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Abstract

The purpose of this master thesis is to evaluate technologies that could mea-
sure parameters of interest to Dover Fueling Solutions, a fuel pump company.
A list of interesting measuring technologies has been compiled and compared.
Spectrometry was chosen as extra interesting, as it had the potential to dif-
ferentiate fuels by different octane ratings, but also measure concentrations
of different contents. A simplified spectrometer circuit setup was constructed
and tested on different types of fuels. However, the results did not unambigu-
ously show that different octane rated fuels could be differentiated. This was
probably due to construction flaws. The project has shown the simplicity of
the technology, but needs further testing and evaluation. The technology is
definitely relevant to Dover Fueling Solutions and has potential to generate
positive value for the company and future costumers.
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Introduction

1.1 Background

Dover Fueling Solution (DFS) is a fuel pump conglomerate with it’s base in
Austin, Texas. Their products, which can be seen in Figure [1.1] can be found

all over the world. At it’s Malmé sub-
sidiary, they research new technologies. Cur-
rently, the company sells pumps with great
volume flow measuring ability using me-
chanical discretization of the flow (Posi-
tive Displacement Flow), they can mea-
sure volume flow for several months with-
out deviation. The preciseness is impor-
tant, due to the liquids worth: any long
term deviation could prove costly for gas
station owners. In fact, the mechani-
cal technique used today to measure the
volume flow is difficult to develop any
further, and DFS is looking to measure
the flow using other technologies, and at
the same time look at other parameters
that could be of interest to their cus-
tomers. This is the base of this master the-
sis.

Dover Fueling Solutions has customers all
over the world, and each market has their own
regulations and directives. Most markets have
certain regulations concerning explosive risks,
spillage risks, temperature operating ranges
etc. This places many demands on the fuel

Figure 1.1: Fuel pumps - prod-
ucts of Dover Fueling Solutions.



pumps. The fuel itself can also come with many variations: it could be diesel,
biofuel, ethanol and gasoline with varying octane rating. The fuel flow has
many properties: density, water content, mass flow, volume flow, flow velocity,
octane rating, air bubbles content and viscosity among others.

These properties can be of interest to customers. Relevant questions for the
customers could be if the fuel liquid volume is as expected? Is the octane
rating correct? The value of the liquid attracts people who want to tamper
with the pumps, both those who buy it and those who sell it. Adulteration
of fuel is also something to be aware of, particularly in developing countries.
Adulterated fuel can damage motors and results in an increase of emissions
[1]. This calls for a desire to validate the fuel content.

1.2 Purpose and aim

The purpose of this Master Thesis is to investigate potential parameters of
interest for Dover Fueling Solutions and their customers. Important factors
will be feasibility, cost and life expectancy of different measuring technologies.
A literature study will be done, and the research will result in a matrix, con-
sisting of measuring techniques on one axis, and features on another.

When the matrix has been completed, one or two techniques will be chosen
depending on what potential worth they can give. Factors that will be taken
into account when deciding technique to implement are primarily if they can
measure more properties than one, if they are expensive and feasibility. The
chosen technique will be studied closer and implemented if possible.

1.3 Limitations

When researching different measuring technologies, some physical quantities of
interest mentioned by Dover Fueling Solutions was mass flow, water content,
air bubbles, octane rating, density and liquid flow velocity. These quantities
was mentioned that could have an potential interest to customers. Some of
them indirectly, such as liquid flow velocity which can be used to find the vol-
ume flow using properties of the pipe and the liquid.

The idea was that the measurements should happen in real time, measure-
ments should be taken on flowing liquid. This further limited the techniques.



1.4 Thesis disposition

The following part of this thesis, Section [2] Comparing technologies, is a small
literature study which contains information about different types of technolo-
gies. The technologies are summed up in a table in Section [2.2 One of the
technologies is selected and focused on. Section [3] Technology implementa-
tion, explains how the technology is implemented. It contains information
about schematics, simulation, construction and testing. The results can be
found in Section [4] and they will be discussed in Section[§] Finally, conclusions
will be drawn in Section [0 References and appendix can be found at the end
of the thesis.



2

Comparing technologies

In the search for different ways to measure the quantities mentioned in Sec-
tion [I.3] primarily special topic books about sensors were used. Also some
important sources were found using internet searches and studies of articles.
Reading through special topic books about sensors is a good way to acquire
an overview of many relevant techniques. Sensor technologies is a field in con-
stant development, and therefore newer sources of sensor knowledge would be
preferred, but could not always be found. Sources 10-15 years old are common.
There is also no guarantee that the collected information about sensors is com-
prehensive enough to cover them all, and some measuring technologies were
left out because they were not applicable to this project due to irrelevance or
obvious difficulty to apply, such as titration. Titration can yield information
about the content of a liquid, but would be to slow a process.

When measuring flow of a liquid, you either measure mass flow (kg/s) or
volume flow (m3/s). Mass gives a better picture of the liquid, since it is
independent of pressure and temperature. Volume on the other hand is larger
if the temperature is high. The energy content of a liquid, which is what is
interesting when it comes to fuel, is proportional to the mass. Therefore, one
might believe that when trading with expensive liquids such as fuels, they
would be sold per kg, but are as a matter of fact sold by the volume. This is
mostly due to historical reasons. The volume is however usually compensated
to a reference temperature of 15 °C [2]. Mass flow measurement could still be
interesting and has therefore been included.

Dover Fueling Solutions currently measures the volume flow of the liquid using
Positive Displacement Flow meters, its principle is described in Figure [2.1]
They do this with great accuracy and durability. It is difficult to compete with
the accuracy of this measurement technique using other techniques, however,
DFS wants to investigate other technologies to measure volume flow as a way
to stay competitive. Is there a way to make the measuring in a cheaper way
than with their current pumps?



