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Abstract 

The aim of this master’s thesis in Engineering Physics was to develop and construct an opacimeter 
prototype adapted to measurements on diesel exhaust gases at BAE Systems Hägglunds AB, 
Örnsköldsvik. The company should also be provided with relevant documentation about how to 
build and use the developed measurement device. The opacimeter is to be used in the test halls at 
the company in order to superintend the exhaust gases during engine and vehicle tests. Since the 
company is working with military vehicles the device must be designed to withstand demanding 
test conditions and by using ISO 11614 as a guideline the reliability of the opacimeter was to be 
assured.  

Opacity is the optical term for the property of stopping light from being transmitted and when it 
comes to exhaust gases it corresponds to how opaque they are. The opacity is measured in 
percent where 0 % means that all light is transmitted and 100 % corresponds to the case where no 
light at all is transmitted. For military vehicles it is important to have low exhaust gas opacity since 
the opacity is strongly connected to how much particles the gases contain. These particles are very 
hot, up to 700 °C, when they leave the exhaust pipe and will therefore contribute palpable to the 
IR signature of the vehicle. Thus, lower exhaust gas opacity leads to better stealth properties. 

During the project the in-line full flow opacimeter was decided to be the most suitable opacimeter 
type for the application. This also allows the opacimeter to be easily mounted onto the exhaust 
gas ventilation conduits in the test halls. Different tests on early prototypes together with 
temperature measurements on exhaust gases showed that high exhaust gas temperatures would 
be the main issue during the development. This problem was solved by using high temperature 
resistant fiber optics for transmitting light away from the exhaust gases, which allowed 
photodiode and other heat sensitive components to be kept away from the high temperature 
regions. Further, the photodiode output was temperature compensated in order to compensate 
for measurement fluctuations due to changes in ambient temperature.  

The result of the project was an opacimeter prototype adapted to opacity measurements at BAE 
Systems Hägglunds AB as well as documentation that allows the company to construct, use and 
further develop these. However, the prototype suffers from critical instability problems due to 
losses in the optical fiber. This issue has to be dealt with before considering using the opacimeter 
for actual measurements since it affects accuracy and calibration of the device. The high 
temperature resistant optical fiber solution is, as far as one can tell, a new way of measuring the 
opacity of high temperature exhaust gases but as said further development is needed in order for 
the measurements to be reliable. 
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Sammanfattning 

Syftet med detta examensarbete inom Teknisk Fysik är att utveckla och konstruera en 
opacimeterprototyp som är anpassad för mätningar på dieselavgaser med hög temperatur. 
Opacimetern ska utvecklas för opacitetsmätningar på BAE Systems Hägglunds AB i Örnsköldsvik 
och företaget ska förses med all nödvändig dokumentation angående konstruktion och 
användande av prototypen. Mätutrustningen är tänkt att användas i företagets testhallar för att 
övervaka avgaserna under motor- och fordonsprov och eftersom företaget arbetar med 
militärfordon måste opacimetern vara anpassad för att klara mycket krävande testförhållanden. 
Genom att använda ISO 11614 som riktlinje ska resultatets tillförlitlighet säkerställas. 

Opacitet är den optiska termen för förmågan att hindra ljus från att transmitteras och vad gäller 
avgaser så motsvarar det hur ogenomskinliga dom är. Opacitet mäts i procent där 0 % betyder att 
allt ljus släpps igenom och 100 % motsvarar att inget ljus alls kan passera. För militära fordon är 
det viktigt att ha en låg avgasopacitet eftersom opaciteten hör ihop med hur mycket partiklar det 
finns i avgaserna. Dessa partiklar är mycket heta, upp till 700 °C, när de lämnar avgasröret och 
kommer därmed att vara en betydande källa till infraröd strålning. Låg avgasopacitet kommer 
alltså att motsvara att fordonet sänder ut mindre IR-strålning och blir därmed svårare att 
upptäcka. 

Under projektet utsågs den så kallade in-line full flow-opacimetern till att vara den best lämpade 
opacimetertypen för användningsområdet. Denna typ av opacimeter skulle även bli lätt att bygga 
in i avgasventilationstrummorna i testhallarna. Olika tester på tidiga prototyper visade, 
tillsammans med temperaturmätningar på avgaser, att den höga avgastemperaturen skulle 
komma att bli det största dilemmat under utvecklingen. Detta problem löstes genom att använda 
en högtemperaturtålig optisk fiber för att transportera ljuset bort från avgaserna så att fotodiod 
och andra temperaturkänsliga komponenter kan placeras på ett betryggande avstånd från heta 
områden. För att undvika mätfel på grund av förändringar i omgivande temperatur utvecklades 
dessutom en algoritm som kompenserar för fotodiodens temperaturberoende. 

Resultatet av projektet är en opacimeterprototyp anpassad för mätningar på BAE Systems 
Hägglunds AB inklusive dokumentation som möjliggör tillverkning, användning och vidare 
utveckling av den utvecklade opacimetern. På grund av förluster i den optiska fibern finns det dock 
allvarliga stabilitetsproblem hos prototypen. Dessa måste avhjälpas innan utrustningen kan anses 
vara lämplig för bestämning av opacitet hos avgaser. Den utvecklade lösningen med 
högtemperaturtålig fiberoptik är, sannolikt, ett nytt sätt att mäta opacitet på heta avgaser, men 
vidare utveckling är som sagt nödvändig för att mätningarna ska anses vara pålitliga. 
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Symbols 

Optics 

f Focal length 
f𝑚𝑖𝑛  Minimum focal length 
𝐼 Light intensity 
𝐼0 Initial light intensity 
𝐼𝑑𝑎𝑟𝑘  Minimum light intensity 
𝑘 Light absorption coefficient 
𝑘𝑐𝑜𝑟 ,𝑝  Pressure corrected light absorption coefficient 

𝑘𝑐𝑜𝑟 ,𝑇  Temperature corrected light absorption coefficient 
𝑘𝑚  Measured light absorption coefficient 
𝐿𝐴  Effective optical path length 
𝑁 Opacity 
𝑁𝐴 Numerical aperture 
𝑛 Refractive index 
𝜏 Ratio of transmitted light 

Electronics 

𝐶 Capacitance 
𝐶𝑝  Capacitance in parallel with photodiode 

fc  Cutoff frequency 
𝐼 Current 
𝑅 Resistance 
𝑅𝑝  Resistance in series with photodiode 

𝑈 Voltage 
𝑈𝑐𝑎𝑙  Calibration voltage 
𝑈𝑝  Supply voltage for photodiode 

Others 

𝐴 Area 
𝑑 Distance 
𝑑𝑙𝑒𝑛𝑠  Distance to lens 
𝑑𝑚𝑖𝑛  Minimum distance 
ℎ Height 
𝑙 Length 
𝑁𝑖  Number of light absorbers 
𝑛 Concentration 
𝑛𝑖  Contration of light absorbers 
𝑝 Pressure 
𝑝𝑎𝑡𝑚  Atmospheric pressure 
𝑇 Temperature 
𝑇𝑐𝑎𝑙  Calibration temperature 



 

 

 

𝑇0 Reference temperature for light absorption coefficient (373 K) 
𝑉 Volume 
𝑥 Position 
∆𝑥 Short distance 
𝜃 Angle 
𝜃𝑚𝑎𝑥  Maximum angle 
𝜎 Cross-section area 
𝜑 Angle 
𝜑𝑚𝑎𝑥  Maximum angle  
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1 Introduction 

1.1 Background 

BAE Systems Hägglunds AB is a company that develops and manufactures military vehicles for 
many different costumers around the world. This kind of occupation includes a lot of testing and 
measuring in order to ensure functionality and quality of the products. One of the measurements 
that the company would like to execute is opacity measurements on high temperature diesel 
exhaust gases. 

There are two main reasons why opacity measurements are of interest for BAE Systems Hägglunds 
AB. One reason is that opacimeters could be assigned to superintend the exhaust gases from 
engines that are tested in the test halls and by this means supervise that the combustion works in 
a proper way. This cannot be done by visual inspection since the exhaust gases are directly 
transferred away from the halls via exhaust gas ventilation conduits. Opacimeters, on the other 
hand, could be placed inside the conduits in order to examine the gases while they are transferred 
away. 

The other reason is that the exhaust gas opacity is of great importance when it comes to stealth 
properties of military vehicles. Opacity corresponds to the ability to stop light from being 
transmitted and is therefore strongly connected to the amount of particles in the exhaust gases. 
When these particles come out of the exhaust pipe they can have a temperature of up to 700 °C 
which means that they are a source of significant infrared, IR, radiation. If the gases contain a lot 
of particles there will, consequently, be a lot of IR radiation and the vehicle will be easy to detect. 
Opacity measurements thus give information about IR stealth properties. 

Many years ago some kind of opacity measurements were made at the company but these were 
more like soot tests. A filter was used to gather soot particles from the exhaust gases and after a 
certain test cycle the color of the filter was compared to a grayscale. By these means the soot 
content of the gases could be measured in so called Bosch units. 

1.2 Purpose 

The purpose of this Master´s Thesis in Engineering Physics is to evaluate which properties an 
opacimeter should have in order to comply with BAE Systems Hägglunds AB´s needs and to 
develop a prototype of such an opacimeter. In order to ensure the functionality of the opacimeter 
the international standard ISO 116141 [2] should be used as a guideline for the work. 

The thesis should result in an opacimeter prototype that demonstrates the function of the 
developed solution and the company should also be provided with relevant documentation in 
order to be able to construct and use the opacimeter. 

                                                      
1
 ISO 11614, “Reciprocating internal combustion compression-ignition engines - Apparatus for measurement of the 

opacity and for determination of the light absorption coefficient of exhaust gas” 
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1.3 Problem formulation 

The origin of the project is to find an opacimeter solution that can be used to measure the opacity 
of high temperature diesel exhaust gases. The solution should be adapted to opacity 
measurements at BAE Systems Hägglunds AB. 

1.4 Demarcations 

 The aim of the work is to provide BAE Systems Hägglunds AB with an opacimeter solution 
including a prototype. This does not include construction or installation of the actual 
opacimeters. 

 ISO 11614 is to be used as a guideline and the standard must thus not be fulfilled. The 
standard is extensive and contains a lot of time consuming tests and therefore plenty of 
time and resources will be needed in order to fulfill it. 

 The budget for the project cannot exceed 40 000 SEK. 

1.5 BAE Systems Hägglunds AB 

Year 1899 the company AB Hägglund & Söner was founded by Johan Hägglund in Örnsköldsvik, 
Sweden. In the beginning the company was devoted to the wood industry but as the company 
developed it started to focus more and more on the military vehicle business. During the years the 
company has been acquired by the British company Alvis plc and in 2004 BAE Systems acquired 
Alvis plc. This means that the defense company BAE Systems at this time is the owner of 
Hägglunds. 

Hägglunds has developed and manufactured some famous military vehicles such as Combat 
Vehicle 90 and the tracked all terrain carrier Bv 206, which lately has been replaced by Bv 206S 
and BvS 10. These vehicles have been distributed to several different countries and today many of 
them are used in different missions all over the world. Currently the company is developing a 
fragmentation protected standard platform called SEP. 
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2 Method 

2.1 Literature study 

To be able to develop an opacimeter successfully it is crucial to find literature considering the 
subject and to get information from other similar projects. When it comes to opacity 
measurements on diesel exhaust gases the ISO 11614, which serves as a guideline for the thesis, 
covers most of the subject and it also gives detailed information about different opacimeter 
solutions. 

In the beginning of the project a lot of effort was used to study the theory behind opacity 
measurements and also to get an understanding of what types of opacimeters there are on the 
market. This information was mostly found on the internet. 

Since opacity measurement is a quite rare subject it is very hard to find any relevant books and 
those who were found could not be obtained in any practical way. However some documents on 
opacimeter design and developments were found on the internet. 

2.2 Working procedure 

First of all the development of the opacimeter was projected, which resulted in a project plan and 
a preliminary time schedule. Since there were many different questions to be answered during the 
work, such as which type of opacimeter is suitable and how soot can be kept away from optical 
components, the timetable was made quite general and not too detailed. 

In the beginning of the project the focus was to gather information about opacimeters in general 
which lead to an understanding of the working principles. The aim of the work was to develop and 
construct an opacimeter prototype specifically adapted to measurements on high temperature 
diesel exhaust gases and therefore many different solutions had to be considered in order to find 
the most suitable one. 

