, the aim of thlgorithmenhancement is to detect the best set of measunts

where we need to apply the oil thicknessalysis.This approach is based oetectingthe dynamic

water conditions and tracking the direction tife wave interacting with the sensor body
(upward/downward). When the sengsmoving downward, most of trealaulated relative differences
increase since more electrodes will be immersed in the examined liquid. Electrodes moving from oil to
water, and electrodes moving from air to oil will have more relative differences from baseline
calibration values taken in aiin contrast, when the sensor is moving upwdrd relative differences

will decrease. The average relative difference of all electrodes is calculated at each measurement cycle
and used as an irgditor for the sensor movemeRbr the static case, sino® movement occurs, the
average should be changing within the random error interval with respect to time. In dynamic cases, the
average will be increasing or decreasing based on the direction of the sensor movement or waves. If the
sensor is fixed in placehe average value is used to track the motion of the liqusdntact withthe

sensor. To demonstrate this capability, the relative differences of all electrodes at each measurement
cycle are stored in a 2D array and converted to a grayscale image, isitgure96, where the yaxis
corresponds to the electrode index arakis corresponds to time. A clear variation of the color intensity

in the image is observed with respect to the vertical movement of tkersenwaves. Brighter
intensities reflect an increase in the relative difference due to water contact. According to this graph,
the amplitude and frequency of the waves can be determined, since the sampling time and the
geometricabensor properties ared&gwn.

Figure96: Relative differences converted to grey scale image

To detect the set of measurements taken at the highest point of the sensor movement, the minimum
relative difference presented by each electrode during arcertaival of time is selected. In contrast,
to detect the measurements taken at the lowest point, maximative elifferences are selected.

6.10.2 Overall ThicknesdMeasurementAlgorithm

The measurement algorithm aims to find the indices of the electrodeedatainterfaces between
materials with different dielectric constants. In this application, and based sertbergeometrical
properties, electrodes located at the water/oil interface and the air/oil interface are detected and used to
calculate the oithickness in both static and dynamic conditions. The algorithm has a low dependence
on the direct numerical values of the voltageasurementand can work on a device withlienited

amountof computational resources.

The system starts by measuring thétage values of all electrodes in a sequential manner, using the
capacitive touch controllersndexed by thenultiplexers. The microcontroller reads the digital voltage
values acquired from each electrode and applies several layers of digital filtexngatece the stability
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of the measurement3.o normalize the acquired voltage values, relative percentage changes from
baseline calibration values are calculated for each elecffbdecalibration values are taken when the
sensor is completely dry and péad in open air for aufficientduration of timeThe calculated relative
percentage changes are used by the algorithm to decide on the state (air/oil/water) of each electrode.
Since each ratio is assigned to its electindexandknowing the geometri¢aimensions of the sensor
(separation between electrodedl stripe thicknejsthe actual thickness of oil can balculated For
instancethe sensor was set to a fixed position in the oil/water mixturehanelative algorithm based

on finding the mximum gradientsveretested. The relative differencaad thedetected Air/Oil and
Oil/Waterinterfaces displayed at the MatLab GUI are shovkigare97, where the upper figure shows

the relative differences onaxis and thelectrode index on the-axis. The lower figure shows a ene
dimensional array where the electrode index is on #vexand the binary value (1=interface, O=non
interface) used as an interface indicator is set on-@inasy Several oil thicknessesere reorded and
statistical analysis for the obtained measuremm@shown irmable38.

Table38: Statistical analysis of thickness measured using relative algorithm (static)

Average Thickness (mm) 20.13
Standard Deviation 0.70
Sample Size 496
Confidence Coefficient 1.96
Margin of Error 0.06
Upper Bound 20.19
Lower Bound 20.07

MAX 26

MIN 17

Relative Differences
100 T

80 — 7
60 — — -
40 — / -

20 - / i

Oil Thickness:20mm
2 T T T T T T T T T

15— =

AR i
05— AR R _
I 14
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Figure97: MatLab GUI showing detected interfaces
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To handle dynamic casefere the sensor rises or dropfative to the oil layefdue to lift or dip of

the vessel, or due to waves) a ts8tep algorithm is used. The first step istorea set sensor voltage
measuremertaken during a specific interval of time. After thdite tdirection of sensor movement is

detected for each of the stored roWhis is done by monitorinthe sense of thaverage value each

measure (increasing/decreasing).h e n t wo approaches wer e i ntr ooc
Al gor it hmo aendd Ltohwee sitCoProrienctt Al gor i t hmo.

For light oil types (ex. Dieseltheit Hi g h e st Poi nt Athegapproach bomsists ofs app
measuringhe thickness using the set of values taken when the sensorsréablghest points (crests)

through the storedreay. This is done since with light oil fouled stripes that moved from oil to air will

clean relatively fast and stripes that are fouled at the bottom side are minimal (if any) since at the highest
point most of the fouled striped went back into theTlis algorihm is used also in static cas#sce

the highest points willdregular points in the array.

The second approach is more suited for the heavy oil types (ex. Hydrocal, Calsol) where the negative
impact of fouling is more effective. Thisapprbaci s cal |l ed the ACorrkBcted L
works by detecting the measurements taken when the sensorsrdeih@vest points in the stored

array (minimumsand appling a correction methodn thento remove the number of fouled electrades

By using time interpolation, the correction mechanism works by finding the number of fouled electrodes
and subtradng it from thedetectedil interval before calalating the actual thicknesshe reason for
adopting this approach because with thick oilemkensor is on top the fouled stripes in the air will

take long to clean. Therefore, instead consider the sensor when it is submerged the most since most
fouled stripes would be at the bottom in the water. In this case, the algorithm will overestinuilte the
thickness due to fouling and would require a correction step where fouled stripes are detected and
removed from the thicknes$he workflow of the overall algorithm is illustrated in the flowchart
presented ifrigure98.

Algorithm detailed description:

Calibration

The calibration voltage values are acquired while the sensor is completely dry and placedaim open

for a preset duration of time. For each electrode, the average of all measured voltages is stored in a one
dimersional array. While operating, the relative voltage differeRj@fe ach el ectrode of
calculated using the following equation:

, DO 1 VDEDOT QOO QE ¢
Y b — Jp T
0oi 1 Q¢ o

Validity Check

At each measuraent cycle a validity check is applied on the acquired valuesazk if the sensor is

in a validsensing position. A sensing position is set to be valid vihernast electrode in the sensor

array is immersed in water. The relative change of the lastretle is calculated and compared to a
threshold value (50%) to decide if the electrode is in water. If the calculated relatinge éhareater

than 50%the measure is considered valid. Otherwise, the measure is considered invalid, and not stored
in the measurements array. Also, a text message (Invalid) is sent to the base station to inform the user
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about the sensor stafhis would allow for the detection of the scenario where the sensor is out of the
water.

Interfa ce Detection (Detectnterface)
To detect the interface between two different mediums, the algorithm uses a voting method named
iDetlenadter faced and is described as the foll owing

/I Function to get the interface between two different layers
DetectInterface (Relative DifferencesArray )
/I Create a onalimensioml array (Votes) of size hitialized by zeros
Votes = zeros (1, N)
/I Calculate votes of each electrode
index =1
While (index<N)
{
Votes(index) = meanRD (index+1: N)i mean RD (1: index))T (RD(index)/2)
}
/I Get theindex of the interface with the maximum value of votes
Max_Value = MAX(Votes)
Interface = getindex (Max_Value)
/I Return the index of the interface
Return Interface
Wher ed@Ni s the total imaxdmbiex tolfe edledRDoiottdaeayi md e x
holdingtherelative differences from calibration

To measure the oil thickness, the interface detection method is applied two times iteratively. After
finding the water interface]l of the electrodes below it (greater in index) arageed, and the method
is applied on the remaining electrodes to find the oil/air interface.