Figure 2.1: The Positive Displacement Flow meter is used to measure the volume
flow of a liquid. The technique can be implemented in many ways, but the principle
s that the liquid is discretized and counted. This technique has been refined by
Dover Fueling Solutions to measure with great accuracy. Image source: [3], used
with permission.

2.1 Technologies

The technologies in this section is listed in alphabetical order, and has been
summed up Table

2.1.1 Angular momentum meter for mass flow

This is a way of measuring mass flow. By forcing a tangential movement on a
flowing liquid, for instance by letting the liquid pass through a rotating wheel
as in Figure[2.2] an expression with the flow of mass can be acquired:

T =G vy -1 — Vg * Tu) (2.1)

where T is driving momentum, G is the flow of mass, v; is tangential velocity
of the liquid at the entrance of the wheel, vy, is tangential velocity of the liquid
at the exit of the wheel and r; and r, are the distance of the liquid to the center
of the pipe. In the case where vy; is zero and the wheel is long enough for vy,
to become wr,, Equation deflates to

T =G -w-r2

To acquire GG you need to measure 1" and w, which can be difficult. Usually
these types of mass flow meters are therefore implemented differently than as

in Figure [3].



Figure 2.2: By forcing a tangential movement on a flowing liquid, the mass flow can
be acquired. Image source: [3], used with permission.

2.1.2 Capacitance measuring

Capacitance can be used to measure water content in liquids, but can also be
used to detect bubbles. The expression for capacitance in a capacitor is
A
C = Erﬁog
where ¢ is the permittivity in vacuum, e, is the relative permittivity for the
material between the capacitor plates, A is the plate area and d is the distance
between the plates. The varying term in this case is €,. Imagine if the material
between the plates in a capacitor was a flow of pure gasoline, the capacitance
would be a certain value. If the flow instead changed to a gasoline diluted
with water, the relative permittivity would change and therefore also the ca-
pacitance [4]. However, if an air bubble (or other pollutant) passed in the
capacitor, the capacitance would also change [5]. Possibly both water content
and bubbles could be detected by measuring the capacitance, if it’s well un-

derstood how much bubbles of different sizes affect the capacitance combined
with different water contents.

2.1.3 Coriolis meter

A Coriolis meter (Figure utilizes the Coriolis effect, and is the dominating
way to directly measure mass flow rate. The liquid runs through one or two
tubes with certain shapes, typically U-shape, and the tubes are set in vibration
by some sort of driver. The flowing liquid forces the tubes to wobble (deflect)
in a measurable way. The mass flow can then be acquired from the following
equation:

d=FkfR (2.2)

where d is the relative net deflection of one tube compared to the other, k
is a constant, f is the vibration frequency and R is the mass flow rate. The
main drawback of the Coriolis meter is that it is expensive compared to other
technologies. It’s vibration also limits is life time [6].
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Figure 2.3: The Coriolis meter. The flowing liquid is directed through the vibrating
U-shaped tubes, which forces the tubes to wobble. The flow of mass can then be
acquired from Equation . Image source: [7].

2.1.4 Drag Force Flow Sensors

If an object is inserted in a tube of flow, forces will act on it. If the object is
connected to the tube by a flexible beam, the acting force can be measured
using strain gauges, and the velocity of liquid acquired using the following
formula:

_ 3CppAV?(L —x)
‘= Ea?b

where € is the strain of the strain gauges, C'p is a drag force coefficient, p is the
density of the liquid, A is the area of the object projected on the flow, V' is the
velocity of the liquid, L is the length of the beam, x is the where on the beam
the strain gauge is located, F is Young’s modulus of elasticity and a and b
are some geometry target factors. The object could have different geometries,
such as flat och spherical [§]. See Figure[2.4 A drawback is could be that you
have to know much about the system in advance to have all the variables in

Equation [2.3

(2.3)
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Figure 2.4: A Drag Force Flow Sensor used to measure flow velocity. From “Hand-
book of Modern Sensors” by Jacob Fraden. Used with permission.

2.1.5 Electrical conductivity

The electrical conductivity of gasoline with ethanol changes linearly with the
concentration of ethanol, at concentrations larger than about 25 %. The con-
ductivity also changes with the concentrations of water [9]. In other word it
should be possible the measure the content of water or ethanol using anode
and cathode. Although it might not be worth the risk, putting an electrical
charge in highly lammable liquid could be risky and might not even be allowed
by safety standards.

2.1.6 Electromagnetic flow Sensors

When a conductor moves through an magnetic field, it will induce a voltage
according to Faraday’s law. The induced voltage can be used to acquire the
flow rate, however, the liquid should be a good conductor, which is not the
case for gasoline (conductivity should be larger than 100 xS/m, but is a mere
25 pS/m for gasoline [3|, [10]). But if the fuel contains ethanol the conductivity
goes up, as mentioned in the previous section, and this method might then be
applicable. The magnetic flow sensor is generally expensive, but could be very
suitable for certain applications. For instance, it can tell in what direction
the flow is moving [I1]. A sketch of principle can be seen in Figure . The
velocity can be acquired using

v=-¢e—¢e =2aBv

where v is the velocity of liquid, a is the radius of the tube, e and e’ are induced
currents and B is the magnetic flow.
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Figure 2.5: The principle of an electromagnetic flow sensor. The wvoltage will be
induced in the electrodes. B is the magnetic field and e and e’ are induced currents.
From “Handbook of Modern Sensors” by Jacob Fraden. Used with permission.