In the early parts of the prototype development the work was concentrated on getting basic 
concepts and components to work. By doing this a fundamental understanding of the 
measurement principle was established and it also gave hints of what would be the main issues 
during the development. Different solutions had to be tested and evaluated in order to evade 
critical problems and by this means the prototype eventually was adapted to comply with the 
demands. 

Solutions to different problems were discussed regularly on supervisor meetings and the work was 
continuously documented in order to store all information that could be of use for further 
evaluation and for the final report. 
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3 Theory 

3.1 Optics 

3.1.1 Opacity 

Opacity is an optical property that refers to the ability to stop light from being transmitted. The 
opacity, e.g. of a gas, is given in percent where 0 % means that all light is transmitted through the 
media and 100 % refers to the case where no light at all can pass it. It is important to understand 
that the opacity itself doesn’t give much useful information as long as the effective optical path 
length, OPL, is not given. The OPL is the distance of media that corresponds to the opacity. The 
opacity is calculated according to Equation 1. 

 𝑁 = 100 − 𝜏 , (1) 

where 𝑁 is the opacity in percent and 𝜏 is the ratio of transmitted light in percent. 

3.1.2 Light absorption coefficient 

In addition to the opacity there is a similar optical property named the light absorption coefficient. 
This property refers to, as the name implies, the ability to absorb light. For a homogeneous matter 
the relationship between the light transmission and the light absorption coefficient is described, 
according to the Beer-Lambert law, in Equation 2. 

 
𝑘 = −

1

𝐿𝐴
∙ 𝑙𝑛  

𝜏

100
  , (2) 

where 𝑘 is the light absorption coefficient, 𝐿𝐴  is the effective optical path length and 𝜏 is the ratio 
of transmitted light in percent. For derivation see Appendix G. 

When talking about the light absorption coefficient it is important to remember that the 
nomenclature is to define it at atmospheric pressure and a temperature of 373 K. Since the 
coefficient is a property that changes both with the pressure and the temperature it is necessary 
to understand the origin of these dependences. 

Consider a fix volume 𝑉. If the temperature is constant more particles will, in accordance to the 
ideal gas law (Equation 3), fit in this volume when the pressure rises. However, if the pressure, 
instead of the temperature, is constant the number of particles inside the volume will be inverse 
proportional to the temperature. 

 𝑝𝑉 = 𝑛𝑅𝑇 , (3) 

where 𝑝 is the pressure, 𝑉 is the volume, 𝑛 is the concentration of the substance in mole, R is the 
gas constant and 𝑇 is the temperature. 

Since it is the particles that absorb light the arguments above imply that the light absorption is 
proportional to the pressure and inverse proportional to the temperature. The relationships make 
it possible to correct measured absorption coefficients according to Equation 4 and 5 below. 

 
𝑘𝑐𝑜𝑟 ,𝑇 = 𝑘𝑚 ∙

𝑇

𝑇0
 , (4) 

where 𝑘𝑐𝑜𝑟 ,𝑇  is the corrected light absorption coefficient, 𝑘𝑚  is the measured coefficient, 
𝑇0 = 373 𝐾 and 𝑇 is the temperature, in Kelvin, during the measurements. 
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 𝑘𝑐𝑜𝑟 ,𝑝 = 𝑘𝑚 ∙
𝑝𝑎𝑡𝑚
𝑝

 , (5) 

where 𝑘𝑐𝑜𝑟 ,𝑝  is the corrected light absorption coefficient, 𝑘𝑚  is the measured coefficient, 𝑝𝑎𝑡𝑚  

refers to atmospheric pressure and 𝑝 is the pressure during the measurements. 

3.2 Opacimeter 

The basic principle of the opacimeter is that light is emitted from a light source and a sensor some 
distance away registers the intensity of the light. If a sample, e.g. exhaust gas, with opacity more 
than 0 % is placed in between the light source and the sensor the measured light intensity will 
decrease. Through calibration the measured intensity can be correlated to the opacity of the 
sample. When there is a perfect transparent matter, e.g. air, in between the opacity is 0 % and in 
the opposite case, where no light is transmitted, the opacity is 100 %. 

 

Figure 1. The figure shows the basic principle of an opacimeter. The opacity of the sample is the ratio of light that is 

not transmitted through the sample. 

Figure 1 shows how the light intensity decreases as the light passes through the sample. The 
opacity, corresponding to the specific effective optical path length, is calculated according to 
Equation 6. 

 
𝑁 = 1 −

𝐼

𝐼0
 , 

(6) 

where 𝑁 is the opacity of the gas, 𝐼 is the measured light intensity and 𝐼0 is the light intensity if 
measured without the gas. 

There are, according to ISO 11614, basically three different types of opacimeters. These are full-
flow, end-of-line and sampling opacimeters and common for all is that they use the principle 
shown in Figure 1 to determine the opacity. 

The full-flow opacimeter consists of a smoke chamber that can be connected to the outlet of an 
exhaust gas pipe. During test cycles the smoke passes through the chamber and by optical 
measuring techniques the opacity of the gas can be determined. To protect the light source and 
the sensor from exhaust gas particles this type of opacimeter usually uses scavenge air, see Figure 
2 

  

Sensor Light source 

Sample 

Light intensity, 𝐼0  Light intensity, 𝐼 

Effective optical path length 
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Figure 2. The figure shows a so called in-line full-flow opacimeter. The scavenge air is used to protect the optics from 

the exhaust gas. 

The simplest type of opacimeter is the end-of-line opacimeter. This type is only useful for opacity 
measurements and not for determining the light absorption coefficient. The main reason for this is 
that it is impossible to know the effective optical path length of the sample with any accuracy. The 
opacimeter is placed in the end of the exhaust pipe and the opacity is measured as the exhaust 
gases passes through the end of the pipe, se Figure 3. 

 

Figure 3. The figure shows an end-of-line opacimeter. Here the effective optical path length is the length of the 

“measuring zone”.  

A more advanced opacimeter type is the sampling opacimeter. This type uses a probe to 
continuously collect samples from the exhaust gases and lead them to a chamber where the 
opacity is measured. Analyzing samples in a separate chamber allows control of the gas pressure 
and temperature and this type of opacimeter is therefore perfect for measuring opacity as well as 
light absorption coefficient. However, compared to the other opacimeter types it is more 

Exhaust gas 

“Measuring zone” Exhaust pipe 

Lens 

Lens 

Sensor 

Light source 

Effective optical path length 

Sensor Light source 

Lens Lens 

Scavenge air Scavenge air 

Exhaust gas 
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complicated to construct and also more expensive. Another drawback is that the sampling 
opacimeter suffers from additional delay times since the exhaust gases has to be transferred to 
the measuring chamber before the measurements can be executed. 

 

Figure 4. The figure shows a sampling opacimeter. The probe continuously collects samples from the exhaust gases 

and the opacity is then measured inside the measuring chamber. 

 

 

  

Exhaust gas 

Measuring 
chamber 

Probe 
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4 Accomplishment and Results 

4.1 Basic opacity measurement principles 

In the beginning of the project it was important to get a basic understanding of opacity 
measurement principles. This was accomplished by gathering information about opacimeter 
techniques and also by constructing a very simple opacimeter arrangement consisting of a light 
emitting diode, LED, and a photodiode. The components were chosen according to ISO 11614 
which among other things means that the LED had a wavelength of 560 nm and the photodiode a 
sensitivity peak in the same region, which coincides with the sensitivity of the human eye. The first 
simple arrangement for verification of basic opacity principles is shown in Figure 5. 

 

Figure 5. The figure shows the first simple opacimeter arrangement. The ends of the cylinder are covered to prevent 

external light to get inside. The slit allows sheets of different optical density to be placed between the LED and the 

photodiode. 

When switching the LED on the photodiode is hit by the light and this gives rise to a current 
through the sensor. According to Ohms law, Equation 7, the voltage over a resistor will be 
proportional to the current through the resistor. 

 𝑈 = 𝑅𝐼 , (7) 

where 𝑈 is the voltage, 𝑅 is the resistance and 𝐼 is the current through the resistor. 

Since the current through the photodiode depends on the light intensity the voltage over a 
resistor, in series with the photodiode, will also depend on this intensity. The voltage over the 
resistor can therefore be seen as the sensor output. 

 

Figure 6. The figure shows the electrical circuit for the photodiode. 𝑈𝑝 = 5 𝑉,  𝐶𝑝 = 0.1 µ𝐹 and 𝑅𝑝 = 10 𝑘𝛺. 

𝑈𝑝  

𝑅𝑝  
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The photodiode in the arrangement was a Photo IC diode S9067-01, which is a photodiode with 
integrated amplifier circuit. As Figure 6 shows a capacitor was used to create a low pass filter in 
order to decrease high frequency disturbances. 

By placing different sheets of optical density, simulating exhaust gases, in between the LED and 
the photodiode the opacity measurement principle could be verified. When the light is blocked by 
a sheet of optical density the intensity reaching the photodiode will decrease which corresponds 
to an increase in the opacity. 

4.2 Development of prototype 

The opacimeter prototype was continuously developed during the project in order to improve it 
and to solve critical problems. To verify functionality and reliability many different components 
and arrangements were tested during the work. 

4.2.1 Opacimeter type 

As described in the opacimeter theory, section 3.2, there are mainly three different types of 
opacimeters. Since the prototype should be adapted to measurements at BAE Systems Hägglunds 
AB the opacimeter type should be chosen to fit their demands. After analyzing the different types 
and comparing them to the field of application it was clear that the sampling opacimeter solution 
was a bit too advanced and complex for the needs. The two other types are very similar with the 
main difference that the end-of-line solution is designed to fit in front of an exhaust pipe while the 
in-line full flow opacimeter contains a pipe or conduit for the exhaust gases to flow inside. The 
chosen solution was to develop an in-line full flow opacimeter. 

4.2.2 High temperature solutions 

After testing the first simple opacimeter prototypes it was soon clear that high temperatures 
should be one of the main issues during the development. First of all the exhaust gases can reach a 
temperature of about 700 °C which is way too much for any ordinary photodiode to endure. 
Besides this the ambient temperature in the test halls can differ between 20 and 50 °C during a 
test which has to be dealt with even when the components are kept away from the hot exhaust 
gases. During extreme conditions the temperature could even rise up to 80 °C and it is therefore 
crucial that all components at least can endure this temperature. 

There is a major problem with LED’s when it comes to temperature changes. The light intensity 
from the light emitting diode is strongly temperature dependent and one can even clearly see with 
the human eye how the intensity changes. At low temperatures, e.g. 10 °C, the diode shines 
strongly but if the temperature is raised to say 40 °C the intensity has decreased dramatically and 
the diode is just glowing. This is of course not expectable when it comes to opacity measurements 
since such a decrease in intensity will be interpreted as an increase in opacity. The LED in the 
arrangement was therefore early replaced by a halogen lamp which, as well as the LED, is 
appropriate according to ISO 11614. The benefit of using a halogen lamp is that it burns with a 
temperature of about 3000 K and is thus less sensitive to ambient temperature fluctuations. 

To be able to understand the origin of the temperature problem, due to hot exhaust gases, 
temperature measurements were made during some typical engine tests. The results, see 
Appendix A.1, showed that the temperature of all objects close to the exhaust gases, even 
ambient air, increases dramatically. This means that it is impossible to have any working ordinary 
photodiode placed in the vicinity of the gases. Since a photodiode, or corresponding light sensor, 
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is needed for an opacimeter to work it was crucial to find a solution to the problem. One 
suggestion was to place the sensor in the end of a glass rod and let the light pass through the glass 
onto the sensor. This would distance the sensor from the hot gases and since glass is a poor 
thermal conductor the sensor should only suffer from temperatures within an acceptable range. 
Temperature tests were therefore made on a glass rod fixed onto the exhaust gas ventilation 
conduit to see if the solution could solve the problem. The results, see Appendix Figure A5, 
showed that a glass rod cannot assure acceptable sensor temperatures and therefore not solve 
the temperature problem unless the rod is made unreasonably long. 

Since the sensor still had to be kept away from the exhaust gases another solution, involving fiber 
optics, was developed. This solution was successfully tested with an ordinary toslink optical cable 
with a core diameter of one millimeter. Normally fiber optics cannot stand any higher 
temperatures than an ordinary photodiode but there are a few with special coatings that can. 
These fibers are quite rare, especially if large core diameter is needed, and therefore it had to be 
ordered from Canada. This specific fiber is a copper coated high temperature resistant optical fiber 
with a core diameter of 400 µm and an operating temperature up to 600 °C. This means that the 
light could be transmitted through the fiber onto a sensor placed far away from the hot exhaust 
gases. Placing the end of the fiber some distance away from the exhaust gases would assure that 
the fiber temperature range would never be exceeded even with gas temperatures up to 700 °C. 