Highest Point Algorithm
Start
While (1)
{
/I initialize counter to zero
c=0
While (c< 50)
{
/I Measure voltages (all electrodes)
M = Measure ();
//Get relatve Differences (RD), C: Calibration, M: Measured,
RD = Get RelativeDifferenceqC,M);
V = Check Validity RD);
If (V = True (valid)
{
/I add tothe 2dimensional temporary array holding valid relative differences
Temp Array(c,:) = RD;
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/I increment counter
C = Cc+1;
I End If
HIEnd While- Temp ArrayFull
/I Initialize temporary vector
Temporary Vector = zeros (48);
/I Get the rmimumrelative difference from each column (electrode)
For (k=0, k<48, k++)
{
Tempoary Vector (K) = MN (TemporaryArray(;,k));
Ylend For

/I Calculate thickness
Thickness =Get Thickness (Temporary Vector)
Overall Thickness = 0.8*Overall Thickness + 0.2*Thickness

/I Clear Temporary Array
Clear (Temp Array)

/I Clear Temporary Vecto
Clear (Temporary Vector)

/I End global While
}/end While
End

Get Thickness Method (Thickness = Get Thickness (Temporary Vector))

This function gets the -lontflenfhackdh enmest hbad edle Dair it bh
the oil/water irerface, removing oil/water interface and all electrodes below it (greatedén)i from

Temporary Vector, dett the air/oil interface, and calculate the oil thickness using the detected number

of electrodes located between the two interfaces.

Corrected Lowest Point Algorithm
Start
While (1)
{
/I initialize counter to zero
c=0
While (c< 50)
{
M = Measure ();
RD = Get RelativeDifferenceqC, M); //C: Calibration, M: Measurements
V = Check Validity ();

If (V = True // Valid measure

{
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/I add totemporaryarray
TemporaryArray (c, :) = RD;
/l increment counter
C = Cc+1;
I End If
Y/End While- TemporaryArray is Full

[/ initialize empty arrays for maximum, minimum, and amplinedkive differences
Temporary Max Vieor = zeros (48);

Temporary Min Vector = zeros (%8

Temporary Amp Vector = zeros (48);

/I Get the maximums, minimums, and amplitudes
For (k=0, k<48, k++)

{

Temporary Max Vector (k) = MAX émporaryArray(;,k));

Temporary Min Vector (k) = MIN (Measements Array(k));

Temporary Amp Vector = Temporary Max Vector-(Kemporary Min Vector (k)
Ylend For

/IDetectwater interface
Water Interface = Deteeinterface Temporary Max Vectdr

/I Calculate relative change of averages to detect sengeement
Relative Change {Mean (Temporary Max Vectoi)Mean (Temporary Min Vector)) / Mean
(Temporary Max Vector)) (100)

/I Check if relative change > threshold (%)
If (Relative Change > 3%) // if threshold thenapply correction step
{
/I Correct Water interface by removing fouled electrodes
While (Water Interface > 1)
{
If (Temporary Max Vector (Water Interface) > Mean (Temporary Amp Vectpr (O
Temporary Amp VectdWVater Interfacel)))
{
Water Interface = Watdnterfacei 1;
Yiend if
Y/endWhile
Ylend if
/l Remove Water interface and other electrodes beneath it from Temporary Max Vector and get
oil interface
Temporary Max Vector = Remove Water Portioar(ip Max Vector, Water Interface)
/I Get oil interface
Oil Interface = Detectinterface Temporary Max Vectdr
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/I Get QOil portion and calculate thickness
Oil Interval = Water Interfacé Oil Interface;

// Calculate and update thickness
thickness = (Qil Interval) (2) + (Oil Interval) (1)
}// end While (1)

End

Start

y
D —
Measure

Invalid

Vali

Normalize and calculate the relative differenc

A

Detect the dyamic state of the sensor

Static L Dynamic
\ v

Add to Static Array Add to Dynamic Array

Detect highest Detect lowest
point values point values

A 4

Apply correction step

4

Get the interfaces (air/oiloil/water) and calculate the oil thicknes:

|

Send oll thickness to the base statio

Figure98: Algorithm flowchart
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6.11 Mechanical Design Refinement and Optimization

6.11.1 Packaging Design

After optimizing the capacitive sensdesign thedesign of thenechanical packaging was also refined
and adapted to fit the dimensions of the final sensor prototype. One of the most important factors that
impactthe package dimensions is thige of the batteries used to power the dewtdtiple batteries
have been contemplated to power the serawt accordinglymultiple packages have been designed
to meet the different sizes as well as to opte thefinal prototype package. Mainlywo types of
batterieswere consideredthe 7.2V 3800mAh Nickel Metal Hydride (WAH) battery, and the
2500mAh 1.2V 'AA' NiMH batteries Asthe battery life tests conducted showed promising results for
the 2500mAh 1.2V 'AA' NMH batteries, the doublsidedsix-battery holder was selected to be used
in the final design for its compact size, availability, and acceptable efficiBigryre99 shows the two
types of batteries

Figure 100 and Figure 101 show the designs made for two different placement configurations of the
7.2V 3800mAh NiMH batteriesFigure102 shows the package for the sensdhwhe 2500mAh 1.2V

'AA' Ni-MH batteriesFigure103is a comparison of all 3 packages.

8 7 ) ] 4 3 ¢ 1

Figure10GQ Batteries flat side to side package
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Figure102 Package of sensor powered by 'AAMH
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Figure103 Comparisorof final packaging designs for capacitive sensor

2

Three final packagedigure102) in total weremanufacturepthe packages atge third iteration and

are aimed to be relatively compact in size, made to fiddséggned mounts for the skimmer tests and

the moving bridge tests. The packag€&igurel104-Left is mounted on a 3D printed extension bracket

in orderto fit the large testing tankhe extension is made to be mat in size in order to change height
according tahedesireddistance from oil surface. The blue 3D printed plates allow varying the distance
by increments of 1 cpwhen added and removed from the assembly during teS&iiggre 104-Right

shows the implemented package witiecontrolunit and power unit installe@he final version of the
packaging design assembled with the sensor cartridge, power unit, and the control unit is shown in
Figure105
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Figurel05 Final capacitive sensor prototypéh packaging anthstrumentation
6.11.2 Attachments for knal Testing

6.11.2.1 Bridge Hinged Mbunt

For the final sensor design testing, several attachments were manufactured to mount the thensor to
testing equipmentn order to mount the capacitive sensor to the moving batifee Ohmsett facility
amptherattachmentvasdesigned to fito thesetupavailable at Ohmsett. The attachment desgnade

of two parts: sensor mount fitting the extension on the packaging, and a plate made to size per the
dimensions serfrom Ohmsett The two parts are hingdogether Figure 106 is the drawing of the

bridge mount connection platand Figure 107 is the first designed attachment using a spring lock
mechanismdesignedo keep the sensor in theater and avoid it lifting due to dragging and waves,
Figure 108 showsthe final attachmenthat was adopted, relying dhe weight of the sensor mount
extensiorto keep the sensor horizontal during tests.
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Figure 106 Tow point mount drawing (dimensions in inches)

Figure107 Spring lock attachmemomputeraideddesign
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I
Figure108 Retracted attachment (right), Released attach(ieft) computer aided design

6.11.2.2 Manufactured Bridge Hinged dint

The hinge mountvasmanufactured anthenmodified after manufacturinign orderto reduce weight
and eliminate notructuralmaterial Figure109 andFigure110are images of the actual mount after
weight reduction. A combination of weldments obBams and 2x2 metal piecgereadded in order
to provide structuradupportand to restit the angle at a90 degreesange ofmotion. The mechanism
is naturallyopenand tends to reopen under the effect of gravity when relgdisetb the added moment
of the cable extension arm pointing down and away from the hinge. The fititgpis made of the
same 2x2m metal rod as the stoppeusilike theCAD design this fitting is notollow, andthe same
geometry is used in the assembly.