2.1.7 Laser-doppler-anemometer, LDA

Laser-doppler-anemometers sends a beams of light into a flow, where some of
the light will be reflected from particles in the flow. The particles could be
bubbles or tracer particles. When the laser bounces on the moving particles,
a doppler shift will be induced. This can be utilized to extract the velocity
of the particles, and thus the flow rate. Generally, the LDA is expensive but
reliable [3].

2.1.8 Microwave Absorbency

Microwave Absorbency can be used to measure water content. Water absorbs
microwaves in the frequency of around 1-2 and 9-10 GHz. It can be detect
water from 1-70% with an accuracy of + 0.5% [12].

2.1.9 NIR-field Spectrometry

Spectroscopy is a discipline which studies hows matter and light interacts. It
can be used to determine content of substances by studying how they reflect
or absorb light with different wavelengths. Depending on how the substance
absorbs or reflect energy in the light, conclusions can be drawn about the
content of the substance. In terms of fuel, it can be used to determine octane



number and water content. It can also be used to predict viscosity and density
among other things [13]. While spectrometry can refer to lights with any
wavelength, fuels generally has their interesting characteristics in the Near-
infrared (NIR) field. NIR refers to the region of 780 nm to 2500 nm in the
electromagnetic spectrum [I4]. The spectrum for three different octane rated
fuels can be seen in Figure 2.6, The differences for the fuels can be used to
predict their octane rating. NIR-spectrums can be complicated, but can be
used to identify substances and quantities of i.e. water. Figure shows
how the spectrum varies for ethanol with different contents of water. This
measurement can be made very cost-efficient with LEDs as sources of light

[15].

89.6

(1/R)

log

900 1000 1100 1200 1300 1400 1500 1600 1700
Wavelength (nm)

Figure 2.6: NIR-spectra for three different octane rated fuels. The R in the y-axis
scale is reflectance. The curves for the three fuels are very alike, but differs slightly,
and has been magnified between 1140 and 1155 nm. Image source: [16].

Octane rating is a property for a fuel, which tells how much pressure it can
withstand before igniting. A higher octane number generally means higher
quality of the fuel. A low octane rated fuel can lead to problems with en-
gine knocking [I§]. The true octane number for a fuel is determined using a
standardized motor, and cannot be done quickly. Therefore, spectrometry is
interesting as a way to predict octane rating faster and cheaper. It can be
used in real time and with good precision. You can also look at specific wave-
length of interest using laser diodes with the right wavelength, for instance in
Figure [2.6] the magnified peak could be looked at. In order to avoid sample
dependant variations such as turbidity, a comparison can be made between one
measured intensity at a wavelength of interest and a normalized intensity, such
as another wavelength in the same sample wavelength or pure water [19] [15].
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Figure 2.7: NIR-spectra for ethanol with differents contents of water. Blue line
(uppermost) 90% ethanol, red line (middle) 95% ethanol and purple line (lowermost)
100% ethanol. Image source: [17].

2.1.10 Nuclear Magnetic Resonance

Electromagnetic radiation can be applied to a liquid and the water molecules
set in resonance, if the frequency of the radiation is correct. The resonance
in the molecules causes a loss in frequency power. This loss can be translated
to water content. However, other substances can also be set resonance the
therefore disturb the measurement [12].

2.1.11 Pressure Gradient Technique

Pressure gradient technique is a relatively common way to measure the volume
flow rate. The flow enters some kind of contraction and the change in pressure
is measured. An expression for the flow can then be derived using Bernoulli’s
principle, resulting in

Ay ) 2 (pl - p2)
2 P
(1

where ¢ is the volume flow, A; and A, are the tube flow area at the pressure
sensors, p; and ps are pressures and p is the density of the flow. The contraction
can designed in several ways for different characteristics, one such can be seen

in Figure 3.
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Pressure sensors
Figure 2.8: One design of the Pressure Gradient Technique. The change in pressure
can be measured and the volume flow acquired. Image source: Modern Industriell
Matteknik: GIVARE, used with permission.

2.1.12 Thermal Transport Sensors

One way to measure the mass flow is to see how fast heat disperses. The
principle is simple. At one point in the flow, put a heater, at another point
slightly further down the flow, put a thermometer, as in Figure[2.9, Depending
on what temperature is sensed, you can get an idea of how fast the flow is going.
The faster the flow, the lower the temperature - the heat will dissipate faster.

to cfr;uft

mass equalizer
RN \\} N RN

1]

o Ro Rs

1}

o flow

o
RN NSNS NS N N NN

heater

Figure 2.9: Thermal transport sensor. The heat dissipates with the flow, and the
dissipation can be measured with a thermometer, Rg. This way, you can get a sense
of the flow rate. Rg is also a thermometer, and is used to know the temperature
before heating. From “Handbook of Modern Sensors” by Jacob Fraden. Used with

PETMISSION.
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2.1.13 Turbine-Based Flow Sensors

The turbine-based flow sensor is also simple in principle: allow the liquid flow
to move propeller blades, and use hall sensors to measure how fast the blades
are rotating. The rotational speed of the turbine is proportional to the speed of
the liquid. The faster the turbine is allowed to spin, the greater the resolution,
but also shorter life time due to wear. If the turbine is designed to spin slower
it leads to a lower resolution but greater life expectancy. See Figure [2.10]

ROTOR WITH SPIRAL SHAPED BLADES

Y riiiizziizz vz

o

/i iz

PERMANENT MAGNET

Figure 2.10: A turbine can be used to measure the velocity of a liquid. Image source:
Modern Industriell Mdtteknik: GIVARE, used with permission.