4.2.3 Focusing lenses 

During the development of the opacimeter prototype the idea of using one or two lenses in order 
to focus the light into the optical fiber was examined. Suitable parameters for the optical 
components were derived, see Appendix H, and a test application was build in order to verify if the 
setup would provide improved opacimeter properties. The tests showed that a lens system 
dramatically increases the light intensity through the optical fiber but also that it causes stability 
problems. In order for such a system of optical components to be reliable an extremely stable 
fixation of the components, with respect to each other, is necessary. 

Due to the mentioned stability problems the lens solution was discarded. The low intensity 
through the fiber was instead dealt with by using a very sensitive photodiode, Photo IC diode 
S9067-01, together with a programmable amplifier. 

4.2.4 Exhaust gas ejector 

Since the optical components of an opacimeter must be kept clean from soot it would be 
advantageous to use the exhaust gas flow to create an air flow in front of the components. The 
principle of an exhaust gas ejector is showed in Figure 7. 
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Figure 7. The figure shows a sketch of an exhaust gas ejector.  

Before making any extensive tests of the ejector some technical reports2 [3] [4] [5] concerning the 
subject were found at BAE Systems Hägglunds AB. These documents showed that the exhaust gas 
ejector principle works but not in general. It is very likely that the ejector effect will disappear at 
certain engine speeds and at these points there can even be a flow in the opposite direction. 
Because of this risk of getting opposite flow direction this solution was not to be used. 

4.2.5 Sensor temperature compensation 

According to the temperature tests of the opacimeter components, see Appendix A.2, the sensor 
has a temperature dependence big enough to palpably affect the opacity measurements. By 
soldering a temperature sensor close to the photodiode the approximate sensor temperature can 
be measured and thus be compensated for. In the interesting range, about 20 to 50 °C, the sensor 
has a linear dependence to the temperature, see Appendix Figure A6, which makes it relatively 
easy to compensate for via the microcontroller. 

Using the linearization in Figure A6 a temperature compensation algorithm, see Appendix C.4, was 
added to the opacimeter. The result of the linearization can be seen in Figure 8, where DA out is 
the output of the opacimeter. 
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Figure 8. The figure shows the result of the temperature compensation. The outputs are given in percent, where 100 

% corresponds to the outputs at the time where the measurements were started. 

It is important to understand that Figure 8 shows the relative difference in output and not the 
measured opacity. The results can be compared to the uncompensated result in Appendix Figure 
A7, where the opacimeter output has a similar behavior as the sensor output. Figure 9 shows the 
actual compensated opacimeter output versus temperature. 

 

Figure 9. The figure shows the measured opacity as a function of the temperature. 

Figure 9 clearly shows that the temperature compensation makes the opacity measurements 
stable in the range 20 to 70 °C. The small peak at about 30 °C can be referred to some 
disturbances in the sensor signal. 
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4.2.6 Sensor linearity 

The linearity of the photodiode, Photo IC diode S9067-01, with respect to the light intensity must 
be studied and, if needed, compensated for. This subject is dealt with in section 6.2. 

4.2.7 Opacimeter prototype versions 

During the project several versions of the opacimeter were developed in order to improve 
functionality and solve different issues. The prototype versions that were developed during the 
project are briefly described in Table 1. 

Table 1. Short description of the opacimeter prototypes. 

Version Description Comments 

1.0 The first prototype. Consisting of a cardboard 
cylinder, a 560 nm LED, and a photodiode 
(Photo IC diode S9067-01). 

Verification of basic opacimeter 
principles. 

1.1 Similar to v. 1.0 but with a more robust and 
reliable construction. 

Tests showed that the LED intensity 
was strongly temperature dependent. 

1.2 Similar to v. 1.1 but with a 5.2 W halogen lamp 
instead of a LED. Also with a new photodiode, 
Osram BPW 21. 

During development several different 
photodiodes were tested and 
evaluated.  

2.0 Prototype with a glass rod for transporting light 
from a 5.2 W halogen lamp to the sensor, 
Photo IC diode S9067-01. A microcontroller, 
ATmega 88P, measures the photodiode output 
and displays the measured opacity. 

Basic microcontroller circuit had been 
developed. Work concentrated on 
finding high temperature solution. 

3.0 Prototype with a toslink optical fiber for 
transporting light from a 75 W halogen lamp to 
a photodiode, Osram BPW 21. A 
microcontroller, ATmega 88P, measures the 
photodiode output and displays the opacity. 

First prototype with fiber optics. 
During development several 
temperature tests were made on the 
components.  

3.1 Similar to v. 3.0 but with a 5.2 W halogen lamp 
and a Photo IC diode S9067-01. 

Further development and tests. 

3.2 Prototype with an optical fiber, a 5.2 W 
halogen lamp, a lens for focusing the light and 
a photodiode, Osram BPW 21. The sensor 
output is measured by a microcontroller and 
exhibited on a display. 

Investigating if lens systems could 
improve opacimeter properties.  

3.3 Prototype with a high temperature resistant 
optical fiber for transporting light from a 50 W 
halogen lamp to a photodiode, Photo IC diode 
S9067-01. A microcontroller, ATmega 88P, 
measures the photodiode output and displays 
the measured opacity. The interface allows the 
user to set OPL and to start calibration. 

Prototype with high temperature 
resistant optical fiber. Several 
temperature tests were made on the 
lamp, photodiode, amplifier, 
microcontroller and D/A-converter.  

3.4 Similar to v. 3.3 but with separate display unit. Further development. 

3.5 The final prototype. Similar to v. 3.4 but built to 
be high temperatures resistant. 

A lot of construction work. Further 
tests and evaluation. 
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4.3 Components and design 

By testing several different components and setups the opacimeter prototype was successively 
developed and eventually a prototype fulfilling the basic demands was achieved. This prototype is 
build around a cardboard cylinder with a slit for sheets of optical density allowing the user to 
check the function of the opacimeter. Of course this prototype is not resistant to high 
temperatures but that is only a matter of mounting the lamp and the fiber in a high temperature 
resistant way, e.g. onto a steel cylinder. Optical fiber is used in order to protect the sensor from 
high temperatures. The prototype can be seen in Figure 10. 

 

Figure 10. The figure shows the opacimeter prototype. The light is transferred from the cardboard cylinder to the 

sensor via the optical fiber. 

The prototype consists of a 50 W halogen lamp3, a one meter long high temperature resistant 
optical fiber4 and a photodiode5. A microcontroller, Atmel ATmega88P, is programmed to read the 
sensor output, convert it into opacity and display it to the user through a liquid crystal display6, 
LCD. 

The sensor output is amplified using a serial peripheral interface, SPI, programmable gain 
amplifier7. It is also noise reduced by a simple RC low pass filter before getting measured by the 
microcontroller via the integrated 10-bit analogue to digital converter. After processing the signal 
the microcontroller displays the measured opacity on the LCD display but it also sends the opacity 
through SPI to a digital to analogue converter8. The output from the converter is between 0 to 
4,096 V which corresponds to 0 to 100 % opacity. Through the D/A converter output, which serves 
as the analogue output of the opacimeter, the measured opacity can be logged. The prototype 
also contains a temperature sensor9 with appurtenant SPI amplifier for measuring the ambient 
temperature. For complete circuit diagram see Appendix E. 

The final opacimeter prototype is built from the concept showed in Figure 10 but it is mounted 
onto a 400 mm long steel conduit with a diameter of 200 mm. This makes the prototype resistant 
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to high temperatures and easy to apply to the exhaust gas ventilation conduits. All used 
components can withstand temperatures up to at least 80 °C. An outline of the prototype is 
shown in Figure 11. 

 

Figure 11. The figure shows a simple outline of the final opacimeter prototype. Since the opacimeter is mounted onto 

a conduit with a diameter of 200 mm it can easily be applied to the exhaust gas ventilation systems in the test halls. 

The fiber retainer contains a connection for compressed air which could be used to ensure that no 
soot reaches the fiber. Tests indicate, see Appendix Figure A3, that it is not crucial that 
compressed air is used but it can still serve as a more reliable solution. If needed an additional 
connection for compressed air could also easily be added to the lamp retainer. However, if used, 
the compressed air should only be allowed to create a small air flow in order not to affect the OPL 
of the opacimeter. 

The prototype needs a supply voltage of 24 V since this is the supply voltage of the halogen lamp. 
In the main unit there is a DC/DC converter10 that converts the voltage to about 5.2 V which is 
used as supply for all other electrical components. 

More detailed sketches of the prototype parts can be seen in Appendix J.  

4.3.1 Component overview 

The components used in the final opacimeter prototype are listed in Table 2 below. 
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Table 2. Components used in the final opacimeter prototype. 

Component Article Company Supplier Piece cost [SEK] 

Photodiode Photo IC diode S9067-01 Hamamatsu Elfa 22.80 

Lamp 24 V, 50 W GY6.35 Philips Farnell 35.44 

Optical fiber Cu400 optical fiber IVG fiber IVG fiber 3580 for 20 m 

Amplifier MCP6S21 Microchip Farnell 13.28 

D/A converter MCP4821 Microchip Farnell 28.50 

Microcontroller ATmega88P Atmel Elfa 39.80 

Temperature 
sensor 

LM35 National 
Semiconductor 

Elfa 29.20 

Display 16x4 tkn. LCD Display 
LCM GTC-16041-TR6NOC 

Hebei Jiya 
Electronics 

Elfa 183 

Transistor NTP75N03L09G On 
Semiconductor 

Farnell 10.21 

Button SKHHAKA010 Alps Farnell 2.77 

DC/DC  
converter 

IL2405S, 24 V to 5 V 
DC/DC Converter 

XP Power Farnell 68.44 

Assembly mass Firegum Holts Mekonomen 44 

Density filters Various FN52-12.5 filters LOT-Oriel LOT-Oriel 365 

Calibration 
curve 

T-curve for density filter 
transmission 

LOT-Oriel LOT-Oriel 260 

Density filters with corresponding T-curve can be used for checking and calibrating the accuracy of 
the opacimeter. 

4.4 Functionality 

Besides having all the components physically connected in a proper way the microcontroller, 
ATmega88P, has to be programmed to set the functionality of the opacimeter. Through a 
transistor11 the microcontroller can switch the lamp on and off, through SPI it can set the gain of 
the amplifiers as well as the function of the D/A converter and with the internal D/A converter the 
photodiode and temperature sensor outputs can be measured. The microcontroller I/O ports also 
allow the user to control the functionality of the opacimeter via four buttons. 

4.4.1 Calibration and opacity measurement 

For the photodiode output to make any sense it has to be compared to the maximum output, i.e. 
when there is no smoke in between the lamp and the sensor. If the sensor is linear the opacity will 
be, according to Equation 6, one minus the ratio between present output and maximum output. 
To be able to make this calculation the opacimeter has to be calibrated. 

When calibration is started it is important that there is only clean air in the opacimeter. The 
calibration has three different steps, where the first is to adjust the gain of the programmable 
amplifier in order to optimize the level of the sensor signal. The second step is simply to store the 
maximum sensor output and the third step is to switch the lamp off and store the sensor signal for 
background noise. During measurements the background noise is always subtracted from the 
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sensor output in order to get a more correct output. The calibration of the opacimeter can be 
executed remotely via the display unit, see section 4.4.2. 

The opacity measurements are executed continuously by measuring the sensor output via the 
microcontroller A/D converter. The microcontroller uses the calibration values to interpret the 
signal to opacity and then sends the data to the display unit and the D/A converter. When in 
measuring mode also the temperature is measured and sent to the display unit.  

4.4.2 Display unit 

To be able to remotely control the opacimeter a separate display unit was developed. The unit 
basically contains a microcontroller12, a LCD display and four buttons and it is connected to the 
main unit through a multi cored cable. Through the cable the display unit gets its supply voltage 
and also continuous data containing the measured opacity and temperature. For the 
communication between the main unit and the display unit a homemade version of SPI, see 
Appendix D for details, was developed. 

The display unit serves as the interface between the opacimeter and the user. On the display the 
user can read the measured opacity, in percent, the temperature of the main unit, in degrees 
Celsius, and also the optical path length, in millimeters. The optical path length, OPL, does not 
affect the measured opacity but is still important for the user to know since it is needed for the 
opacity to make sense. The display unit contains four buttons that allow the user to start 
calibration of the opacimeter and also to, if necessary, change the OPL. From the display unit it is 
also possible to start and stop the opacity measurements. The different display menus are showed 
in Appendix B. 