Figure109 Manufactured hinged mount
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Figure11Q Dimensions after manufacturing

6.11.2.3 SkimmerMountDesign
The mount that goes onto the skimmer is a beam fixed on two of the three floaters at the-stagiless
cylinders above water level by an omega bracket fixture, it is composed of threg¢hgabisam, the
rail, and the slider. The beam is composed of two equal |gragticonnected by a bracket assembly
to allow for adjustment to the angle of the cylinders, the rail connects to the beam assembly and a slider
is mated on the rail to allow f@ertical adjustment of the sensor height. Two desigre adopted and
manufactured: the firss mad of a weld series of metal 4o beamsandweighs 9.8g; a second
designis manufacturedf aluminum extrusionsyhichare rectangular iorosssectionand are of 4x@n
in area The use of the aluminum extrusions allows us to avoid welding, as walittasy down the
weight to 4.8g and a more flexible room for adjustment to the actual size of the skirfigere111
shows the ratal beam design arkigure112shows the aluminum design.
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Figurelll Metal beam mourtomputeraideddesign

W e

Figure112 Aluminum extrusion mountomputeraideddesign

6.11.2.4 Manufactured Skimmer bunt
The skimmer mounvasmanufactured out of 2x2n aluminum extrusion slotBigure113 Figurel14
and Figure 115 are the final subassemblies of the skimmer mount. It should be noted that during
assembly of the aluminum extrusion, the screws used should have low wiggle in order to prevent
wedging under sliding friction of the different subassee®lA preferred way to assemble gagtsis
to combine the different parts before adding the joiners and brackets since sliding the pan heads is much
simplerandmoreefficient than having to start with the brackets and build the rest into the assembled
parts. The assembly order should be the horizontal beam first with the proper distance adjustment onto
the buoy floats, the vertical slider second with the sensor holder already mounted, finally the height
adjustment would be made by untightening the varticrews on the vertical side of the triangular
brackets.
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After testing at the facility, itvasnoted that the skimmer was lower than expected and the sensor got

completely covered by git her ef or e,

fixing the mourmdcdustthe er t i

sinking effect that will be caused by an increase in oil volume due to either fluid accumutatiem

flow or change in static environmeim.order to prevent dunking of the sensor in oil during asather
phenomenon to be accounted for wiiging the sensor holder is to use the complete range of strips in
order to cover thicknesses from higher buoyancy (minimal oil volume) to smaller buoyancy (maximum

allowable oil thickness by the sensor). The latter is dependent on the skimmer buagedibg,density
of oil in the environment.

68L9SsveEZLIN6E LIS YE T

ZH

Figure113 Manufactured skimmer mount sensor holder

Figurel14 Manufactured skimmer mount right angl

slider

Figure115 Manufactured skimmer
mount horizontal fixture
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Chapter7- Ohms et t

included:

Test

Between November 27 and Decembg2017extensive testingt@®hmsett was carried out. The testing

ng

1- Capacitive sensor indoor testing in a tank (Static, vertical and htalzootion)
2- Spectro sensor indoor testing in a tank (Static and slight motion)

3- Capacitive sensor outdoor testing in the large tank (dragged by the bridge with no waves, mounted

on the skimmer free floating and dragged with and without waves)
4- Spedtro sensor outdoor testing in the large tank (free floating with and without waves)

The properties of the eilypes used in the experiments as provided by Ohmsett, are shbaiol@39.

Table39: PreTed Lab Analysis (Ohmsett)

Pre-Test Lab Analysis (T664)
. Viscosity
Test Oil | S.G. @20C @20C ILF.T. S.T. BS&W Date
Diesel 0.842g/mL 8cP 13.8dynes/cnm 30.1dynes/cm 0% 11/1/27
Hydrocal 0
300 (New) 0.909g/mL 220cP | 22.6dynes/cn| 33.5dynes/cr] 0.8% 11/1/27
HOOPS | ) soggimL|  55cP | 15.8dynesicn| 33.3dynesicn|  1.4% 11/1/17
(Weathered)| g b i 0
Calsol 8240 0.931g/mL| 2653cP | 31.0dynes/cn| 36.4dynes/cn 0.2% 11/1/27
'(:roe‘;ii 0.865g/ml | 28cP | 16.9dynesicn| 31.5dynes/c 0% 11/1/17
o - Average
Description | S.G. @20C| Salinity I.LF.T. S.T. R Date
Tevs\,/talf;sm 1.019g/ml 28.3ppt | 35.9dynes/cn| 65.4dynes/cn|  See tests 12/4/17
Lab Tech Allen Cannone

This chapter presents the detaitedults of all the experiments with the analysisideo showing the
capacitive sensor testing is aedle at: https://youtu.be/GufzKsxNTy@nd a video showing the
spectrebased sensor testing is availableh#iips://youtu.be/gYLgEAgGheO

7.1 Dipping Tests Eensor #1- Capacitive Sensor)

Dipping tests were designédtest the sensor in knowdick thicknessesf different valuesising four
different test oils. These tests were perforingtie Ohmsett higibay area using small clear glass tanks
(12. 8750 x cleaz sideswirere knownioit thicknesses were created on approximagly
inches (152.4 mm)depthof saltwater. Starting with the aaith the lowest viscositythicknesses were
increasedas peratest matrix by dispensing the appropriate volume usingdgated cylinders. The

oils were dispensed in order of increasing viscosity. The sensor was deployed manually for each
condition by he onsite AUB engineers and wdisplaced in a regular pattempon entry into theetst

slick. The sensor was firsield $eady to obtain an initial staticasereadirg, followed bya dynamic

casefor a duration ofaboutone minute ofreciprocatingvertical motion and then followed bwabout
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one minute of lateral motion in the direction parallel todheslick. The experimatal setup used in
performing the dipping tests (static and dynamic cases) is shdviguire116.
FIE e T Fo-

~

igurellé Experimental setup for dipping tests (Ohmsett)

This process was repeated in a relativadysistentmamer for each testondition while data was
recordel by AUB engineers via wirelesemmunication to a nearby laptop. The seridgsi included

four oil types:diesel, Hoops Crude oil (weathered), Hydiog@0 and Calsol 8240. Startimgth the
thinnest slick, each oil was dispensedreate eight different sligckicknesses ranging from 0.125 to 3
inches(3.175 to 76.6hm). The sensor was removed from the tank when oil was being added but the
sensor was not cleaned or modified in any way beivests. The tank was completely emptied and
cleaned between the tests using different oil types.

Ohmsett Observations/Notes:
1 A miniscus effect above and below the oil slick was observed along the tank wall perimeter
potentially skewing thickness.
1  When dspensing more viscous oils (Hydro&l0 and CalsoB240 residual oil remained on
the graduated cylinder walls.
As a resultthe residual had a cumulative effect on the total volume dispensed and may have skewed
the thicknesses to less than targeted.

Themethod used to perform tldgppingtests is summarized by the following points:
- Prepare slick(sin small tank (over salt water)
- Manually place sensor into sligkt random height without visual or other alignment to the oil
slick, and then obtain readisg
- Remove sensoincrease thicknessrepeat.