2.1.14 Ultrasound

Ultrasound is a technique that can be used to obtain many different parameters
of a liquid. It is also a relatively cheap and reliable technique. By sending
sound waves in the same direction as the flow, the speed of the liquid is added
to the speed of the sound. And by sending the sound waves in the opposite
direction of the flow, the speed of the liquid is subtracted from the speed of
the sound. Therefore, by measuring the difference in time it takes the sound
to traverse the both directions, you can extract the velocity of the flow. A
typical setup can be seen in Figure [2.11]

As with LDA, ultrasound can also be used to measure a doppler shift, and
therefore get a velocity of flowing particles, [§].

If the sound does not reach a microphone from the speaker, something must be
obstructing the path. This could be utilized to detect air bubbles for instance

[20].

Ultrasound can also be used to determine the density of the liquid. The speed
of sound in liquid is

13



V=

K
p

where K is a coefficient of stiffness in the medium and p is the density. In
other words, if K is known and v is measured, p can calculated, [21].

A
| D Vs

N

: >
NG
2

D B

Figure 2.11: A typical setup for ultrasound flow meter. A and B are both transmit-
ters and receivers of sound. The sound from A to B is faster than in the reversed
direction due to flow of the liquid. The difference in the speed of sound upstream
and downstream is proportional to the speed of the flow. From “Handbook of Modern
Sensors” by Jacob Fraden. Used with permission.

2.1.15 Vortex-Shedding flow meters

By obstructing the flow of a liquid with an object, vortex or eddies occur
in the flow. The vertices are alternating, or shedding, on each side of the
obstructing body, as depicted in Figure 2.12] The alternating vertices has
a frequency proportional to the velocity of the flow. So by measuring the
alternating vertices, you can get an idea of the flow velocity. The measuring
of the vertices can for example be made by ultrasound, thermal detection or
pressure sensing, [3].

14
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Figure 2.12: A vertex-shedding meter can be used to measure the flow velocity. The
vertices on each side of the obstructing body are alternating with a frequency propor-
tional to the flow velocity. Image source: Modern Industriell Mdtteknik: GIVARE,
used with permission.

2.2 Technology compilation table

Technology
Angular Momentum Flow Meter X
Capacitance measuring X | X
Coriolis meter X
Drag Force Flow Sensors X
Electrical Conductivity Meters X
Electromagnetic Flow Sensors X X
Laser-doppler-anemometer LDA X
Microwave Absorbency X
NIR-field Spectrometry X X
Nuclear Magnetic Resonance X
Pressure Gradient Technique X
Thermal Transport Senors X | X X
Turbine-Based Flow Sensors X
Ultrasound X X | X
Vortex-Shedding flow meters X

Table 2.1: A table showing the examined technologies that could be of interest to
Dover Fueling Solutions.

15



2.3 Technology selection

As can be seen in Table 2.1 some technologies can measure several quantities,
and some quantities can only be measured by one technology. For instance
Ultrasound could be used to detect bubbles, but also to measure density and
flow velocity. Initially, NIR-field Spectrometry and Ultrasound was viewed
as extra interesting. Spectrometry because it would be a great advantage for
the company if they could sell real time octane measuring to their customers,
which would be something new to their market. At this point it was not clear
if NIR-field spectrometry would turn out to be expensive and the feasibility of
it. Ultrasound on the other hand is a well established technique with better
known pros and cons. It’s cheap and can measure several quantities, although
not necessarily with the same setup.

For the spectroscopy, one idea was to look at a single wavelength of interest
instead of an entire spectra, specifically a wavelength where the difference
between different octane rated fuels are the greatest. This would simplify the
implementation. For gasoline, some potential wavelengths of interest could be
around 1150 nm, 1200 nm and 1400 nm, which can be seen as peaks in Figure
2.6l Two wavelengths needs to be measured for it to work. The other is used
as a reference and should be somewhere where the amplitude does not vary
that much, such as around 1300 nm in Figure [2.6] this is known as differential
absorption [I5, 19]. By dividing the acquired value at one wavelength by
the value at the other wavelength, variations in turbidity would be reduced.
Looking at only a couple of wavelengths instead of an entire spectra would
largely simplify the technology, and make it cheaper and easier to construct.

Ultrasound is a well established technology, and several manufacturers and
products exists on the market. There are several companies that supplies
industrial process instrumentation and solutions.

The choice of technology to focus on ultimately fell on NIR-spectrometry. The
main reason being it’s a technology that could measure something difficult,
octane rating, in a fast way. Dover Fueling Solutions expressed it has potential
to attract new customers.

16



3

Technology implementation

As discussed in section and a simplified spectrometer can be made
that would only look at two different wavelengths. To construct this simplified
spectrometer three main parts are crucial: two light emitting sources with
the right wavelength and a photodiode sensitive to light in this region. The
medium of interest, the fuel, is in a container between the light source and the
photodiode.

If the difference in spectra for different octane rated fuels are as small as in
Figure [2.6] then the light sources would have to emit light at in very short
spectra. Laser diodes can have this property, and has therefore been used in
this project.

3.1 Circuit

The circuit for this project contains of a sender part and a receiver part. The
circuits were sketched in the schematic editor Eagle (free version 9.3.0). The
sender contains two light sources, while only one photodiode is used in the
receiver. This means that the light sources are angled, as depicted in Figure

B.1l

Sample container

light sources

Figure 8.1: Principle setup of the spectrometer.
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3.1.1 Sender

Using a time-division multiplexing (TDM) scheme, the lasers alternated in
emitting light with a selectable frequency. This is achieved using a counter
(CD4017) that enables current to flow through the laser diodes by opening the
transistor, as can be seen in Figure [3.2] The counter puts all of its outputs in
an on/off state one by one. First, the counter opens one of the transistor, acti-
vating its connected laser, second the other transistor, third a "black output”
and finally it resets itself. The purpose of the ”black output” is to record the
dark current from the background level. Some specifications of the used lasers
can be found in Table More can be found the Appendix [A.0.1] and [A.0.3]

Laser 1 Laser 2
Peak wavelength [nm)] 1172 1317
Operating power [mW] 20 10
Operation current [mA] 89 54
Threshold current [mA] 48 27

Model number
Supplier

FB-S1170-20SOT'148
Fibercom Ltd

FB-S1300-10SOT148
Fibercom Ltd

Table 3.1: Some specifications of the lasers used.