4.4.3 Programming structure 

The programs that tell the microcontrollers how to work consist of C code and were created in 
AVR Studio13. The programming structure is described below in Figure 12. 

 

Figure 12. The figure shows the basic programming structure of the opacimeter. 

After initialization the opacimeter starts the opacity measurements, including the temperature 
measurements. The measured opacity and temperature are sent via SPI to the display unit and 
exhibited on the LCD display.  
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In Appendix C the programming algorithm for the opacimeter is shown and Appendix K contains 
the actual C code used in the microcontrollers. 

4.4.4 Analogue output 

The analogue output is one of the most important features of the opacimeter since it allows the 
user to log the measured opacity. Via this output the measured opacity, 0 to 100 %, is disposal as a 
voltage between 0 and 4,096 V. This, kind of odd, voltage interval has its origin from the 
properties of the D/A converter. However, this output is quite okay for the application since it is 
only a matter of adjusting to the right range when making the measurements. The analogue 
output is updated about 600 times per second, which means that the sampling frequency of the 
opacimeter is about 600 Hz. 

4.5 Exhaust gas opacity measurements 

In order to verify that the chosen opacimeter solution is capable of measuring opacity on diesel 
exhaust gases a real measurement, on exhaust gases from a tracked SEP vehicle, was made. The 
purpose of the test was only to see that the opacimeter could register increased opacity due to 
the exhaust gases and not to make any further investigation on how the opacity changes with time 
or engine speed. For the test an early version of the opacimeter prototype was used and an about 
two meters long hose was used to lead the exhaust gases to the opacimeter. The analogue output 
from the opacimeter was logged by a computer using an Intab AAC-2 logger and the software 
EasyView. Figure 13 shows the evolution of the measured opacity during the test. 

 

Figure 13. The figure shows the measured opacity of SEP exhaust gases. 

The time axis in Figure 13 has the origin at the time for the engine start and according to the graph 
it took about 20 seconds for the exhaust gases to pass through the hose and reach the 
opacimeter. When the exhaust gases were detected by the opacimeter the purpose of the test 
was fulfilled and the test was aborted. Due to SEP secrecy the OPL that corresponds to the 
measured opacity is not given. 
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Opacity measurements were also made with the final opacimeter prototype in order to verify 
functionality. For simplicity these measurements were made on smoke from a fog machine14, see 
Figure 14. 

 

Figure 14. The figure shows the setup for opacity measurements on smoke from a fog machine. 

The result from a typical test cycle is shown in Figure 15. 

 

Figure 15. The figure shows the measured opacity during a typical test cycle. 
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Figure 15 shows how the measured opacity of the smoke from the fog machine changes during the 
test cycle. The first 40 seconds a high continuous flow of smoke passed through the opacimeter, 
but then the smoke output was decreased. This resulted in a lower measured opacity 
corresponding to a less dense smoke. The decrease also resulted in an inhomogeneous smoke 
output, i.e. inhomogeneous opacity, and thus the opacimeter output signal started to fluctuate. 
When the smoke output was increased again the opacity became more homogenous, which 
resulted in a more stable signal. 

The results show that the opacimeter is capable of measuring smoke opacity, but they do not say 
anything about measurement accuracy. During the measurements the smoke didn’t fill the whole 
opacimeter conduit, see Figure 14, and therefore the actual OPL cannot be known. 
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5 Construction 

 

Figure 16. The figure shows the opacimeter prototype. 1. Lamp retainer, 2. Exhaust gas conduit, 3. Fiber retainer, 4. 

Optical fiber, 5. Wire, 6. Sensor and fiber retainer, 7. Main unit, 8. Display unit. 

Figure 16 shows the final opacimeter prototype. The conduit, that the opacimeter is built around, 
is made of stainless steel and has a diameter of 200 mm which means that it easily can be 
integrated in the exhaust gas ventilation system in the test halls at BAE Systems Hägglunds AB. 

1. 

2. 3. 

4. 

5. 

6. 

7. 

8. 



   

27 

The different parts of the opacimeter, such as lamp and fiber retainers, are constructed according 
to the outlines in Appendix J. However, one divergence from the sketches is that the error of the 
diameter of the lamp holding disk, see Appendix J.1, is allowed to be greater than specified in 
order to simplify the production. An extra hole has also been drilled into the side of the sensor 
retainer, Appendix J.4, in order to allow air to escape when the retainers are put together. In order 
to prevent reflections the inner retainer walls between the lamp and the fiber has been painted 
with heat resistant mat black paint15. 

When putting the opacimeter together there are a few things to have in mind. Before fixating the 
fiber into the retainers it is preferable to attach a thin wire to the fiber retainers with one retainer 
in each end of the wire, see Figure 16. By using a wire shorter than the optical fiber this can serve 
as a protection against overstretching the fiber. The wire could for example by attached using 
welding techniques. 

It is very important, for the opacimeter to work, that the fiber ends are properly polished so that 
light transmission is maximized. Moreover, when fixating the fiber it can be hard to get the fiber 
end into the small retainer hole but leading light into one of the ends, so that the other end 
shines, makes it much easier to put it in position, see Figure 17. 

 

Figure 17. Leading light into one of the fiber ends makes it much easier to get the other end into the retainer. 

For attaching the fiber ends inside the retainers an exhaust assembly mass16 can be used. It is 
important to remember that the assembly mass must be annealed, e.g. with a heating gun, before 
mounting the retainers onto the other opacimeter parts. Besides this it is also important to make 
sure that the anode and cathode of the photodiode are electrically isolated when placing it in the 
sensor retainer. 
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6 Opacimeter evaluation 

The developed opacimeter prototype is an opacity measurement device that uses optical 
measuring techniques to determine the opacity of exhaust gases. In many ways the solution 
resembles other opacimeters on the market but there is one major difference. The developed 
opacimeter uses high temperature resistant fiber optics in order to keep the sensor away from the 
measuring zone, which is a quite unique solution. 

The prototype has an interface that is easy to understand and use and since there is a separate 
unit for the interface the opacimeter can be controlled from a distance. Measured opacity is 
exhibited on the display but the opacimeter also has an analogue output which allows the user log 
the opacity. 

6.1 High temperature solution 

Normally opacimeters for high temperature exhaust gases has a probe for collecting smoke 
samples to a pressure and temperature controlled measuring chamber. This solution is kind of 
advanced and rather expensive but gives good reliability. However, this kind of sampling 
opacimeter was considered to be to unnecessarily complex for the application. 

The high temperature resistant optical fiber solution is a unique way of getting rid of the 
temperature problems but still keep the simplicity of an in line opacimeter. For this solution to 
work the fiber, of course, has to be high temperature resistant but also have a large core 
diameter. The core diameter is critical since it determines how much light intensity that will reach 
the sensor. Besides this it is also important to have a light sensitive sensor, i.e. a photodiode, that 
is really sensitive so that the light passing through the fiber can be analyzed and interpreted as 
opacity. 

The solution turned out to work as expected when it comes to opacity measurements, but also 
that the fiber contributes to instability problems. As long as the fiber is in a stable position 
everything is fine but as soon as it moves the transmitted intensity is affected and the 
measurements are no longer reliable. This is also a big problem when it comes to temperature 
fluctuations. The reason for this is heat expansion of the fiber, which makes it move, and thus the 
intensity is changed. This problem is clearly demonstrated in Figure 18. 
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Figure 18. The figure shows the photodiode output as a function of the temperature. The output is given in percent, 

where 100 % is the output when the measurement was started. 

It is clear that the linear temperature dependence of the sensor, see Appendix Figure A6, is 
overruled by the irregular intensity fluctuations caused by the optical fiber. It should be mentioned 
that vibrations from the climate chamber compressor also could contribute to some fiber 
movement and thus to intensity fluctuations. 

6.2 Measurement accuracy 

The accuracy of the opacimeter prototype was to be examined and calibrated using optical density 
filters of known opacity and such a calibration would assure linearity with respect to the light 
intensity. This was to be done by placing the filters in between the fiber end and the sensor and 
since a special socket for optical density filters, see J.5, was constructed it would be a rather 
simple procedure. However, due to the instability of the fiber transmission this is nearly 
impossible to do in any reliable manner. When changing filter the fiber and sensor retainers has to 
be separated which, for certain, causes movement of the fiber and any calibration of the 
opacimeter will be wasted due to offset fluctuation. 

Because of the issues described above another accuracy test, that doesn’t involve fiber 
movement, was made. Instead of putting the filters in between the sensor and the optical fiber 
they were placed in between the fiber and the lamp. This was made by simply holding the filters 
inside the opacimeter exhaust gas conduit by hand. Because of the very simple test setup the 
measurements could include some errors due to poor stability. The results of the measurements 
are shown in Table 3. 
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Table 3. Results of measurements on optical density filters. 

Optical density filter Approximate opacity Measured opacity Opacimeter output 

100FN52-12.5 90 % 90 % 3.71 V 

060FN52-12.5 74 % 74 % 3.04 V 

030FN52-12.5 49 % 49 % 2.00 V 

020FN52-12.5 36 % 35 % 1.45 V 

015FN52-12.5 27 % 28 % 1.15 V 

010FN52-12.5 17 % 17 % 0.72 V 

 

The approximate opacity is taken from the transmission curves for the optical density filters. This 
is just an approximate value since the transmission differs for different wavelengths, see Figure 19 
below. The measured opacity is the opacity given on the opacimeter display. The opacimeter 
output should be divided by 4.096 V and multiplied by 100 in order to achieve the measured 
opacity in percent, see section 4.4.4. 

The results in Table 3 strongly indicate that the opacimeter prototype measures the opacity with 
good accuracy. Since the measured opacity agrees with the approximate opacity taken from filter 
transmission curves the photodiode output must be more or less linear to the light intensity. 

 

Figure 19. The figure shows the transmission curve for the optical density filter 030FN52-12.5. 

According to Figure 19 the transmission of the optical density filter differs for different 
wavelengths. The photodiode used in the opacimeter prototype has a sensitivity range between 
300 and 800 nm with a peak at 560 nm, see Appendix Figure I1, and this must be taken into 
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account when determining the opacity of the filter. In this case the resulting transmission, with 
respect the relative sensitivity, is approximately 51 % which corresponds to an approximate 
opacity of 49 %. This is therefore the expected opacity for the optical density filter 030FN52-12.5, 
see Table 3. 

Even if the opacimeter is assumed to be linear with respect to the light intensity the instability of 
the optical fiber would still cause severe problems when it comes to the accuracy of the 
measurements. The prototype needs a construction that assures fixation of the whole fiber in 
order to be reliable. Figure 20 shows an example of how movement of the optical fiber could 
affect the measurements. 

 

Figure 20. The figure shows two setups where the only difference is the curvature of the optical fiber. 

Figure 20 shows two setups with different fiber curvature. The change in fiber curvature caused 
the output of the photodiode to decrease with about 6 %, which would be interpreted as an 
increase in the opacity. 

The reason for the intensity losses can probably be referred to the principle of total internal 
reflection. An optical fiber can only transmit rays that are parallel to the fiber within a certain 
range. This means that rays that enter the fiber with a too steep angle cannot be totally reflected 
inside the fiber and this light will thus not be transmitted. Changing the curvature of the optical 
fiber would also affect the ray to fiber angles in some parts of the fiber and this would therefore 
also affect the amount of transmitted light. 

6.2.1 Resolution 

The resolution of the measurements depends on the calibration and can therefore differ slightly. 
The amplifier that gains the photodiode signal is programmable and during calibration the gain is 
optimized in order to give maximum resolution. The microcontroller A/D converter uses supply 
voltage, i.e. 5.2 V, as reference and the gain should be adjusted so that the maximum sensor 
output, that is 𝑈𝑐𝑎𝑙 , is as large as possible, but still not higher than the reference voltage. 
However, there are limited gain values of the amplifier and the maximum signal will therefore 
presumably be a bit lower than the reference voltage. 

For the ideal cases, when 𝑈𝑐𝑎𝑙  is equal to the reference voltage, the whole 10-bit A/D converter 
range can be used and the resolution will be 1/1024 ≈ 0.1 % units. 

Optical fiber 

Fiber fixation 
Sensor output: 0.416 V Sensor output: 0.391 V 

Setup 1 

Setup 2 
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For the case where the ungained maximum output is say 0.3 V the gain will be adjusted to ten and 
thus 𝑈𝑐𝑎𝑙  will be 3 V. This means that only about 58 % of the A/D converter range will be used and 
the resolution becomes 1/590 ≈ 0.17 % units. 