For all of thedippingtests performedhe volume amounts addéBigure117) to obtain the required
thicknesses are summarizedliable40.
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Table40: Dipping tests Target thicknesses and Volumes

Target Thickness (mm) Total Volume (ml) Volume to Add (ml)
1 339.6 339.6
2 679.2 339.6
3 1,358.4 679.2
4 2,037.7 679.2
5 2,716.9 679.2
6 4,075.3 1,358.4
7 5,433.8 1,358.4
8 8,150.7 2,716.9

Figure117 Adding controlled amount of oilGraduated Cylinders

7.1.1 Dipping Tests (18) - Diesel

Tests numbered from 1 to 8 used diesedih a thickness ranging from 0.12%ches(3.18mm)to
3inches (76.20mm) Water aad dl temperature wereecorded ranging betwed®°F and 71°F. The
experimental results shavg the measured thicknesses vetbesactual thicknesses are shawable
41 for the static case and ifable 42 for the dynamic case. The results were obtained basédeon
AHIi gheisnt Al gor i t h meiltgpesyex.IDegeleHbops).Bigure118 shbwis the
plot of the static and dynamic Diesel experitsamith respect to the actual estimated thicknesses.
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Table4l: Capacitive Sensor Dipping Tests&)Li Diesel / Static

Test Type Case Oil Type
Dipping Static Diesel
Average
Actual Measured Standard Sample Sample
Test Number Thickness . L . Duration Average Error (mm)
Thickness Deviation  Size )
(mm) (mm:ss)
(mm)
1 3.18 6 0 19 02:38 2.83
2 6.35 6.01 0.01 22 03:04 0.34
3 12.70 13.9 1.71 30 04:14 1.2
4 19.05 19.88 1.65 28 03:57 0.83
5 25.40 25.66 1.9 27 03:48 0.26
6 38.10 36.24 241 20 02:47 1.86
7 50.80 49.95 0.88 18 02:29 0.85
8 76.20 70.41 7.82 21 02:55 5.79
AVG 03:14 1.745

Table42: Capacitive Sensor Dipping Tests&)Li Diesel / Dynamic

Test Type Case Oil Type
Dipping Dynamic Diesel
Average
Test Actual Measured Standard = Sample Sample Average Error
Thickness : - : Duration
Number Thickness Deviation Size . (mm)
(mm) (mm:ss)
(mm)
1 3.18 10.88 6.98 35 04:58 7.7
2 6.35 6.01 0.01 22 04:23 0.34
3 12.70 13.35 0.97 29 04:06 0.65
4 19.05 18.66 15 27 03:48 0.39
5 25.40 25.61 1.8 22 03:04 0.21
6 38.10 29.63 5.72 29 04:06 8.47
7 50.80 36.88 11.78 32 04:32 13.92
8 76.20 76.85 1.38 24 03:22 0.65
AVG 04:02 4.04
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Dipping Tests (48) - Diesel
=@ Actual Thick. (mm) ==@= Static Thick. (mm) Dynamic Thick. (mm)
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Test Number (48B)

Figurel118 Dipping Tests (48) / Diesel (Static & Pnamic Curves)

As shown inFigure1l18andTable41, the absolute error of the measured thicknesses in the static case
didnét exceed the resol uti on testd(18)tekceptisthenastdast ( 3 mm)
(8) where the average measured thicknesoisa 70.4inm and the actual was estimated@&2mm.

It is important to note here thatintltiaset he abs ol ut e e excesdthe(ersor caudedm) d i
by misclassifcation of two strips (6mm) out of fortgight strips contained in the sensor PR, it

is important to note that 5/8 static tests showed an extremely high accuracy with ae absagte

error less than 1mm.

In the dynamic case, it is noted thatsi®wn inTable42, andFigure 118 5/8 of the dynamic tests
showedan extremely high accuracwith an average absolute error less than 1mm. However, as
expected, and because of the imsex dynamic motion of the sensor (vertical and horizontal
movement) the number of misclassified strips increased in some cases causing an increase in the
absolute error imomparison to the static case.

Based on the experimental results, it can be coiec that despite the fact that the sensor passed most

of the static and dynamic tests with an acceptable accuracy, the misclassification of few number of
electrodes in the dynamic tests was leading to a sudden increase in the absolute error because of the
relatively high width of the sensor electrodes (3ramj due t@omeremaining fouling effectTo solve

this problem, it is recommended to decrease the electrodes width to increase the sensor resolution and
to lower the impact of misclassified electroadesthe measured thickness. This conclusion is of high
importance to be considered in the future development of the device.

7.1.2 Dipping Tests (916) 1 Hoops (weathered)

Tests numbered from 9 to 16 used Hoops (weathered) Oil with a thickness ranging fronm€hd25
(3.18mm) to 3nches(76.20mm). Water andlagemperature were recordadound70°F (69°F71.5°F).
Some comments recorded during perforntimgse tests are:

- Observed oil coating on sensor below sliElgure119

- Observedneniscuseffecton oil containers (skew actual thickness)
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Figurel19 Coating of the sensor body under slidhkoops (weathered)

The experimental results showing the measured thicknesses atilaé thicknesses are shown in

Table43 for the static case and Trable44 for the dynamic case. The results were obtained based on

the AHiIighest Point Al-ojtypes (exhDresel idoeps)digured20,cshofvso r | i g |
the plot of the static and dynamic Hoops (weathered) experiments with respect to the actual estimated
thicknesses.

Table43: Capacitive Sensor Dipping Tests16)i Hoops (weathered) / Static

Test Type Case Oil Type
o : Hoops
Dipping Static (weathered)
Average
Test Ac'gual Measured Standard  Sample Sample
Thick. . : Duration Average Error (mm)
Number Thickness Dev. Size .
(mm) (mm:ss)
(mm)
9 3.175 15.05 14.72 32 04:31 11.88
10 6.350 8.92 3.25 19 02:37 2.57
11 12.700 12.99 1.03 21 02:56 0.29
12 19.050 19.26 0.78 22 03:04 0.21
13 25.400 24.26 2.92 18 02:29 1.14
14 38.100 35.27 4.65 22 03:04 2.83
15 50.800 51.66 2.52 24 03:21 0.86
16 76.200 70.28 7.79 26 03:39 5.92
AVG 03:12 3.21
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Table44: Capacitive Sensor Dipping Tests18)i Hoops (weathered) / Dynamic

Test Type Case Qil Type

_— . Hoops
Dipping Dynamic (weathered)
Average
Test Actual Measured Standard = Sample Sample
Thickness : S . Duration Average Error (mm)
Number Thickness = Deviation Size .
(mm) (mm:ss)
(mm)
9 3.175 18.06 4.81 26 03:39 14.88
10 6.350 7.61 1.07 26 03:40 1.26
11 12.700 11.74 1 22 03:04 0.96
12 19.050 17.24 2.22 28 03:57 181
13 25.400 21.3 2.93 23 03:13 4.1
14 38.100 32.14 2.86 24 04:26 5.96
15 50.800 43.32 5.78 26 03:40 7.48
16 76.200 80.43 6.98 24 04:32 4.23
AVG 03:46 5.08

Dipping Tests (9.6) / Hoops (weathered)

=@=Actual Thick. (mm)=@==Static Measured Thick. (mm Dynamic Measured Thick. (mm)
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Test Number (9 16)
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Figure12Q Dipping Tests (9.6) / Hoopgweathered]Static & Dynamic Curves)

For the static tests, as showTable43, three tests (11, 12, and 15) showed an extremely high accuracy
with an absolute error less than 1mm. The remaining tests showed an acceptable accuracy with an error
around one to two electrodes out of feeight total electrodes producing an absolutereanging from

around 1 to 5mm. It is noted thaetlarger error occurred at the first test (Test No. 9) where the actual
thickness is around 3.18mm. To interpret the cause of the error, we plot the set of measurements
acquired while performing the firgest (Test No. 9) with respect to tinfedqure121).
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Time
Figurel2l Test 9 (Staticj Hoops(weathered}3.175mm)

The curve plot shown ifrigure 121 describes th reasonfor having a relatively large thicless
measurement average (151@%) while the actual thickness is around 3.175 mm. As the sensor is
immersed in the liquid for the first time, most of the electrodes are covered with a layer of oil due to
the foulng process. Because of the fouling effect, initial readings of the sensor were relatively large
(63mm71 52mmi 43mm). Also, the use of a relativedjow moving average rate contributes
decreasing the change of the sensor measurements. However vibissdbat the sensor reaches a
steady state at around (7:28:35 PM) where all of the remainiagurements are less thamifl and
become almost stable at 6mhhis worth noting that in static cases the fouling of strips that went
through oilandintowatr can be detri mental since the sensor
operational case the user could be instructed to move the sensor around to reduce this effect; however,
in all our tests this was not done in order not to bias the rekwdtsoimportant to note that based on

the sensor resolution which is around 3mm (single electrode width (2mm) + vertical gap (1mm)), this
result is considered acceptablefuturedevelopmentthis problem may be addressed by increasing the
sensor resation and speeding up the measurement changeratilition to coating the sensor

For the dynamic case, as showrmable43, andFigure120, the error slightly increased due to sensor
movement and fouling. Howeveawrith an absolute error equal less than one electrode (3mm) in three
tests (10, 11, and 12) and less than two electrodes (6mamptiher three tests (13, 14, and 16), the
result is considered acceptable. It is noted thetlarger error occurred at the first test (I)dthat

during performing these tesignificantfouling of the sensor below the slick was recordeebarding

the first test where the sensor is completely immersed for the first time through the thyeithe
fouling effect wasrery high Also, as reported by the testers, the actual thickness is slightly skewed by
the effect oimeniscuseffect noted on oil containers.