The laser diodes are supplied with a constant current source, using the setup
seen in the Figure with the LM317 voltage regulator. The flowing current will
be 1.25 volts divided by the size of the resistor, i.e. 15 2, resulting in 83.3 mA.

f[ Voltage regulator, LM317

+

15

Q

1170 nm diode SIZ

2

00 nm diode ¥/ 3

—L0

Counter, CD4017

13
5
K'} NPN trangistors

1

Pull down
resistor

©

I

Figure 3.2: Schematics of the sender part. Two laser diodes alternating their trans-

missions with the help of the counter and the transistors.
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3.1.2 Receiver

A photodiode will produce a small current when illuminated, which will need
to be amplified. This is the basics of the receiver. It consists of a photodiode
and amplification steps. In the schematics (Figure two amplification steps
were made, with the possibility to add or remove steps if needed. The acquired
photodiode is of the type InGaAs, which is necessary since it is sensitive in
the NIR-area (800-2600 nm). Photodiodes are commonly made out of silicon,
and are sensitive only up to about 1100 nm [22]. The used photodiode also
has a lower responsitivity in the lower end of the sensing range according to
the data sheet (0.90 A/W at 1310 nm compared to 0.95 A/W at 1550 nm),
see Appendix for more information. It does not state the sensitivity at
1170 nm, which is the interesting part.

The first step is a transimpedance amplifier with a reverse biased photodiode,
meaning it amplifies a current to an inverted voltage. The amplification is a
factor of the size of the resistor, R1, using the notations in Figure 3.3, The
second step is an inverting amplifying step, with the amplification of —%.
The data sheet shows that the Maximum forward current is 8 mA, meaning
the total amplification could be at least 1 V/mA. The net voltage is 12 volts,
meaning the amplification should be max 1.5 V/mA. However, the photodiode
was never excited enough to produce that level of current, and an amplification

of 50 V/mA was used.

P A M
0—1"1 ‘D—f'llj
hatodiod Rl
InGaAs phatodiode
R22
= AN
[~ R21
g8 . /s
LT LM312
OP-amp

il =

Figure 3.3: Schematics of the receiver part, with 2 amplification steps.
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3.2 Simulation

The simulation was made in the software LTspice XVII, see Figure The
simulation was made with two amplification steps and a total amplification of
6 V/mA. The photodiode was simulated with a current signal generator. The
simulation showed that the circuit was correctly designed, the voltage of the
resistor R6 in Figure [3.4] was 6 times that of the current from I1.

Figure 3.4: Simulation in LTspice of the receiver circuit with two amplification steps.
The photodiode was simulated with a current signal.

3.3 Construction

The construction of the circuits were made using stripboard prototype cards,
which has parallel strips of copper coating. The physical layout was designed
using stripboard CAD program StripCAD 1.00. The designs can be seen in
Figure[3.5) and [3.6] When it was finished, it was simply printed and put on the
stripboard, then all the components and wires were soldered in place. Some
minor design changes were made after the CAD-design.

The fuels were contained in glass test tubes with corks, and the holder for
the test tubes was a simple rubber ring with the right hole size. This rubber
ring held the laser diodes and the photodiode in place according to Figure|3.1
Therefore three holes with correct sizes were drilled in the rubber ring.

The constructed setup can be seen in Figure
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Figure 3.6: StripCAD design of the sender.

3.4 Testing

In Sweden, fuels are usually 95 or 98 octane rated. Diesel is also common. It
was decided that tests should be made on diesel, 95 and 98 rated fuel. Samples
were collected from three different retailers: OKQS8, Preem and Ingo around
Malmo, at a total of nine samples. The reason for multiple retailers is that
there are many different fuel refineries, meaning the fuel can have different
turbidity and other optical properties. To make sure any findings of difference
is of significance, several different samples are important to use.

It was assumed that the spectra of acquired samples are the same as in Figure
2.6 Other papers shows that the general structure of gasoline spectra is the
same. Figure |3.8 shows the spectra of several different octane rated fuels, it’s
similar to Figure [2.6]

The samples were put in test tubes and the testing could commence. A function
generator with variable frequency was used as input to the counter. The
frequency determines how long a counter output will be high before switching
to the next output, meaning the lasers will emit light with a period of the
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Figure 3.7: The actual final setup. No sample in the rubber ring. The diameter of
the holder hole is 21 mm. The outer diameter of the test tubes are 20 mm and the
glass has a thickness of 1.25 mm.
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Figure 3.8: The spectra of fuels with different octane ratings. Image source: [23]



inverse of this frequency.

The amplified signal was visualized with an Tektronix DPO 5104 oscilloscope.
All nine samples was tested, and also an empty sample and a sample with
tap water.A division between the 1170 nm amplified signal and the 1300 nm
amplified signal will be calculated. The goal is to see if there is a difference of
significant between the three types of fuel. If that is the case, it would show
that technology could be of interest to Dover Fueling Solutions.