It is clear that the resolution of the opacimeter varies with 𝑈𝑐𝑎𝑙  but during normal conditions one 
can at least be sure that the opacity is given with steps smaller than 0.2 % units. 

The resolution deterioration due to so called dark current of the photodiode is insignificant 
compared to the calibration related dependences. 
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7 Discussion and conclusions 

The developed opacimeter prototype is a working solution for high temperature opacity 
measurements but unfortunately it suffers from some instability problems. These problems due to 
losses in the optical fiber cause great reliability issues, but besides this the prototype fulfills the 
basic demands for opacity measurements and it has been developed with ISO 11614 as guideline. 

As said ISO 11614 has only been used as a guideline and has not been fulfilled. In order to develop 
and construct an opacimeter that meets all the demands of the standard very extensive test needs 
to be done and this would take a lot of time and recourses.  However, the standard also specifies 
that only the demands that are of importance for the specific application needs to be fulfilled and 
this has been done as good as possible. When it comes to the developed opacimeter there are a 
few divergences from the standard, see Appendix I, but the stability problems would be the only 
issue that really affects the reliability of the opacimeter. 

The opacimeter is adapted to measurements in the test halls at BAE Systems Hägglunds AB and 
has therefore been built around a steel conduit with a diameter of 200 mm. This makes it easy to 
integrate the device as a part of the exhaust gas ventilation conduits which allows it to supervise 
the exhaust gases during engine or vehicle tests. It is important to understand that this is a good 
way to see if there are any critical changes in the opacity, but a quite poor way of measuring the 
actual value of the opacity. Since the pressure inside the ventilation system is below atmospheric 
ambient air will, together with the exhaust gases, be sucked into the conduit. This means that the 
measurements would be made on a mixture of exhaust gases and air. In order to make more 
accurate opacity measurements the opacimeter should be placed directly at the end of the 
exhaust gas pipe so that only exhaust gases can enter the opacimeter. For this kind of 
measurements the opacimeter should be built around a much smaller conduit, since a diameter of 
200 mm probably would be way more than the diameter of the exhaust gas pipe. When changing 
the diameter it is very important to remember that this also changes the OPL of the opacimeter. 

Since the high temperature resistant fiber solution is a new way of measuring opacity of high 
temperature exhaust gases it was hard to foresee that the fiber would cause stability problems. 
However, the solution is actually working as long as the fiber isn’t moving and thus, as far as one 
can tell, a new type of opacimeter has been invented! The nature of developing new solutions is 
that one cannot predict all problems that will occur and this project was no exception. 

There is, however, at least one opacimeter17 on the market that uses some kind of optical fiber, 
“light wave guide”, for transferring light from the measuring zone to the light sensitive sensor. The 
problem with this opacimeter is that it can only withstand exhaust gas temperatures up to 200 °C 
and can therefore not be used for measurements on high temperature exhaust gases. 

7.1.1 Opacimeter tests 

During the project a lot of tests have been made in order to verify temperature and soot 
protection and to investigate temperature dependences. These tests gave a lot of important 
information about how the opacimeter should be constructed and programmed. Still the 
opacimeter has to be mounted into the exhaust gas ventilation system and used under real test 
conditions in order to evaluate if any further adjustments has to be done. Such test would for 
example show if the soot protection is good enough and if the lamp temperature would change so 

                                                      
17

 Opacimeter IAV EMO 200, IAV 
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much that it affects the intensity, see Appendix A.3. If the tests show that further soot protection 
or cooling of the lamp is needed one could preferable use compressed air in order to get rid of 
these problems. Another, more advanced, solution to intensity fluctuations due to temperature 
differences could be to measure the lamp temperature and compensate for it. This would 
however be rather complicated since it is very hard to measure the actual lamp temperature. 

In order to verify the accuracy of the opacimeter prototype it could be compared to a commercial 
opacimeter. By making measurements with the two opacimeters on the same exhaust gases the 
results could be compared and hence the accuracy of the prototype could be examined.   

7.1.2 Budget 

The budget for the project was limited to 40 000 SEK but it turned out that only about 14 000 SEK 
was needed in order to develop the opacimeter. This budget only covers the cost of components 
and filters etc. Other costs such as manufacturing costs are not included and thus the total cost 
would rather be 20 or 30 thousand SEK or even more. For more detailed information see Appendix 
F. 

The cost of developing and construction the opacimeter can be compared with the cost of a 
commercial opacimeter, i.e. AVL Opacimeter 439. This opacimeter is a sampling opacimeter that 
can handle high temperature exhaust gases and it could therefore be suitable to use in the test 
halls at BAE Systems Hägglunds AB. The cost of one single device is about 220 000 SEK which is 
several times more than the development cost of the opacimeter prototype. However the AVL 
Opacimeter 439 is a fully tested and reliable opacimeter solution which also measures the light 
absorption coefficient and therefore it isn’t really fair to compare the two opacimeters. 

7.1.3 Possible improvements 

The developed opacimeter prototype is not yet a reliable opacimeter solution especially when it 
comes to the instability problems due to the optical fiber. Below some things are listed that should 
be considered during further development. 

 In order for the optical fiber solution to be reliable the fiber has to be fixated in a certain 
position. This could be made for example by placing the fiber inside some kind of pipe. By 
adjusting the fiber retainers it should be possible to fixate the pipe with respect to the 
other opacimeter parts. For further fixation the pipe could also be filled with some kind of 
fixation mass. However, before testing the solution it is hard to say if it would give enough 
stability and whether it would be sensitive to thermal expansion or not. 

 Beside fixation of the fiber it would also be possible to find another way of making the 
opacimeter high temperature resistant. One could for example reconstruct the opacimeter 
as a sampling opacimeter even though this would demand a lot of work. 

 Another possible solution could be to find another high temperature resistant fiber that 
doesn’t give instability problems, if such exists. 

 Currently the fiber retainer can be rotated inside the sensor retainer. This means that the 
fiber position, with respect to the sensor, can be different from time to time and can thus 
cause the light intensity that reaches the sensor to change. When using the optical fiber 
solution it would therefore be preferable to adjust the sensor and fiber retainers so that 
they only fit in one specific way. This could, for example, be made by making a slot in one 
of the retainers and a corresponding elevation in the other one. 

 When the prototype is considered to be stable the optical density filters should be used to 
investigate the linearity and accuracy of the device and hopefully this would confirm the 
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results in Table 3. If needed an algorithm for linearizing the sensor output with respect to 
the light intensity should be added to the microcontroller code. According to ISO 11614 the 
opacity of optical density filters must be measured with an accuracy of at least ±2 %. 

 Figure 13 and 15 indicates that the opacity measurements are rather fluctuating, probably 
due to inhomogenous gases. Since the sampling frequency is rather high, about 600 Hz, 
one could, if preferable, take the mean value of same measurements before sending the 
result to the analogue output. This would lower the sampling frequency but give a less 
fluctuating output. 

 Due to lamp heating tests, see Appendix A.4, the calibration should not be executed until 
the halogen lamp and the lamp retainer have been heated, which takes some minutes. This 
can simply be done by adding a delay in the calibration algorithm, but this is not preferable 
during further development and tests and should therefore be added later on. Calibrating 
with a cold lamp gives an offset error of up to about 8 %. 

 A soot warning function could be added to the opacimeter. A too low calibration voltage, 
𝑈𝑐𝑎𝑙 , should mean that there is soot or dust on the optical components. 

 Currently the microcontroller A/D converter uses supply voltage, i.e. 5.2 V, as reference 
voltage. This could, if preferable, be changed into an internal 1.1 V reference. Depending 
on the maximum sensor output this could mean that a more suitable gain could be used 
which would result in a better measurement resolution. When changing reference voltage 
one must be aware that this also affects the temperature measurements and some 
adjustments in temperature sensor gain and temperature calculation must be made. 

 If needed one could add some mathematical calculations in order to get the light 
absorption coefficient of the exhaust gases. However, for measurements of the absorption 
coefficient to be made according to ISO 11614 exhaust gas temperature and pressure must 
also be measured. 
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Appendix 

A Tests 

A.1 Soot and temperature test 

The test was made in order to see how much the temperature at different places rises due to the 
high exhaust gas temperature and also to gain information about if it is important to keep optical 
components clean from exhaust gas particles. The measurement setup can be seen in Figure A1. 

 

Figure A1. The figure shows the measurement setup. The temperature probes are thermocouples, type K, and the 

pressure measurement device is a 20 mbar differential pressure gauge. 

The temperature was measured at five different points, about 1.5 meters from the exhaust pipe, 
to verify how much the exhaust gas temperature affects the surroundings. Analyzing the 
measurements should then clarify if some of the positions are suitable for the sensor with a 
maximum temperature rating of 80 °C. The pressure measuring device18 was placed to measure 
the pressure inside the ventilation conduit. This was made in order to verify if there is any low 
pressure inside that could be used for keeping the optical components clean from exhaust gases. 

A glass slit was placed inside the ventilation conduit and another was placed in the end of a pipe of 
stainless steel, see Figure A1. In front of the pipe a small hole was made in the conduit which 
should give raise to a small airflow before of the pipe opening. This was made in order to prevent 
exhaust gases from entering the steel pipe. The purpose of the two glass slits was to see how 
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critical it is that optical components are kept away from the exhaust gases and also to see if the 
glass slit in the end of the pipe would be exposed to the gases or not. 

The pressure and the temperatures were logged by a DEWE-801 using the software DEWEsoft. 
Figure A2 shows a screenshot from the measurements. 

 

Figure A2. The figure shows a screenshot from the measurements. The graph in the upper right corner displays the 

measured temperatures while the other graph displays the pressure measurements. 

After some hours of testing the glass slits were examined. The slit from the end of the steel pipe 
showed no signs of soot and it seemed like it never had been exposed to the exhaust gases. The 
steel pipe, on which the slit was placed, was also examined and it had a lot of soot on the walls but 
only closest to the ventilation conduit. This means that the length of the pipe stopped soot from 
reaching the glass. 

The glass slit from inside the conduit was analyzed in one of the early constructed opacimeter 
prototypes, where the output of the sensor was measured with a multimeter19. First the 
measurements were made with a clean glass slit in between the light source and the sensor and 
then with the exhaust gas exposed slit. The results can be seen in Table A1. 

  

                                                      
19

 789 Processmeter, Fluke 
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Table A1. Output voltage from the opacimeter prototype with a glass slit in between the lamp and the sensor. 

 Output voltage [mv] 

Clean glass slit 143 

Exhaust gas exposed glass slit 77 

The results show that the soot on the slit reduced the output voltage with about 50 %. This means 
that it is crucial to keep all optical components away from the exhaust gases during opacity 
measurement since the soot, in this case, corresponded to a measured opacity of about 50 %. The 
background noise from the sensor, measured with the lamp off, was about two mV. 

The measurements of the pressure inside the ventilation conduit, with atmospheric pressure as 
reference, showed an oscillating behavior. The differential pressure was nearly always below zero 
during the test cycle. However at some specific points the differential pressure was above zero, 
probably due to heavy engine load, but this was only for very short times and even at these points 
the mean pressure was still negative. 

 

Figure A3. The figure shows the pressure measured in the ventilation conduit during engine test. 

According to Figure A3 the low pressure is small, never under -4 mbar, and can thus not guarantee 
reliable protection from soot. 

For the temperature measurements the aim was to see how high the temperatures would rise 
because of the hot exhaust gases. The tests can be considered to be a typical engine tests at BAE 
Systems Hägglunds AB and at more extreme test conditions the temperatures would be expected 
to rise even more. Since the engine test analyzed below only lasted for some minutes the 
temperatures never reached steady state and they would thus become higher for longer tests. 
During the test the engine load was about 70 %. 
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Figure A4. The figure shows the evolution of the exhaust gas temperature and the temperature of the surface of the 

ventilation conduit during the test. 

Figure A4 shows that the exhaust gas temperature reaches more than 650 °C which of course 
causes the temperature of all ambient objects to rise. During the test the maximum surface 
temperature of the ventilation conduit was about 230 °C but at this point the temperature was 
still increasing. 

 

Figure A5. The figure shows the temperatures of the glass rod, the steel pipe and of ambient air during the test. 