While most results were extremely satisfyinigvas observed that the effect ofifing was maximized

while dealing with thin oil layers (test @ccordingly, mitigatingthe fouling issue will be considered

a priority in the future development ofglmeasuremerdevice. This can be done by sevegproaches
related to hardware desigand algorithm improvementgor example the antifouling mechanical
structure including horizontal pins may bieirther developed by enhancing the pins manufacturing,
adding highfrequency vibrators, and testing hydrophobic chemical coatings.
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7.1.3 Dipping Tests (1825)1 Hydrocal 300

Tests numberedrdm 18 to 25 used Hydrocal 300 with a thickness ranginfrom 0.125inches

(3.18mm) to Anches(76.20mm) Water and ibtemperature were recorded around” (B9°F -71°F).

A note was reported while performinhe first test (Test No. 18) describing that it was difficult to

uniformly cover thesurfaceareawith oil at this thickness (0.18%cheg. Measurement results are
obtained by the ALbgoeict bohd L o s eTlHetekpBrimentalerelts y oi | s
showing the measured thicknesses vs. the actual thicknesses are shabie 4% for the static case

and inTable46 for the dynamic casend the corresponding graph is showRigure122

Table45: Capacitive Sensor Dipping Tests {2%)1 Hydrocal300/ Static

Test Type Case Qil Type
Dipping Static Hydrocal 300
Actual Average Sample
Test Thicknes Measured Standard ~ Sampl Duratio Average Error (mm)
Number Thickness Deviation e Size n 9
s (mm) :
(mm) (mm:ss)

17,18 3.175 12.09 4.09 21 02:56 8.91
19 6.350 6.76 0.67 19 02:38 0.41
20 12.700 13.35 1.53 16 02:11 0.65
21 19.050 18.97 1.94 19 02:38 0.08
22 25.400 27.78 1.9 21 02:55 2.38
23 38.100 36.43 2.57 19 02:38 1.67
24 50.800 47.48 4.39 22 03:04 3.32
25 76.200 72.36 351 24 03:22 3.84

AVG 02:47 2.65

Table46: Capacitive Sensor Dipping Tests {2%) 7 Hydrocal300/ Dynamic

Test Type Case Oil Type
Dipping Dynamic  Hydrocal300
Actual Average Sample
Test Thicknes Measured Standard  Sampl = Duratio Average Error (mm)
Number Thickness Deviation e Size n g
s (mm) .
(mm) (mm:ss)

17,18 3.175 5.97 231 26 03:38 2.8
19 6.350 12.01 5.3 27 04:08 5.66
20 12.700 9.13 441 22 03:32 3.57
21 19.050 15.3 3.44 19 02:37 3.75
22 25.400 29.67 4.43 19 02:59 4.27
23 38.100 36.85 3.56 24 04:16 1.25
24 50.800 52.03 3.15 25 03:31 1.23
25 76.200 80.08 1.87 24 03:22 3.88

AVG 03:30 3.30
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Dipping Tests (1725) - Hydrocal 300
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Figurel22 Dipping Tests (125) / HydrocalStatic & Dynamic Curves)

The results of the Hydroc@D0static experiments shown Trable45, showed an acceptable accuracy

since all of the tests excefur the first one had an absolute errorle$s than or around 3mm

represenng amisclassification of singleelectrode. As described before, in this case also, the first test

with the smallest oil thickness had the largest error. In the dynamic tedisCtleer r e ct ed Lowest
Al g o r waspgraven toproducegoodresults sinceas shown irfable46, all of the dynamic tests

showed an average absolute error ranging from around 1mm to a maximum of 5.4mm, representing the
misclassification ofewerthan two electrodesut of forty-eight. The measurement results of the static

and dynamic tests with respect to the actual thicknesses are shéigarigil22

7.1.4 Dipping Tests (2633)1 Calsol8240

Tests numberedrdm 18 to 25 used Cals@240 oil with a thickness ranginffom 0.125inches
(3.18mm) to Sches(76.20mm) Water and ibtemperature were recorded ranging betweetréd
70.5F. Measurementareoltb ai ned by t he-Par€dlrg ercitteldmd. ouwseed f or

Table47: Capacitive Sensor Dipping Tests {28)1 Calsol8240/ Static

Test Type Case Oil Type
Dipping Static Calsol8240
Average
Test Actual Measured  Standard Sample Sample
Thickness . o : Duration Average Error (mm)
Number Thickness Deviation Size )
(mm) (mm:ss)
(mm)
26 3.175 8.998 4.415 35 04:57 5.823
27 6.350 10.022 0.878 26 03:48 3.672
28 12.700 10.637 3.277 20 02:47 2.063
29 19.050 26.582 2419 28 03:56 7.532
30 25.400 30.8 0.767 23 03:13 54
31 38.100 37.143 2.014 18 02:29 0.956
32 50.800 47.728 4.633 19 02:38 3.072
33 76.200 73.015 4.447 21 02:55 3.185
AVG 03:20 3.96
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Table48: Capacitive Sensor Dippinbests (2633)1 Calsol8240/ Dynamic

Test Type Case QOil Type

Dipping Dynamic Calsol8240
Average

e, Thdess  Mewsied | Sendd S0 pyaion  perage Eror (nm
(mm) (mm) (mm:ss)
26 3.175 9.886 3.542 26 03:39 6.711
27 6.350 8.882 3.204 26 03:39 2.532
28 12.700 19.946 4.349 30 04:27 7.246
29 19.09 26.018 2.429 26 05:53 6.968
30 25.400 30.658 2.516 25 03:31 5.258
31 38.100 45.322 3.675 30 04:14 7.222
32 50.800 55.234 1.755 23 04:44 4.434
33 76.200 78.29 2.374 23 06:40 2.09
AVG 04:35 5.30

Experimental results of testing Cal8@40oil in static and dynamic cases showighaccuracy against
different thicknesses. For instance, the results of the static case tests sfi@abieih7, showed an
alsolute error ranging from 0.966n (test 31) to 5.823 mm (test 26). Ndohat the maximum absolute

error in thisexperimentdid not exceed the misclassification of motkan twoelectrods out of forty

eight. For the dynamicase, despite that the error Isightly increased due to fouling and random
sensor movement, the abgte error was also varying arange between around 2mm to around 7mm
representing one or two misclassified electrodes only. As discussed before, increasing the sensor
resolution by making the electrodes thinrard decreasing the vertical gap betwtderm contributes

to decreasing the effect of misclassification. To describe the behavior of all tested~agses] 23

shows the measured thicknesses in the static case and the dynamic case with respect to the actual
thicknesses.
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Dipping Tests (263) - Calsol 8240
=@ Actual Thick. (mm) ==@= Static Measured Thick. (mm) Dynamic Measured Thick. (mm)

90.000
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60.000
50.000
40.000
30.000
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10.000

0.000

26 27 28 29 30 31 32 33

Figure123 Dipping Tests (2683) / CalsolStatic & Dynamic Curves)