The reading of the values was done with the help of the oscilloscope. See
Figure as an example. In the Figure: a) The amplified signal when no
lasers emits light (dark current), b) the amplified signal when the 1170 nm
laser emits light, ¢) the amplified signal when the 1300 nm laser emits light
and d) the counter switches. The oscilloscope was paused and a mean were
taken between two points. This was done with the help of the oscilloscope
mean function, which calculates the mean between two lines; the green a and
b in the figure. This was done on a), b) and ¢) in the Figure, and a mean of
three different cycles was calculated. The lower levels, a) and b) were zoomed
in with the help of the oscilloscope, for a better resolution. The image serves
as an example and the values in it did not make it to the final results.

File | Edit | Vertical | HorizlAcq | Trig | Display | Cursors | Measure | Mask | Math | My e | Analyze | Utilities | Help ‘n
=i =i o =i s
1

@7 400mVidiv Auto 1
- 1acgs RL:20.0k

L 625.0mHz Auto den 18 april, 2019

T 7.0Vidiv [6y:1,0G | “ & [20z.0ms 154V [ 200msrdiv 10,0k8/s 100ps/pt

Figure 3.9: Oscilloscope screenshot of a measurement. a) The amplified signal when
no lasers emits light, b) the amplified signal when the 1170 nm laser emits light, c)
the amplified signal when the 1300 nm laser emits light and d) the counter switches.
This screenshot is an example and these values does not appear in the results.

When the values had been acquired, the dark current amplified signal was
subtracted and a division was calculated between the 1170 nm laser and the
1300 nm laser amplified signal, according to Equation [3.1}
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. 1170 nm ‘/1170 - V;lark current
absorbance ratio = =

= 3.1
1300 nm ‘/1300 nm ~— Vdark current ( )

where V179 is the amplified signal of the 1170 nm signal, ;399 is the amplified
signal of the 1300 nm signal and Ve current 18 the amplified signal of the dark
current.

Then the mean was calculated for each type of fuel. The standard deviation
was calculated using the Matlab-function std, which uses Equation [3.2 The
distribution of the values was assumed to be a normal distribution, and was
plotted using Matlab. The code can be found in Appendix [B]

1 2
=\ N_T > (@i —p) (32)

1=1

where N is the number of samples, and X; is the sample Absorption ratio of
sample 7.
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Result

The collected values were compiled in the Table 4.1|

Type Origin No | 1170 nm | 1300 nm | Absorption | Type
laser | laser [mv] | laser [mv] ratio | average
empty -0.26 36.4 234.4
water -0.27 1.7 14.4
Preem | -0.27 2.4 314.4 0.0085
Diesel OKQ8 | -0.26 2.4 208.4 0.0089
INGO | -0.36 2.1 318.1 0.0078 | 0.0084
Preem | -0.35 3.7 258.1 0.0158
98 octane | OKQ8 | -0.36 3.3 259.8 0.0142
INGO | -0.33 4.6 196.5 0.0249 | 0.0183
Preem | -0.31 2.2 294.8 0.0084
95 octane | OKQS8 | -0.25 2.7 209.8 0.0139
INGO | -0.32 3.9 287.3 0.0146 | 0.0123

Table 4.1: The columns No

laser 1170 nm laser and 1300 nm laser contains

the observed values of the amplified signal for the respective state. The values under
Absorption ratio has been calculated using Equation that is, dividing the
absorption of the 1170 nm signal with the 1300 nm signal. Finally the right most
columns are average values of the type.

The expected (mean) values and standard variation has been calculated and
can be seen in Table 4.2

Diesel | 98 octane | 95 octane
1| 0.0084 0.0183 0.0123
o | 0.0006 0.0058 0.0034

Table 4.2: Expected value (1) and standard deviation (o) of the three fuel types.

The normal distribution plots using the values in Table can be seen in

Figure 4.1] and [4.2]
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Discussion

The empty sample in Table[4.1{shows that the photodiode is much less sensitive
to the 1170 nm laser than the 1300 nm laser. According to the datasheet,[A.0.5]
the photodiode is slightly less sensitive in the lower region, but this does not
explain the vast differences between the 1170 nm laser and the 1300 nm laser
that also can be seen in the table. This is unfortunate, since that is the most
important part for this study. It does not mean however, that the values are
not interesting.

Looking at the Absorption ratio values shows that the values are somewhat
consistent. In both 95 and 98 octane two of the three values are close to each
other, while the third is a bit off. This explains why the standard deviation
is relatively high and the why Normal Distribution curves overlap as can be
seen in Figure [4.1 The diesel samples shows a more consistent result, and
the standard deviation is lower, which also shows in the Normal Distribution
curve in Figure .2l The peaks of the curves for 98 and 95 octane rated fuels
are located at different expected values, however since they overlap too much,
it can’t be said that the difference between them is of a statistical significance.

It’s important to note, however, that the curves in Figure and are
based on only three samples. For a clearer result, more samples might be
required. The hope was that all curves would be similar in width as the one
with diesel, it would be much easier to say that the fuels can with a certainty
be differentiated using this technology.

Something important to comment on is the fact that the amplified 1300 nm
signal values of the fuels are in most cases larger than the empty sample.
This indicates that more light gets through if there is a fuel in place, which
could mean that the liquid and the curved glass focuses the light against the
photodiode. With only air in the test tube the differences in refractive indexes
could diverge the beam.

The major reason for unclear results however, are probably due to flaws in the
construction and testing setup. For one, the fuel container should not have
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been circular, but rather flat. The laser light is bent and could be refracted
by the round glass in an undesired way. Also, the laser don’t have lenses.
According to the datasheet, the beam divergence of the lasers are 45° and 8°
on each axis and 30° and 10° on each axis respectively (meaning they have an
elliptical beam divergence). The lasers could be equipped with lenses to focus
the light for a better effect transfer. No care was taken about the orientation
of the lasers. No shielding was done to the amplification circuit, which could
reduce the noise in the amplification.