According to the graphs in Figure A5 the temperatures of the glass rod, the steel pipe and also of 
the air around the ventilation conduit rises palpable due to the hot exhaust gases. Since the 
temperatures never reaches steady state and since the engine load in only about 70 % it is clear 
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that the temperatures could be significantly higher than in Figure A5. Moreover, the ambient 
temperature in the test hall during the test was only about 20 °C. Under more extreme test 
conditions the ambient temperature could be 50 °C or even higher and this would also contribute 
to higher temperatures around the ventilation conduit. Due to the results it is not safe to have a 
photodiode placed close to the conduit even if it is placed in the end of a pipe of stainless steel or 
a glass rod. 

A.2 Temperature tests of opacimeter components 

Since the temperature in the test halls can be between 20 and 50 °C during normal test conditions 
it is important that the opacimeter output doesn’t drift due to temperature fluctuations within 
this range. To investigate how the sensor and other involved components correspond to 
temperature fluctuations several temperature tests were made using a climate chamber20. The 
tests were made with the lamp placed outside the chamber to ensure that lamp temperature 
dependence would not affect the results. 

The first tests showed that the sensor had quite unexpected and irregular temperature 
dependence, which was a big problem since it jeopardized the whole idea of temperature 
compensation. After more testing it was clear that the strange temperature dependence could be 
referred to heat expansion of the optical fiber and also somewhat to difficulties in measuring the 
actual temperature of the sensor. Due to poor fixation of the fiber, with respect to the photodiode 
position, the heat expansion caused the fiber to illuminate the sensor differently at different 
temperatures. By making the temperature tests without fiber and soldering a temperature sensor 
close to the photodiode the tests finally gave reasonable results, see Figure A6. 

 

Figure A6. The figure shows how the sensor outputs changes with the temperature. 100 % output is defined as the 

output at the start of the test, which here corresponds to about 1.0 V. The linearization is made on Sensor 1 and 

corresponds to the equation 𝑂𝑢𝑡𝑝𝑢𝑡 = 1.18 ∙ 10−1𝑥 + 9.70 ∙ 101, where 𝑥 is the temperature in °C (𝑅2 = 9.74 ∙

10−1). 

                                                      
20

 Model ”C, 1500, -70”, Weiss-Voetsch Environmental Testing Instruments (Taicang) Co., Ltd 
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The temperature test was made on two sensors in order to see if they would have the same 
temperature dependence, which they had. During the test the output from Sensor 1 was also used 
by a microcontroller for “opacity measurements”. The opacimeter output is shown in Figure A7. 

 

Figure A7. The figure shows how the opacimeter output changes with the temperature. 100 % output is defined as the 

output at the start of the test, which corresponds to about 1.8 V. The linearization is made on the inverted DA output 

and corresponds to the equation 𝑂𝑢𝑡𝑝𝑢𝑡 = 1.11 ∙ 10−1𝑥 + 9.70 ∙ 101, where 𝑥 is the temperature in °C (𝑅2 = 9.64 ∙

10−1). 

According to Figure A6 and A7 the inverted DA output is nearly identical to the sensor output, 
which means that the A/D conversion in the microcontroller and the D/A conversion are quite 
insensitive to temperature fluctuations. The linearizations in the figures above can be used for 
temperature compensation. 

A.3 Lamp temperature test 

A lamp temperature test was made in order to investigate how the ambient temperature around 
the halogen lamp affects the sensor output. The test was done in the same manner as the 
component temperature tests, see Appendix A.2, but with the lamp inside the climate chamber 
and  the other components outside. Since the lamp is going to be placed close to the exhaust gas 
ventilation conduit it may suffer from greater temperature differences than the other components 
and therefore the test was made up to 100 °C. 
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Figure A8. The figure shows how the opacimeter output changes with the ambient temperature of the lamp. 100 % 

output is defined as the output at the start of the test. 

Figure A8 shows that higher lamp temperature gives lower intensity but the actual relationship is 
hard to determine. The, kind of, irregular behavior can be referred to differences between 
measured temperature and the actual ambient temperature that the lamp experiences at that 
time. Small fluctuations in the sensor temperature could also contribute to the irregularity. 

Sensor output versus sensor temperature was also investigated. This was made in order to ensure 
that the sensor temperature was stable enough during the test in order not to overrule the lamp 
temperature dependence. 

 

Figure A9. The figure shows the sensor output versus sensor temperature. 100 % output is defined as the output at 

the start of the test 
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According the Figure A9 the dependency between sensor output and sensor temperature is 
insignificant during the test. This is good since the aim of the test was to investigate the 
connection between sensor output and temperature around the lamp. 

A.4 Lamp heating 

When the halogen lamp is switched on it gets heated and it takes some time before it reaches a 
steady temperature. Tests show that the intensity of the halogen lamp decreases during this 
heating time, see Figure A10. 

 

Figure A10. The figure shows the sensor output during lamp heating. The two peaks around two minutes come from 

some kind of disturbances. 

Due to lamp heating it takes about two and a half minute for the intensity to get stabile. 
Calibration of the opacimeter before stable intensity would result in errors in the opacity 
measurements. Observe that the test was made on a lamp without proper lamp retainer. The 
heating time would be longer when using a retainer since this one also must be heated before 
reaching a steady temperature.  
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B Man - machine interface 

The display unit works as the interface between the opacimeter and the user. Through the LCD 
display information, such as measured opacity, can be exhibited and via four buttons the user is 
allowed to control the opacimeter. The display unit has three different possible menus, see below, 
and through these the user can switch the opacimeter on and off, start calibration of the device 
and set the effective optical path length. 

B.1 Main menu 

 

B.2 Calibration menu 

 

B.3 OPL menu 
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C Algorithm 

C.1 Opacity measurement 

 Sensor reading (via A/D converter) -> 𝐼 

 Calculation of 𝑁 using calibration data, i.e. 𝐼0 and 𝐼𝑑𝑎𝑟𝑘 , and the equation 

 𝑁 = 1 −
𝐼−𝐼𝑑𝑎𝑟𝑘

𝐼0
. Observe that, if necessary, the response curve of the sensor also should 

be taken into account in order to get a more accurate measurement. 

 Read temperature 

 Compensate for temperature fluctuations 

 Send data via serial interface 

 Send data to analogue output 

C.2 Calibration 

 Switch the lamp on 

 Optimize sensor output amplifier gain 

 Sensor reading -> 𝐼0 

 Turn off the lamp 

 Sensor reading -> 𝐼𝑑𝑎𝑟𝑘  

 𝐼0 = 𝐼0 − 𝐼𝑑𝑎𝑟𝑘  

-> Opacity measurement 

C.3 Set optical path length 

 Exhibit menu for changing the OPL on the display 

 ”Button 1”, Escape -> Opacity measurement 

 ”Button 2” -> Increase OPL 

 ”Button 3” -> Decrease OPL 

 “Button 4”, OK -> Store new OPL -> Opacity measurement 

C.4 Algorithm for temperature compensation 

The compensation uses the linearisation in Figure A6 which says that the sensor output increases 
about 0.12 % per degree Cilcius. The compensation is made for a sensor signal 𝑈(𝑇) at a 
temperature 𝑇 with a calibration voltage 𝑈𝑐𝑎𝑙 (𝑇𝑐𝑎𝑙 ) at temperature 𝑇𝑐𝑎𝑙 . 

 Calculate a new calibration voltage that yields for temperature 𝑇. 

o 𝑈𝑐𝑎𝑙 (𝑇) = 𝑈𝑐𝑎𝑙 (𝑇𝑐𝑎𝑙 ) ∙  1 −
0.12

100
 𝑇𝑐𝑎𝑙 − 𝑇   

 Calculate the ratio between 𝑈(𝑇) and 𝑈𝑐𝑎𝑙 (𝑇) and use it to calculate the voltage 𝑈(𝑇𝑐𝑎𝑙 ) 

at temperature 𝑇𝑐𝑎𝑙 . 

o 𝑈(𝑇𝑐𝑎𝑙 ) = 𝑈(𝑇) ∙  1 +
𝑈(𝑇)

𝑈𝑐𝑎𝑙 (𝑇)

0.12

100
 𝑇𝑐𝑎𝑙 − 𝑇   

 Use 𝑈(𝑇𝑐𝑎𝑙 ) as the new temperature compensated sensor output.  
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D SPI 

The homemade SPI for communication between the main unit and the display unit is a serial 
interface that uses three I/Os for the data transfer. When the CS   , enable I/O, is low the 
communication is enabled and the receiver unit is ready to receive data. The sending unit uses the 
SCK, clock I/O, as clock for the data transfer and the actual data is send bitwise on the SI, data I/O. 
For every clock cycle the receiver reads and stores the data from the SI. First the opacity data is 
transferred starting with the most significant bit and then the temperature data. The sent data, 
ten bits for opacity and ten bits for temperature, has a resolution of 1/1024 which is enough for 
the application. In the opacimeter application the display unit always serves as the receiver. On, 
off and calibration commands are sent from the display unit to the main unit via separate I/Os. 

 

Figure D1. The figure shows the write/read command diagram for the homemade SPI. 

  

CS    

SCK 

SI 

Opacity data bit 9 bit 0 bit 9 bit 0 Temperature data 
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E Electrical circuit diagram 

E.1 Main unit 
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E.2 Display unit 

The display unit is connected to the main unit via CS   , SCK, SI and Cal. 
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F Budget 

Table F1. The table shows the cost of all the articles that were bought during the project. 

Date Company Number of articles Price [SEK] 
2009-09-07 Elfa 45 998.17 

2009-09-18 Elfa 30 1350.69 

2009-09-29 Heraco AB 1 125 

2009-10-01 Farnell 15 688.76 

2009-10-06 LOT-Oriel 8 5200 

2009-10-08 Farnell 3 325.83 

2009-10-20 Farnell 33 444.15 

2009-10-30 Elfa 16 669.10 

2009-11-05 LOT-Oriel 9 3200 

2009-11-20 Elfa 9 275.40 

2009-12-02 Elfa 4 210.80 

2009-12-10 Elfa 2 434 

    

 Total: 175 13921.90 

 
Table F1 shows that the project cost did not exceed the 40 000 SEK limit. 
 
According to the agreement the 40 000 SEK limit only includes component costs. Manufacturing 
costs at BAE Systems Hägglunds AB due to the opacimeter prototype should not be taken into 
account. 
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G Derivation of the Beer-Lambert law 

Consider a small “test volume”, se Figure G1, with a concentration, 𝑛𝑖 , of light absorbers. If a 
photon, that passes the volume, hits an absorber it will be absorbed and if not it will passes 
through the volume. 

 

Figure G1. The figure shows the “test volume” that is to be considered in order to derivate the Beer-Lambert law. 𝐼 𝑥  

and 𝐼(𝑥 + ∆𝑥) is the light intensity before and after the volume, 𝐴 is the cross-section area of the volume, 𝜎 is the 

cross-section of the absorbers, 𝑛𝑖  is the concentration of absorbers and ∆𝑥 is the length of the volume. 

The number of potential absorbers, 𝑁𝑖 , in the volume is 

 𝑁𝑖 = 𝑛𝑖𝐴 ∙ ∆𝑥 . (G1) 

These absorbers cover an area of 𝑁𝑖𝜎. This implies that, if we assume that ∆𝑥 is small so that no 
absorbers obscure one another, they cover the fraction 𝑁𝑖𝜎/𝐴 of the cross-section area. The 
probability that a photon is absorbed when passing the volume is therefore 𝑁𝑖𝜎/𝐴. 

The fraction that the light intensity decreases when passing through the volume can be expressed 
as the probability for a photon to be absorbed. 

 𝐼 𝑥 − 𝐼(𝑥 + ∆𝑥)

𝐼(𝑥)
=
𝑁𝑖𝜎

𝐴
=
𝑛𝑖𝐴 ∙ ∆𝑥 ∙ 𝜎

𝐴
= 𝜎𝑛𝑖 ∙ ∆𝑥 (G2) 

Equation G2 can be rewritten as 

 𝐼 𝑥 + ∆𝑥 − 𝐼(𝑥)

∆𝑥
= −𝜎𝑛𝑖 ∙ 𝐼 𝑥  . (G3) 

When considering an infinitely small distance, ∆𝑥, the expression on the left hand side of Equation 
G3, will become a derivative. 

 
lim
∆𝑥→0

𝐼 𝑥 + ∆𝑥 − 𝐼(𝑥)

∆𝑥
=
𝑑𝐼(𝑥)

𝑑𝑥
= −𝜎𝑛𝑖 ∙ 𝐼 𝑥  (G4) 

Equation G4 is a simple differential equation with the solution 

 𝐼 𝑥 = 𝐼0 ∙ 𝑒
−𝜎𝑛𝑖 ∙𝑥  , (G5) 

where 𝐼 𝑥  is the light intensity at the distance 𝑥 and 𝐼0  is the original light intensity. Equation G5 
is called the Beer-Lamberts law. 