7.2 Outdoor Bridge Mounted Tests gensor #1- Capacitive Sensoy

This test was designed to obtain sensor data while advancing in surface slicks at a raragis afiape

are typicalwhendeployed onto spill response equipment or in fast water currents. The test setup was
accomplished bypreparinga channel along the test basin west waing boom attach brackets, end
panels and a section of foam fill@d-inch boom (Figure124). The final channel dimensions were 34
inches wide by 58 6 inches long. This nominal area was used to contain varying slick thicknesses as
defined byatest matrix. The slick parameters for this series inclubiettnesses of 0.25. 0.5, 1.0 and
2.0inches and was repeated using two test oils namely Hydrocal 300 (tests 34 to 61) and weathered
Hoops (tests 73 to 86). Test oils were dispensed from totes positioned along the west deck and the
volumes determined usinghysical depth soundings converted to gallons using the manufacturer
conversion tableSensor #1 was attachedth® fabricatedmount(AUB) which provided the ability to
manually rotate the sensor from the deployed position to a raised (above changelebavration)

position using a hinge drpull rope. This was monitoretlring tests by a technician and implemented

if needed as a safety to avgadssible collision of the sensor into the barriehe AUB mount and

sensor wasattached to an Ohmsett progatimount affixig the sensor to the main bridgeviding fa

vertical adjustmengigurel24, showsthe sensor mounting setup with the sensor raised, btasied

bracket and channel end panel.
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Figure124 Capacitive SensdrBridge-mounted Experimental setup

Multiple passes werperformedand sensor data collected while traveling both in the nortrs@unith
directions at 0.5 and Xkfots. Passes at kfAots and above were performed in thath direction only.

A total of 28 Ohmsett data files were recorded when testing in Hydrocal 300 oil and 14 files recorded
when testing in Hoops Crude (weathered). Ohmsett files were recorded_abMlEW software and

were subsequentlyrovidedto us in @ enclosed media drive. The recorded information pertinent to
this test include the speed of the sensor (bridge), the relative bridge position, ambient weather
conditions and the water temperature.

Ohmsett Observations/Notes:
- Wind effects apparently caaed the contained slick to stack more towards the downward
direction ofthe wind. When present, the wind was typically from the south diredtignre
125 The wind direction andpeeds are provided in the LabVIE&ta files for onfirmation.
- The target slick thickness was skewed to a lesser thickness especiaByindgttslicks due to
the boom bellying outwarénd therebyncreasing the surface ar@éigurel127).
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- While advancing, leadimmedge of sensor appeared to create a bow wave possibly diverting oll
away from the sensor conta¢Esgure 126).

Figure125 Contained oil in the channeWind Effect
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Figure127 Photoshowing boom bellying outward

7.2.1 Dynamic Tests (34, 6Q) Hydrocal 300

Hydrocal 30Gdynamic tests were perforgh@singfour slick thicknesses, and four advance speeds. The
test area is 340 x ~58. 5Thenethedugecin perboimmgtige dynangct b a s
tests is as follows:

- Prepare defined slick thickness; withe sensorin oil-travel north & test speed, record
measurements, stop; reverse direction, record measurements.

- Raise sensor to exit test area, lower sensor into clear basin water, record measurements travel
at test speed 30 feet, reverse direction, stop near test area, raisesems@into test area,
repeat north and south passes and clear water passes 3X.
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The ambient weather conditions recorded while performing these tests are shbabieid9. The

results of dynamic experiments are providedable50. Measurementareolh ai ned by t he i Cc
LowestPointAl gori t hmdé used for heavy oil s. For each
deviation of the recorded measured thicknesses is providgde 132 shows the plot of the average

measured thickness with in comparisomttual (estimated) thicknesses.

Table49: Ambient weather conditionsTests (3460)

Test Avg. Water Temp Avg. Wind Speed Avg. Wind Direction Avg. Air Temp
No. CF) (mph) ©) R
34 48.63 10.26 103.36 50.95
35 48.78 10.49 102.33 51.16
36 48.78 9.06 114.82 51.33
37 49.01 9.75 111.18 51.66
38 49.43 7.73 124.19 51.83
39 50.04 4.99 125.33 51.87
40 49.31 9.34 134.23 52.22
41 51.73 9.82 130.30 54.07
42 51.62 8.25 139.10 53.59
43 51.75 9.54 126.78 54.04
44 51.91 9.52 137.80 54.08
45 53.02 11.08 137.82 53.38
46 52.39 6.82 142.19 53.21
47 48.64 10.49 142.08 52.50
48 49.34 10.56 148.80 52.38
49 49.67 7.51 149.14 52.49
50 50.11 10.29 136.40 5329
51 52.96 9.52 136.51 53.32
52 52.45 7.08 158.12 53.75
53 54.14 7.49 153.49 53.31
54 54.98 9.45 150.56 53.85
55 53.82 11.03 157.32 53.89
56 52.48 8.50 161.18 53.78
57 52.42 5.23 143.68 53.92
58 53.07 7.23 129.60 54.16
59 53.00 6.52 144.20 54.17
60 52.70 7.07 123.18 54.13

The measured thickness with respect to time and speed are shown in the figure@-igelmed 28
Figure131) and the averagef the acquireaneasurements in each case shown ifrable50.
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Table50: Capacitive Sensor Dynamic Tests (8@)1 Hydrocal300
Bridge/ Average
Test ~ Sensor AcFuaI Measured Standard Sample Sample AVQ.
Thick. ; L . Duration Error Notes
No. Speed (mm) Thick. Deviation Size (mm:ss) (mm)
(knots) (mm) )

Preload: 26 gal, winc
34,35 0.50 6.35 9.88 2.45 86 16:09 3.5Z effectsi slick think
at south end
36, 37,

38 1.00 6.35 3.10 0.15 32 06:23 3.253
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39,40 2.00 6.35 8.10 3.60 27 06:20 1.749

41,42 0.50 12.70 11.97 4.26 38 08:18 0.727 Preload: 52 gal
43,44 1.00 12.70 12.39 5.98 50 08:53 0.313

45,46 2.00 12.70 19.89 6.75 43 08:31 7.189

47,48 0.50 25.40 23.72 5.19 44 07:40 1.685 Preload: 104 gal
49,50 1.00 25.40 20.86 4.90 29 04:59 4.537

51,52 2.00 25.40 27.43 3.48 42 06:24 2.029

Preload208 gat

53,54 0.50 50.08 33.06 471 24 07:42 17.020 Thickness Measurec

1.5inch (38.1 mm)
Thickness Measurec

55,56 1.00 50.08 34.10 2.83 29 05:34 15.984 1.5 inch (38.1 mm)
57, 58, . Thickness Measurec
59, 60 2.00 50.08 34.60 2.61 22 03:46 15.482 1.5 inch (38.1 mm)

AVG 07:33 6.12

Dynamic Tests (3485) - Bridge Dragging Hydrocal 300

=@=Actual Thick. (mm) ==@=Average Measured Thick. (mm)

B a 2]
o o o

Oil Thickness (mm)
w
o

20
10
0
34, 35 36, 37, 39, 40 41, 42 43, 44 45, 46 47, 48 49, 50 51, 52 53, 54 55, 56 57, 58,
38 59, 60

Test Number (34 60)

Figure 132 Dynamic Tests (385)1 Hydrocal

As shown inTable 50, and inFigure 132 the average absolute error in tktsperformed while
dragging in different speedanging froma thickness of 6.3®t25.04mm ranges between 0.818 to

7.1mm intheworstcase. However, most of these tests showenhpressiveaccuracy of absolute error

less than 6mmrepresenting the misclassification f&@wer than two electrodes out of forgight
electrodes. Based on the different testing scenarios including different speeds and dragging conditions,
this result is considered acceptable. It is obvious that for the last three tests numbered from 53 to 60
where the actual estimatéldickness was recded as 50.08m, the largest absolute error occurred.
However, it is important to note thidr this case, and based on the notes provided by Ohmisett, t
target slick thickness was skewed to a lesser thickeepsgcially with2-inch slicks due to the bom

bellying outward increasing the surface ardbso, Ohmsett stafihoted that in this case, the actual
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thickness was measured by manualal tools as 1.5nches(38.1mm).Based on thigact, and by
taking the 38.1mm as the actual thickness, we notdhaactual absolute error in these tests was
the range oft to 5mm since the measured thicknesaaged from 33.06 to 34.60n.