During the measurements, it was noticed that the signal was very sensitive
to movements. During all readings and measurements the test tubes were
held as straight and similar as possible, to reduce differences. Even very small
differences however, made relatively large changes in the amplified signal. This
of course means there is a large variation from reading to reading. Using a
better built setup could improve the results greatly.

5.1 Future work

If Dover Fueling Solution chooses to continue with this technology, they should
start by designing the test setup in a better way. Use glass containers with
flat surfaces. Build away sources of error and shield the construction from
disturbances. Also, further amplifying steps could be added, such as ones that
zooms in on the signal levels and amplifies them. Noise reduction amplifiers
could also be added. It could also be considered if different lasers should be
used, are there better suited wavelengths to look at?

A spectrometer reading should be made on fuels of interest. It would be useful
if the spectra in Figure [2.6] could be verified. Do the local fuel differ much
or anything? In an end product, the fuel would probably be in a flowing
state. This might require the flow to be laminar. Also, since the lasers have a
elliptical beam divergence, their orientation should be considered.

The lasers are sensitive to heat, and in a future iteration of this technology, it
might be important to add a heat control. Also, instead of using an oscilloscope
to manually read the results, it would probably be useful to have some sort of
dedicated data acquisition system, such as a Data Acquisition Card (DAQ) or
an audio input.
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Conclusion

The spectrometry technology has great potential for Dover Fueling Solutions.
It has the possibility to verify the product - fuel - which is important for cus-
tomers at all levels. Although the testings and measurements in this project
was not as unambiguous as hoped, the result seem to indicate there is a dif-
ference. It’s not unlikely a better prototype would show a clearer difference.
The construction is relatively simple. It could relatively simply be integrated
in future versions of the fuel pumps, and would be a good sales argument.
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A.0.1 Laser diode 1170 nm

Diode laser in SOT-148 package
Model FB-S1170-20SOT148

Typical characteristics:

Sample Ne 37-999

Intensity

Parameter Value Unit
Threshold current, Iy, 48 mA
Operating current, |y, 89 mA
Operating optical power, Py, 20 mw
Peak wavelength at Pyp A 1172 nm
Beam divergence, 0 || (FWHM) 9 deg
Beam divergence, 6, (FWHM) 30+3 deg
Feedback PD current ,lpp, 30 uA
Feedback PD voltage <5 \Y
Operating regime CwW
Operating temperature, To, 25 oC
Package SOT-148
Beam divergence: Emitting spectra:
T T T T
P =20mW
op
2
g
/ \ |
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A.0.2 Laser diode 1170 nm

@ibercom Ltd.

PRODUCT DATA SHEET

Laser Diode
Model FB-S1170-20S0T148

Specification \ Symbol | Typical Unit

Laser Emitter
Peak Wavelength Aop 1170+20 nm
CW Optical Output Power Pop 20 mwW
Operation Current lop <110 mA
Operation Voltage uld 1.3+0.3 Vv
Threshold Current Ith <60 mA
Beam Divergence (FWHM) ]l 10+1 degree
Beam Divergence (FWHM) gl 30+5 degree
Spectrum Half-Width (FWHM) AA <5 nm
Emitting Area Wxd 4x1 Mmxum
Wavelength Temperature Coefficient AN/AT 3+0.2 A/degree
Operation Power Temperature Coefficient AP/AT 0.25+0.05 mW/degree
Operation Current Temperature Coefficient Al/AT 0.3+0.05 mA/degree
Mode Structure SM TEoo -
Operation Temperature Top 25 degree
Operation Temperature Range -40... +50 degree
Storage Temperature Range -40... +80 degree
Operation Mode cw Continuous -
Pulse Wave
Pulse, ©5 ns
Photo Diode Monitor

Monitor Current 1-1000 MA
PD Reverse Voltage <5 \Y

Note: To guarantee reliable operation of laser diode SOT-148 package must be mounted onto copper
carrier with TEC (Peltier element) keeping constant temperature.

Fibercom LTD., Address: 2-nd Hutorskaya Str., 19, bld.2, Moscow, 127287, Russia
Tel./Fax:+7 495 1070578, E-mail: zakaz@fbcom.ru, WEB: http://fbcom.ru




A.0.3 Laser diode 1300 nm

Diode laser in SOT-148 package
Model FB-S1300-10SOT148

Typical characteristics:

Sample Ne 347-69

Parameter Value Unit
Threshold current, Iy, 27 mA
Operating current, lop 54 mA
Operating optical power, Py, 10 mw
Peak wavelength at Pgp A 1317 nm
Beam divergence, 6 || (FWHM) 6 deg
Beam divergence, 6, (FWHM) 43 deg
Feedback PD current ,lpp, 82 uA
Feedback PD voltage <5 \Y
Operating regime CcwW
Operating temperature, Ty, 25 oc
Package SOT-148

Beam divergence:

Intensity, a.u.

-80 -60 -40 -20 O 20 40 60 80
0,deg.