The light absorption coefficient, 𝑘, is defined as the product of the concentration of light 
absorbers and their cross-section area. 

 𝑘 = 𝑛𝑖𝜎 (G6) 

𝐴 

𝐼 𝑥  

𝑥 + ∆𝑥 𝑥 

𝐼(𝑥 + ∆𝑥) 

∆𝑥 

𝜎 𝑛𝑖  
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In Equation G5 the distance that the light travels is denoted 𝑥. This distance is also called the 
optical path length which can be denoted 𝐿𝐴. Thus Equation G5 can then be rewritten as 

 𝐼 𝐿𝐴 = 𝐼0 ∙ 𝑒
−𝑘𝐿𝐴  , (G7) 

Dividing both sides with 𝐼0 and then taking the natural logarithm on both sides gives 

 
ln 

𝐼 𝐿𝐴 

𝐼0
 = −𝑘𝐿𝐴  . (G8) 

The quota  𝐼 𝐿𝐴 /𝐼0 is the ratio of light intensity that is transmitted to the point 𝐿𝐴. This ratio can 
thus be written as 𝜏/100, where 𝜏 is the transmitted ratio in percent. Rearranging Equation G8 
now yields the final expression for the light absorption coefficient. 

 
𝑘 = −

1

𝐿𝐴
∙ 𝑙𝑛  

𝜏

100
  , (G9) 

where 𝑘 is the light absorption coefficient, 𝐿𝐴  is the effective optical path length and 𝜏 is the ratio 
of transmitted light in percent. 
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H Calculation of optical components 

H.1 Two lenses 

The aim of these calculations is to find suitable parameters for lenses used in an opacimeter. The 
purpose of the lenses is to direct the light rays from the lamp into the optical fiber and thus 
increase the light intensity hitting the sensor. 

 

Figure H1. The figure shows the light path from the lamp to the sensor. The first lens makes the light parallel and the 

second lens converge the light into the optical fiber. 

To achieve the light path showed in Figure H1 the lamp and the optical fiber must be placed one 
focal length from corresponding lens. The characteristics of the second lens must be chosen with 
respect to the numerical aperture, 𝑁𝐴, of the fiber. For simplicity the two lenses are chosen to be 
identical, 

 f1 = f2 = f  , (H1) 

where f is the focal length of the lenses. 

The 𝑁𝐴 of the high temperature resistant optical fiber, core diameter 400 µm, is 0.22 and is 
calculated according to Equation H2. 

 𝑁𝐴 = 𝑛 ∙ sin 𝜃𝑚𝑎𝑥   , (H2) 

where 𝑛 is the refraction index of the surrounding air (𝑛 = 1) and 𝜃𝑚𝑎𝑥  is the maximum angle of 
the incoming light. 

Rearranging Equation H2 gives 

 𝜃𝑚𝑎𝑥 = sin−1 𝑁𝐴 =  sin−1 0.22 ≈ 0.22 , (H3) 

where the angle is given in radians. 

When using lenses with a diameter of 12,7 mm the height, ℎ, will be 

 
ℎ =

12,7 𝑚𝑚

2
= 6,35 𝑚𝑚 . (H4) 

The minimum focal length that can be used in order not to exceed the maximum angle, 𝜃𝑚𝑎𝑥 , will 
be 

 
f𝑚𝑖𝑛 =

h

tan(𝜃𝑚𝑎𝑥 )
≈ 29,1 𝑚𝑚 . (H5) 

Sensor 

𝜃 

Lens 
1 

Lens 
2 

f1 f2 

Optical fiber 
Lamp 

Light path 

ℎ 
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Hence, the lenses should be chosen to have a focal length of about 29 mm in order to minimize 
the focal length but still get the light into the optical fiber. 

H.2 One lens 

According to the ISO 11614 the light rays must be parallel to the optical axis within ±3º which, in 
this case, implies that the fiber cannot be placed too close to the lens.  

 

Figure H2. The figure shows the light path from the lamp to the sensor. The lens is placed some distance longer than 

the focal length away from the lamp so that the light focuses into the fiber.  

The minimum distance, 𝑑𝑚𝑖𝑛 , between the lens and the fiber can be calculated according to 
Equation H6. Here a lens diameter of 12.7 mm is used. 

 
𝑑𝑚𝑖𝑛 =

ℎ

tan(𝜑𝑚𝑎𝑥 )
=

12.7/2 mm

tan(3°)
≈ 121,2 𝑚𝑚 . (H6) 

This result implies that the fiber must be placed about 122 mm, or more, away from the lens in 
order to fulfill the demand in ISO 11614. 

When calculating the approximate distance, 𝑑𝑙𝑒𝑛𝑠 , between the lamp and the lens the thin lens 
formula can be used. 

 1

𝑑𝑙𝑒𝑛𝑠
+

1

𝑑
=

1

f
 , (H7) 

where f is the effective focal length of the lens. 

Rearranging Equation H7 gives 

 
𝑑𝑙𝑒𝑛𝑠 =  

1

f
−

1

𝑑
  . (H8) 

Hence, the distance between the lamp and the lens, for known focal length and distance 𝑑, can be 
calculated according to Equation H8.  

Sensor 

𝜑 

Lens 
Optical fiber 

Lamp 

Light path 

f 
𝑑 

ℎ 
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I Divergences from ISO 11614 

According to ISO 11614 the whole standard doesn’t necessarily need to be fulfilled for an 
opacimeter. The standard specifies that only the demands that are important for the specific 
application has to be considered. 

I.1 Sensor 

According to ISO 11614 the sensor, used in an opacimeter, should be a photocell or a photodiode 
with a response curve similar to the sensitivity of a human eye. This means that the peak 
sensitivity must be between 550 and 570 nm which is fulfilled by the used sensor, Photo IC diode 
S9067-01. However the standard also specifies that the sensitivity below 430 nm and above 680 
nm must not exceed 4 % of maximum response which is not the case for the photodiode, see 
Figure I1. The divergence from the standard could be avoided using an optical band pass filter, 
such as an interference filter, but since an optical fiber is used to transfer the light the intensity is, 
in this case, too low for using a filter. The filter would simply reduce the intensity to an 
unacceptable low level. This divergence from the standard should however not have any 
noticeable effect on the opacity measurements. 

 

Figure I1. The figure shows the response curve of Photo IC diode S9057-01. 
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I.2 Linearity 

The electrical circuit including the sensor should be designed to have an output that is linear to the 
light intensity within ± 0.5 %. This is not confirmed for the opacimeter and if needed it could 
compensate for. However, Table 3 in section 6.2 strongly indicates that the photodiode is linear 
even though the results cannot tell whether the linearity is within the limits or not. 

I.2 Light absorption coefficient 

The opacimeter does not fulfill the demands for measurements on light absorption coefficient. For 
this kind of measurement the OPL must be decided more carefully and exhaust gas temperature 
and pressure must be known during the measurements. 

I.3 Parallel rays  

The rays through the exhaust gases should be parallel to the optical axis within ±3º. In the 
opacimeter prototype divergent rays are used but still, due to the design, the demands are 
fulfilled. In order to reach the optical fiber the light from the lamp must have passed through the 
exhaust gases with an angle very close to parallel to the optical axis. 

I.4 External influences 

ISO 11614 specifies some standardized influences that the opacimeter must be insensitive to. The 
opacimeter has not been tested for these influences, see below. 

 Climatic influences (IEC 60068-2-1, IEC 60068-2-2 and IEC 60068-2-2) 

 Mechanical shock (IEC 60068-2-31) 

 Electromagnetical compatibility (IEC 61000-4-2, IEC 61000-4-3, IEC 61000-4-4) 

I.5 Condition of use 

No verification that opacimeter fulfills the demands for transient measurements has been made. 
Such verification requires measurements of the opacimeter delay times. The main problem with 
transient measurements is how to handle short puffs of smoke with low velocity, e.g. “turbo 
puffs”. 

I.5 Calibration filters 

The opacimeter should measure the opacity of optical density filters with an accuracy of ± 2 % 
units and results in Table 3 in section 6.2 indicate that the prototype fulfills this demand. However, 
since this is a crucial demand when it comes to measurement accuracy it would be preferable to 
confirm this with additional tests. 

I.6 Tests and experiments 

The ISO 11614 contains a set of tests and experiments that should be done on the opacimeter in 
order to verify that it fulfills the demands of the standard. These tests are very comprehensive and 
time consuming and have not been made on the opacimeter. 
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J Opacimeter parts  

J.1 Lamp fitting 
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J.2 Fiber retainer, exhaust gas side 
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J.3 Fiber retainer, sensor side 
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J.4 Sensor retainer 

 

J.5 Socket for optical density filters 
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J.5 Tapped stud for mounting opacimeter parts onto conduit 
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K C code 

K.1 Main unit 
#include <avr/io.h> 

#include <util/delay.h> 

#include <stdlib.h> 

#include <avr/interrupt.h> 

#include <string.h> 

#include <gain.h> 

#include <adconverter.h> 

#include <daconverter.h> 

#include <send.h> 

#include <tempcor.h> 

 

/* Definitions of setbit, clearbit and checkbit functions */ 

#define SETBIT(ADDRESS,BIT) (ADDRESS |= (1<<BIT)) 

#define CLEARBIT(ADDRESS,BIT) (ADDRESS &= ~(1<<BIT)) 

#define CHECKBIT(ADDRESS,BIT) (ADDRESS & (1<<BIT)) 

 

int main(){ 

 double m,cal[3]={1,0,20},conv, convconst=(double)5300/1023; // OBS! 5300=Suply voltage 5.3 V 

 int temp=0,Out,j,i,count=0; 

 int data=0; 

 int ON=0; 

 

 /* For SPI and Calibration button */ 

 DDRB = 0b01111000;     // Output/Input 

 PORTB = 0xFF;     // Pullup 

 

 /* For comminucation with display unit */ 

 SETBIT(DDRC,2); 

 SETBIT(PORTC,2); 

 

 /* Output for lamp OFF */ 

 SETBIT(DDRC,3); 

 CLEARBIT(PORTC,3); 

 

 /* Tempetature sensor gain */ 

 SETBIT(DDRC,4);     // Output 

 SETBIT(PORTC,4);     // CS -> 1 

 _delay_ms(1);  

 CLEARBIT(PORTC,4);     // CS -> 0 

 _delay_ms(1); 

 SetGain(8); 

 SETBIT(PORTC,4);     // CS -> 1 

 conv=(double)convconst/8; 

 

 /* Simple initialization calibration */ 

 CLEARBIT(DDRB,5);     // Input 

 SETBIT(PORTB,5);     // Pull up 

 _delay_ms(10); 

 SETBIT(PORTC,3);     // Turn lamp on 

 _delay_ms(3000);  

 j=32; 

 do{      // Set gain 

 SetGain(j); 

  _delay_ms(100); 

  j--; 

 } while (ConvertAD(0)>1000 && j>0); 

 data=0; 

 for(i=0;i<10;i++){     // Average over 10 measurements 

  data+=ConvertAD(0); 

  _delay_ms(1); 

 } 

 data/=10;  

 cal[0]=data; 

 CLEARBIT(PORTC,3);     // Turn lamp off 

 cal[1]=0;      // Offset 

 cal[2]=ConvertAD(1);     // Read temperature 

 cal[2]*=conv; 

 ON=0; 

  

 /* Main loop */ 

 while(1){ 

  data=(int)ConvertAD(0)-cal[1];   // Read data and correct for offset error 

  data=TempCor(data,cal,temp);   // Temperature compensation 

  m=(double)(data/cal[0])*1000;   // 10x % 

  data=1000-(int) m;  

  m=(double)1000-m;      

  m=(double)m/1000; 

  if(m<0){ 
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   m=0; 

  } 

  Out=m*4095; 

  ConvertDA(Out);    // Output 

 

  /* Start calibtarion & ON/OFF*/ 

  if(CHECKBIT(PINB,1)==0){ 

   CLEARBIT(DDRB,5);   // Input 

   SETBIT(PORTB,5);   // Pull up 

   _delay_ms(10); 

   if(CHECKBIT(PINB,5)==0){  // ON/OFF 

    if(ON){ 

     ON=0; 

     CLEARBIT(PORTC,3); // Turn lamp on 

    } 

    else{ 

     ON=1; 