7.2.2  Dynamic Tests (73, 89) Hoops (weathered)

Measurement results obtained from tests (73, 89) were recorded but will akébérto consideration
due to a technical error that occurred in the sembde performing these testslost measurements for
these test cases were stuck at the same number indicating a malfunction.

7.3 Skimmer Mounted Tests in Wavegsensor #1- Capacitive Senso)

The purpose of this test was to collect slick thicknesa d&ien mounted to a typicskimmer while
experiencing wave conditions and tramglslowly into and against the wava#e test setup consisted

of a boomed area along thattdasin westvall measuring 10ft. x 34 Sensor #1 was rigidly mounted

to a Desmi Ternté skimmer frame and positiondgtween two of the floatand in front of the
skimming weir. The AUBand Ohmsetteamprovided mourg for vertical adjustment. Prior to testing
theskimmerwas placed into the test basind the sensor adjusted such that the waterline was near the
center of the measurement range.

Figure133 Sensor #1 Mounted Desmi TermiteSkimmer

Figure133showsthe sensor mounted on the skimmethe test area. The skimmer wathered with
ropes; onegope routed to eactf the main ad auxiliary bridges. From thedecations, technicians
manually controlled the skimmeosition and slowly toed theskkmmer into the waveg\s shown, the
waves approached the skimmer from the right (south end of test basirtheBeseries of tests,
Hydrocal test oil was provided at twocHithicknessesl and &ches.Multiple wave conditions were
generatedrad adjusted durimtests to provide wave heiglmst exceeding the operational range of the
sensor. A total of three @isett data files wenecorded (tests 992) in which surface profile data was
captued. Surface profile data, (fevave analysis) was ptured using a downward looking distce
sensor (named banner wdstated on the main bridge. Video and still photos documented the response
of the skimmeto the waves. Since the sensor was rigidly mounted tekihemer, it was subject to the
responsef the skimmer in waves with respect to pitch, heawelroll.
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Ohmesett ObservationsNotes:
Testing performed using hardwire communicaiiatue towireless not functioning

SkimmermountedTestsnumbered from 90, 91, and 9&re performed using Hydroca00 oil, two
thicknesses, and varied wave conditions. The method used to perform these tests is described as the
following:

Sensor #1 (Capacitive) mounted to skimmer via bracket providétblyJB team

Establish initial sensor depth wigtskimmerinstdled in water.

Main and auxiliary bridges positioned at opposite endbeatestarea.

The skimmer will be tethereida cortrol rope going to each bridge.

Obtain stationary readings; begin wave condition, run test for approximately 15 minutes,
manually maeuver skimmer itheareaas directed.

The wave properties used in the thrests are summarized Table52. Ambient weather conditions
are shown imable51.

Table51: Ambient weather conditionsTests (9€92)

Test Avg. Water Temp Avg. Wind Speed Avg. Wind Direction Avg. Air Temp
No. Ch) (mph) ©) CF)
90 45.87 7.53 311.70 49.20
91 46.92 10.12 319.09 51.64
92 51.23 10.34 321.88 52.83
Table52: Skimmermounted testsWave conditions
. . Mean Wave Avg. Wave Average Wave
Test | Wave Type | Wave Setting | H 1/3 (in.) Height (in.) Period (s) Length (it
) 15 cpm, 3" 3.412 2.776 4.194 61.026
90 Sine
25 cpm, 3" 5.265 4.652 2.534 30.543
o1 45 cpm, 3" 8.795 5.752 n/a n/a
30 cpm, 3" 4.467 3.588 n/a n/a
15 cpm, 3" 3.533 2.812 n/a n/a
Harba chop
92 25 cpm, 3" 2.683 1.896 n/a n/a
25 cpm, 3" 2.72 2.189 n/a n/a
35 cpm, 3" 5.094 3.426 n/a n/a
7.3.1  Skimmermounted Tests Test No. 90

Description: Skimmer mountedmnanual puHlin Wave
Oil Thickness1 inch (25.4mm)

Wave Condition9:00ami 1ST setting: 15pm  /2md setting: 2&pm, 3 0

For the first test, three log files were recorded. The average measurememédbicalculated from
each waveexperiment, in addition tthe starting and eling times are provided ifiable 53. Figure
134, shows the measured thickness with respect to time.
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Waves Test (90) Hydrocal 300

Measured Thickness (mm) Calculated Thickness based on Volume (mm)
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Oil Thickness (mm)
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Figure134 Capacitive Sensor Wavéaest Q0) i Hydrocal300

Table53: Results for Skimmemounted(Capacitive- Test 90

Actual Average Sample Absolute
Wave S_tart E_nd Thick. Measured Thick. Starjde_xrd S"’“.“p'e Duration Error
No. Time Time Deviation Size .
(mm) (mm) (mm:ss) (mm)
1 9130:1 9:%0:5 25.4 43.30 19.24 60 10:36 17.90
2 9:113:5 9:5;0:5 25.4 35.58 10.91 75 17:06 10.18

The result of the sinest90 shown inTable53andFigurel34 revealed hat t he sensor 6s
impactedmostlyby the start of the wave and then the absolute error of the reessidecreased with

time even when the second wave was actuated. This is related to two main factortheRFasling

effect of heavy oil caused hyil accumulationon the sensor body increases the measured thickness
especially at starting phase of the wave, where a sudden transition from calm to wave conditiens occur
The second factor is related to snong rate usedh the algorithm. Smoothing isontrolled bythe

moving average attributes, andsed on the current settindise implemented movingverage rate is
relatively slow. Speedingp the change rate may contribtiteenhancinghe recovery process.

7.3.2 Skimmermounted Tests Test No. 91

Test No. 91, Harbor chop te$the Wave Condition:
- 10:00ami 15cpm 30 (t oo aggmtedsi ve, reduced

Figure135 shows the measured thickness with respect to time, and average results are Jladen in
54,
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Capacitive Sensor Waves Test (91)

Measured Thickness (mm)

Calculated Thickness based on Volume (mm)
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Figure135 Capacitive Sensor Waves Test (9Blydrocal 300
Table54: Results for Skimmemounted (CapacitiveTest 91)
Actual Avg. Sample | Absolute
Start End . Meas. | Stand. | Sample '
ID : ; Thick. ; . Duration Error Note
Time Time Thick. Dev. Size .
(mm) (mm:ss) (mm)
(mm)
1 | 992821 1003:33| 254 | 25837| 553 | 14 | 0505 | 0437 Calm
10:11:2 Sensor dunk intg
2 '2 = | 10:16:56| 25.4 3 0 32 05:34 - water (3mm
invalid measure)
3 | 1912 104330 381 | 3456 | 1284 | 69 | 1208 | 354

The results of the test §Table54) showed a very high accuracy at the beginning five minutes in calm
conditionswith an average absolute error of 0.437nAfter the wave wasreategbased on the notes

recorded byhe Ohmsett stafthe sensor was dunkingtd the waterDuring thistime, sensor recorded

3mm for a set of measurements. Actually, the constant 3mm measures are considered invalid since the
sensor is located under the oil layer while dunking. After that, starting from 10:31:22, the sensor was
producing valid measures. Based on the average of the valid measures taken in the third case, the
average absoluterror was also acceptable (3n&dh). It is important to note here that the dunking
problem is one of the important points that should be takertansideration in the future development

of the device.

7.3.3 Skimmermounted Tests Test No. 92

Test No. 92Harbor chop test. The Wave Condition:
1- 10:55ami wave started, I&pm
2- 11:08ami increased to 25%m,
3- 11:18ami changed to 2&m,

30

30

4.

50
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4- 11:21ami changed to 3pm

5- 11:25ami wave stopped

4 .