Emitting spectra:
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A.0.4 Laser diode 1300 nm

ib Ltd ?
ivercom Ltd.
PRODUCT DATA SHEET

Laser Diode
Model FB-S1300-10S0T148

Specification \ Symbol | Typical Unit

Laser Emitter
Peak Wavelength Aop 1300+30 nm
CW Optical Output Power Pop 10 mW
Operation Current lop <80 mA
Operation Voltage Uld 1.140.2 Vv
Threshold Current Ith <40 mA
Beam Divergence (FWHM) ]l 8+2 degree
Beam Divergence (FWHM) gl 45+5 degree
Spectrum Half-Width (FWHM) Al <2.5 nm
Emitting Area Wxd 5x1 Mmxum
Wavelength Temperature Coefficient AN/AT 4+0.5 A/degree
Operation Power Temperature Coefficient AP/AT 0.15+0.05 mW/degree
Operation Current Temperature Coefficient Al/AT 0.4+0.05 mA/degree
Mode Structure SM TEoo -
Operation Temperature Top 25 degree
Operation Temperature Range -40... +50 degree
Storage Temperature Range -40... +80 degree
Operation Mode cw Continuous -
Pulse Wave
Pulse, ©5 ns
Photo Diode Monitor

Monitor Current 1-1000 MA
PD Reverse Voltage <5 \Y

Note: To guarantee reliable operation of laser diode SOT-148 package must be mounted onto copper
carrier with TEC (Peltier element) keeping constant temperature.

Fibercom LTD., Address: 2-nd Hutorskaya Str., 19, bld.2, Moscow, 127287, Russia
Tel./Fax:+7 495 1070578, E-mail: zakaz@fbcom.ru, WEB: http://fbcom.ru




A.0.5 FCI-InGaAs-500 photodiode nm

= 155Mbps/622Mbps/1.25Gbps/2.5Gbps

High Speed InGaAs Photodiodes

FCl-InGaAs-XXX series with active area sizes of 55um, 70pm, 120pm,
300pm, 400pm and 500pm, exhibit the characteristics need for Datacom
and Telecom applications. Low capacitance, low dark current and high
responsivity from 1100nm to 1620nm make these devices ideal for high-bit
rate receivers used in LAN, MAN, WAN, and other high speed communication
systems. The photodiodes are packaged in 3 lead isolated TO-46 cans or in
1 pin pill packages with AR coated flat windows or micro lenses to enhance
coupling efficiency. FCl-InGaAs-XXX series is also offered with FC, SC, ST
and SMA receptacles.

Absolute Maximum Ratings

PARAMETERS SYMBOL MIN MAX UNITS
Storage Temperature Tetg -55 +125 °C
Operating Temperature Top -40 +75 °C
Soldering Temperature Taia an= +260 °C

= APPLICATIONS

* High Speed Optical Communications
* Single/Multi-Mode Fiber Optic
Receiver
* Gigabit Ethernet/Fibre Channel
* SONET/SDH
* Optical Taps

, ATM

= FEATURES
* High Speed
* High Responsivity
* Low Noise
* Spectral Range
900nm to 1700nm

FCI-InGaAs-55 FCI-InGaAs-70 | FCI-InGaAs-120 | FCI-InGaAs-300 | FCI-InGaAs-400 | FCI-InGaAs-500 |
R n s o MIN | TYP | MAX | MIN | TYP | MAX | MIN | TYP | MAX | MIN | TYP | MAX | MIN | TYP | MAX | MIN | TYP | MAX (L
Active Area
Diameter AR, -~ | ss |- |- |70] -] - |1220]| -~ | - [300]| - | -~ | 400 | - | --- | 500 [ --- | um
»=1310nm | 0.80 090 | --- [0.80|090 | --- | 080|090 | --- |0.80|090| --- | 0.80|0.90| --- |0.80|0.90| ---
Responsivity R, A/W
(Flat Window Package) h
2=1550nm | 0.90 | 0.95| --- [0.90 | 095 --- | 0.90|095| --- | 090|095 --- | 090|095 --- | 0.90|0.95| ---
Capacitance G Vg = 5.0V - 1.0 --- --- 1.5 - - 2.0 - --- [ 10.0 | --- --- | 14.0 | --- --- [ 20.0 | --- pF
Dark Current Iy Vg = 5.0V --- 1 0.02 2 --- 10.03 2 --- 1 0.05 2 --- 1 0.30 5 --- | 0.40 5 --- 10.50 | 20 nA
— Vi = 5.0V,
E:f{:]le/ t/t R =50Q | o020 - | - |020| - | - 030 - | === | 1.5 | | - | 3.0 | - | - | 10.0| ns
10% to 90%
Max. Revervse
Voltage | ]2 | | - |20 | | =] 20| | -] 15| | | 15| | -] 15 v
Max. Reverse
Comrant | - ]os | - -t | - 2 | - 2 | - 2 | -] 2 mA
Max. Forward
Comrant | - s |- -5 |—=|—=]5 ||| 8 | —|-—-]8]-—-]-—-]8|m
2.66E-] 3.44E-| 4.50E-| 6.28E-| 7.69E- 8.42E-|
NEP e It e e o M e A e M A e e v e e 0 e e

.
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Appendix B

Matlab code

close all
clear all

res_diesel = [0.008469009, 0.008894502, 0.007758978];
res_98_octane = [0.015779945, 0.014197599, 0.02487414171;
res_95_octane = [0.008359595, 0.013901452, 0.014582222]7;
std.dies = std(res_diesel);

mean_dies = mean (res_diesel);

std.98 = std(res_98_octane);
mean_98 = mean (res_98_octane);

std_95 = std(res_95_octane);

mean_95 = mean(res_95_octane);

Xx = [-3:.001:37;

y_diesel = normpdf (x,mean_dies , std.dies);
figure (1)

plot (x,y.diesel)
legend (' Diesel’)
xlabel (' Absorption division’)

y_98octane = normpdf (x, mean_98 , std_98);
y_-95octane = normpdf (x, mean_95 , std. 95);

figure (2)

plot (x,y_98octane,’—-")
hold on

plot (x,y_-950ctane)



legend (' 98 octane’, ’"95 octane’)
xlabel (" Absorption division’)
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