50

Capacitive Sensor Waves Test (92)
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Figure136 Capacitive Sensor Waves Test (98ydrocal 300
Table55: Results for Skimmemounted (Capacitive Test 92)
Actual Avg. Sample | Absolute
Start End . Meas. | Stand | Sample : Wave
ID . : Thick. . . Duration Error .
Time Time Thick. | . Dev. Size . Condition
(mm) (mm:ss) (mm)
(mm)
1 | 10:51:00 | 11:03:16 | 38.10 | 46.16 | 7.58 | 69 12:16 8.07 V"la‘ée Sti”gd;
2 | 11:05:39 | 11:14:59 | 38.10 | 46.79 | 542 | 53 09:20 8.69 "Z‘Cgeasidgor
g
3 | 11:1824 | 11:20:55 | 38.10 | 4833 | 211 | 15 02:31 | 1023 Chf”pgfg 102
(=
4 | 112106 | 11:23:58 | 38.10 | 41.91 | 646 | 12 0252 | 381 Chf”pgfg 103
5 | 11:26:24 | 11:37:21| 38.10 | 41.22 | 5.39 60 10:57 3.22 stopped
AVG 7:35 6.80

The measured thickness with respect to time and wave conditions is shdviguie 136. The
experimentalverageaesults shown ifTable55, shows that the average absolute error of thasured

values in the first two cases were similar (8mm). However, the error increased to around 10 mm when
the amplitude of the wave was increased to i ¢he third case. However, in the last two cases, the
average error was highly reduceih the stpping of wavesilt is important to note here, that despite

the fact the sensor accuracy was affected by the presented wave conditions, the absolute average error
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in terms of the sensor resolution was considered acceptable (10mm = 3 Algigig). it can ke
concluded that fouling effect must hether mitigatedoy future enhancements.

We note that the skimmer was powered off during the skintests Based on the behavior of the
skimmer while operation, vibrations may be introduced into the sensor bocly mbiindirectly help
in decreasing the fouling effect.

7.4 Slick Thickness Testing(sensor #2 Spectro Sensor)

The Spectrosensor is designed to identify and measure relatively thin slicks less than 3 millimeters.
Tests conditions provided for sensor #2 everimarily created iropentop totes and the slick
thicknesses defined using mass balance. Two open top totes were used to provide a known surface area
for testing. Each was near filled with saltwater from the Ohmsett test basin and placed in the high bay
area for use. One tote was used to provide a known slick thickness for calibration purposes and the
second for varying slick thicknesses for measurement. Two oils, diesel and Hoops Crude (fresh) were
supplied to create the range of slickguired as pehe test matrixThe sensor was calibrated for each
oil type used by taking measure at Omm, 1mm and 3mm.
Ohmesett Observations/Notes
- 100 and 200um slick thicknesses were difficult to establish, voids and variations were present.
- Use of dark oil (Hoops Cre) reduced the measurement range due to lack of transparency. The
matrix was modified to use a narrower range of thicknesses; 100 to 700um.

7.4.1 Spectro Sensorank Test- Diesel

Spectro sensdrhickness Measurement Tests (high bayl i c k pr e p a4 4e.dO @ poky 3380 50
tank). The testing method is summarized as follows
- Prepare slick in defined tray on basin water
- Place sermr onto slick, obtain readings.
- Add oil to the slick, obtain readings
The experimental results showing the average estimated thgkassus the actual thickness (estimated
by volume) are showihable56 and the corresponding graph is showkigure137.

Table56: LED-based SenserDiesel / Tank Experiment (Measured Thicknegses

: Average Abs. Sample
Test -Eh:\(;ll)( Measured Error SD. Seé?;gle Duration Notes
H Thickness (M) | (um) (mm:ss)
63 | 500 142279 | 922.79| 95435 | 63 02:06 Thin slick difficult to
accomplish
T?igl- 1 1000 1485.94 48591 | 863.82 65 02:08 Sensor moving around
T?igl- > 1000 1544.56 54456 | 1288.49 48 01:34 Sensor moving around
T?izl- 1 2000 1882.72 117.28 | 1043.50 87 02:52 Sensor moving around
T?igl_ 5 2000 2162.05 162.05| 815.72 91 03:00 Sensor moving around
66 | 3000 274570 | 2543 | 39576 | 105 0330 | adding O?','n‘;r%m 2mm to
AVG 414.48 AVG 02:31
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Spectrebased SenserDiesel- Tank Experiment

mThick. (uM)  m Average Measured Thickness (uUM)

2000
1500
1000 I I
500 . I I

64 -Trial1 64-Trial2 65-Trial 1 65 - Trial 2
Test ID

QOil Thickness

Figurel37: Spectrebased SensaemDiesel / Tank Experiment (graph)

As shown in figures above, the results showed an acceptable acaittaey absolute error of 200
30Qum in the last three tests where the actual thickness was estanda@a0 and 3000m. However
the average error was around 500um at the @0thickness tesdind increased when testing thinner
thicknessesFor interpeting this result, it is important toote that thicknesses below %00 were
difficult to establish in alkasesince the oil had an irregular distributed film as shown irpitieireof
Figure138and therefore the actual thidss was larger

N

Figure138 LED-based Sensemiesel Test (Tank)

7.42 Spectro Sensor Tankdsti Hoops (fresh)

The same experimental setup and methierkused to test thgpectro sens@gainst Hoopgfresh)oil.
The experimentalasults are shown ihable57, and the corresponding graphFigure 139
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Table57: LED-based SenserHoops / Tank Experiment (Measured Thicknesses)

Average
Thickness | Estimated ADS. Sample Sample
Test . Error S.D. . Duration Notes
(uM) Thickness (mm) Size (mm:ss)
(UM) '
tr6i38d_1 100 981.82 | 881.82| 1051 54 02:06 Fouling (lens)
trEisa8|-2 100 815.03 | 715.03| 244.39 126 04:12 after cleaning lens and dippin
69 200 89496 | 694.96| 11026 | 70 02:18 Hoops was observed not
uniform
70 300 54945 | 249.45| 38942 | 145 | 0512 Oil pushed in and out and
moved around
71 500 79278 | 292.78| 31097 | 107 0356 | Moving around and clearing o
then moving in.
72 700 841.32 141.32 | 314.31 237 09:58 moving sensor
AVG 495.89 AVG 04:37

LED-based SensarHoops (fresh) / Tank Experiment

H Thickness (uM)  m Average Estimated Thickness (uM)

1200
1000

800
600
40
20
0

68 -trial1 68 -trial 2

Oil Thickness (um)
o

o

Test Number

Figure139 LED-based SensdrHoops(fresh)/ Tank Experiment (Graph)

In this experiment, because of the dark color of the H@ogsh)oil, fouling of the lightemitter lens
was dearly observedFigure 140). It was observed also that the oil was not unifgrdistributed
(Figurel141).
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Figure140 Lens foulingi Hoops(fresh) Figure141 Non-uniform Distribution (Hoops)

For the last three tests (70, 71, and 72), the measurement accuracy was acceptable with an average
absolute error ranging from 141uM to 249. However for the first three tests, the calculated error

with thetheoretically calculated thickness was relatively high (arounduR00 However, this result is

not conclusivesince ground truth cannot be verified at thiéseknesseslt is worth noting that during

testing it was observed that when clear water patshguhunder the sensor it gave low (down to O in

some cases) measures and when oil slick passed under the thickness increased.

7.4.3 LED-based Waves TesDiesel

The LED-based sensor floating experiment was performed within in-ojager testing aredested in
thin Aslicksod i n.Theemethod bsadsin implerhehting the te3t id as folfowsa
- Deploy sensor #2 into area after preparing slick
- Allow it to drift. (havelightweightrope /string for control and retrieval)
Test No. 92, Wave Condition:
1- 10:55ami wave started, ¥pm 3 0
2- 11:08ami increased to 2pm 3 0
3- 11:18ami changedto25m 4. 50
4- 11:21ami changedto 3¥m 4. 50
5- 11:25ami wave stoppe

Spectrebased Sensor / Wave Test / Test 92 (Time Plot)
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Figure142 Spectrebased SensorTest 92- Waves (1, 2)
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