     SETBIT(PORTC,3); // Turn lamp off 

    }    

   } 

   else{    // Calibration 

    SETBIT(PORTC,3);  // Turn lamp on 

    _delay_ms(3000); 

    j=32; 

    do{   // Set gain 

     SetGain(j); 

     _delay_ms(100); 

     j--; 

    } while (ConvertAD(0)>1000 && j>0); 

    data=0; 

    for(i=0;i<10;i++){ // Average over 10 measurements 

     data+=ConvertAD(0); 

     _delay_ms(1); 

    } 

    data/=10; 

    cal[0]=data; 

    CLEARBIT(PORTC,3);  // Turn lamp off of "dark current" 

    _delay_ms(3000); 

    data=0; 

    for(i=0;i<10;i++){  // Average over 10 measurements 

     data+=ConvertAD(0); 

     _delay_ms(1); 

    } 

    data/=10;  

    cal[1]=data;  // Offset 

    cal[0]-=cal[1];  // Maximum sensor output 

    cal[2]=ConvertAD(1);  // Read temperature 

    cal[2]*=conv; 

    SETBIT(PORTC,3);  // Turn lamp on 

    ON=1; 

   } 

   Send(data,temp);   // Send data to display unit 

   SETBIT(PORTB,5);   // Output 

   _delay_ms(100); 

   Send(data,temp);   // Send data to display unit 

   _delay_ms(100); 

 

  } 

  if(count>=100){ 

   temp=ConvertAD(1);   // Read temperature 

   temp*=conv; 

   Send(data,temp);   // Send data to display unit 

   count=0; 

  } 

  count++; 

 } 

 return(0); 

} // int main() 

K.2 Display unit 
#include <avr/io.h> 

#include <util/delay.h> 

#include <stdlib.h> 

#include <avr/interrupt.h> 

#include <lcd.h> 

#include <string.h> 

#include <functions.h> 

#include <menu.h> 

 

int OPL=200, ON=0, Cal=0; 

 

/* Interrupt instructions */ 
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ISR (INT0_vect){       // Reading data 

 cli();       // Dissable interrupt 

 int data=0,temp=0,i,j; 

 if(CHECKBIT(PINC,2)){     // Control LED 

  CLEARBIT(PORTC,2); 

 } 

 else{ 

  if(ON){ 

   SETBIT(PORTC,2); 

  } 

 } 

 j=9; 

 while(CHECKBIT(PIND,2)==0 && j>=0){    // 10 data bits for opacity 

  while(CHECKBIT(PIND,0)==0 && CHECKBIT(PIND,2)==0){} // Wait for clock 

  if(CHECKBIT(PIND,1)){ 

   data |= (1 << j);    // Storing data 

  } 

  j--; 

  while(CHECKBIT(PIND,0) && CHECKBIT(PIND,2)==0){}  // Wait for clock 

 } 

 i=9; 

 while(CHECKBIT(PIND,2)==0 && i>=0){    // 10 data bits for temperature 

  while(CHECKBIT(PIND,0)==0 && CHECKBIT(PIND,2)==0){} // Wait for clock 

  if(CHECKBIT(PIND,1)){ 

   temp |= (1 << i);    // Storing temp 

  } 

  i--; 

  while(CHECKBIT(PIND,0) && CHECKBIT(PIND,2)==0){}  // Wait for clock 

 } 

 i++; 

 

 /* Write opacity and temp to display */ 

 if(i==0){ 

  if(ON==0){      // If OFF 

   data=100; 

  } 

  else{ 

   if(data%10<5){ 

    data/=10; 

   } 

   else{ 

    data=data/10+1; 

   } 

  } 

  LcdMoveCurs(2,2); 

  if(data<10){ 

   LcdWriteChar(' '); 

  } 

  if(data>=100){     // If 100 % opacity 

   LcdWriteStr("100%"); 

  } 

  else{ 

   WriteOpacity(data,0); 

   LcdWriteStr("% "); 

  } 

  LcdMoveCurs(2,7); 

  if(temp%10<5){ 

   temp/=10; 

  } 

  else{ 

   temp=temp/10+1; 

  } 

  Write(temp,0); 

  LcdWriteStr("ßC ");  // ß (Ascci 225) corresponds to the sign for degrees on the LCD 

 }  

 if(Cal){       // If calibration 

  LcdWriteCmd(CLEAR_DISP);    // Clear the display 

  

  /* Write to the display */ 

  LcdMoveCurs(1,2); 

  LcdWriteStr(" N   Temp  OPL"); 

  LcdMoveCurs(2,1); 

  LcdMoveCurs(2,13); 

  Write(OPL,0); 

  LcdMoveCurs(4,10); 

  LcdWriteStr("Cal OPL"); 

  LcdMoveCurs(4,1); 

  if(ON){ 

   LcdWriteStr("OFF"); 

  } 

  else{ 

   LcdWriteStr("ON "); 

  } 

  Cal=0;      // Calibration done 
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  SETBIT(PORTD,5); 

  CLEARBIT(DDRD,1); 

 }   

 sei();     // Enable interrupt 

} 

 

int main(){ 

 SETBIT(DDRC,2);    // Control LED 

 CLEARBIT(PORTC,2); 

 CLEARBIT(DDRD,6);    // Input for button 

 SETBIT(PORTD,6);    // Pull up 

 CLEARBIT(DDRD,7);    // Input for button 

 SETBIT(PORTD,7);    // Pull up 

 CLEARBIT(DDRD,3);    // Input for button 

 SETBIT(PORTD,3);    // Pull up 

 CLEARBIT(DDRD,4);    // Input for button 

 SETBIT(PORTD,4);    // Pull up 

 CLEARBIT(DDRD,2);    // Input for external interrupts 

 SETBIT(PORTD,2); 

 CLEARBIT(DDRD,0);    // For data reading 

 DDRB = 0xFF; 

 EICRA = 0b00000010;    // INT0 interrupt on falling edge 

 EIMSK = 0b00000001;    // INT0 interrupt enable 

 LcdInit();     // Initialization of the LCD display 

 _delay_ms(100);    // Waiting for the other unit to initialize 

 

 /* Write to the display */ 

 LcdMoveCurs(1,2); 

 LcdWriteStr(" N   Temp  OPL"); 

 LcdMoveCurs(2,1); 

 LcdMoveCurs(2,13); 

 Write(OPL,0); 

 LcdMoveCurs(4,1); 

 LcdWriteStr("ON"); 

 LcdMoveCurs(4,10); 

 LcdWriteStr("Cal OPL"); 

 sei();     // Set globel interrupt 

 

 /* Main loop */ 

 while(1){ 

 

  /* ON OFF */ 

  if(CHECKBIT(PIND,3)==0){ 

   while(CHECKBIT(PIND,3)==0){} // Wait until button released 

   cli();   // Disable interrupt 

   Cal=1;   // Start calibration 

   if(ON){ 

    ON=0; 

    LcdMoveCurs(4,1); 

    LcdWriteStr("ON "); 

   } 

   else{ 

    ON=1; 

    LcdMoveCurs(4,1); 

    LcdWriteStr("OFF"); 

   } 

   _delay_ms(100); 

   while(CHECKBIT(PIND,3)==0){} // Wait until button released 

   SETBIT(DDRD,5);  // Lamp on / off 

   CLEARBIT(PORTD,5); 

   SETBIT(DDRD,1);     

   CLEARBIT(PORTD,1); 

   sei();   // Enable interrupt 

   _delay_ms(500); 

  } 

 

  /* Menu */ 

  if(CHECKBIT(PIND,7)==0){ 

   while(CHECKBIT(PIND,7)==0){} // Wait until button released 

   cli();   // Disable interrupt 

   CLEARBIT(PORTC,2);  // Control LED off 

   OPL=OplMenu(OPL); 

   while(CHECKBIT(PIND,7)==0){} // Wait until button released 

   while(CHECKBIT(PIND,3)==0){} // Wait until button released 

 

   /* Write to the display */   

   LcdWriteCmd(CLEAR_DISP); 

   LcdMoveCurs(1,2); 

   LcdWriteStr(" N   Temp  OPL"); 

   LcdMoveCurs(2,1); 

   LcdMoveCurs(2,13); 

   Write(OPL,0); 

   LcdMoveCurs(4,10); 

   LcdWriteStr("Cal OPL"); 
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   LcdMoveCurs(4,1); 

   if(ON){ 

    LcdWriteStr("OFF"); 

   } 

   else{ 

    LcdWriteStr("ON "); 

   } 

   sei();   // Enable interrupt 

  if(CHECKBIT(PIND,6)==0){  // Calibration 

   while(CHECKBIT(PIND,6)==0){} // Wait until button released 

   cli();   // Disable interrupt 

   CLEARBIT(PORTC,2);  // Control LED off 

   Cal=CalMenu(OPL,ON,Cal); 

   if(Cal){ 

    ON=1; 

   } 

   while(CHECKBIT(PIND,7)==0){} // Wait until button released 

   while(CHECKBIT(PIND,3)==0){} // Wait until button released 

   sei();   // Enable interrupt 

  } 

 } 

 return(0); 

} // int main() 

K.3 LCD 
/* 

 * lcd.h 

 * Functions for using lcd-display "LCD 16x4tkn", 8-bit mode 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

 /* string.h must be included */ 

 

#ifndef _LCD_H 

#define _LCD_H 

 

/* Here PORTB and PORTC,3-5 is used for the LCD */ 

/* If other ports/pins are used, change these */ 

#define DDRLCD DDRB 

#define DDRLCD2 DDRC 

#define LCD_DATA PORTB 

#define LCD_RS PORTC 

#define RSn 3  // Pin number 

#define LCD_RW PORTC 

#define RWn 4 

#define LCD_E PORTC 

#define En 5 

 

/* Definitions of setbit, clearbit and checkbit functions */ 

#define SETBIT(ADDRESS,BIT) (ADDRESS |= (1<<BIT)) 

#define CLEARBIT(ADDRESS,BIT) (ADDRESS &= ~(1<<BIT)) 

#define CHECKBIT(ADDRESS,BIT) (ADDRESS & (1<<BIT)) 

 

/* Defenition of display commands */ 

char DISPLAY_CMD = (1<<3);   // For writing display command 

char DISPLAY_ON = (1<<2);   // Display on 

char CURSUR_ON = (1<<1);   // Cursur on 

char BLINK_ON = (1<<0);   // Cursur blink on 

 

/* Defenition of commands */ 

char CLEAR_DISP = (1<<0);   // Clear display 

 

/* void LcdBusy(void) 

 * This function reads the LCD busy flag and waits until it is low. 

 */ 

void 

LcdBusy(void){ 

 int busy; 

 DDRLCD = 0x00;   // Input 

 LCD_DATA=0x00;   // Clear LCD_DATA 

 _delay_us(1); 

 CLEARBIT(LCD_RS,RSn);  // RS -> 0 

 SETBIT(LCD_RW,RWn);   // R/W -> 1 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_us(1); 

 do{ 

  SETBIT(LCD_E,En);  // E -> 1 

  _delay_us(1); 

  busy = CHECKBIT(LCD_DATA,7); 

  CLEARBIT(LCD_E,En);  // E -> 0 

  _delay_ms(1); 
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 } while (busy == 1); 

 DDRLCD = 0xFF;   // Output 

 _delay_us(1); 

} // void LcdBusy(void) 

 

/* void LcdInit(void) 

 * This function takes care of the initialization of the LCD display. 

 */ 

void 

LcdInit(void) 

{ 

 int i; 

 _delay_ms(100);   // Wait for the display to  start up 

  DDRLCD = 0xFF;   // Output 

 SETBIT(DDRLCD2,RSn);   // Output 

 SETBIT(DDRLCD2,RWn);   // Output 

 SETBIT(DDRLCD2,En);   // Output 

 CLEARBIT(LCD_RS,RSn);  // RS -> 0 

 CLEARBIT(LCD_RW,RWn);  // R/W -> 0 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_us(1); 

 for(i=0;i<3;i++){ 

  SETBIT(LCD_E,En);  // E -> 1 

  LCD_DATA = 0b00111100; // 1-line mode 

  _delay_us(1); 

  CLEARBIT(LCD_E,En);  // E -> 0 

  _delay_ms(2); 

 }   

 SETBIT(LCD_E,En);   // E -> 1 

// LCD_DATA = (DISPLAY_CMD | DISPLAY_ON | CURSUR_ON | BLINK_ON); 

 LCD_DATA = (DISPLAY_CMD | DISPLAY_ON); 

 _delay_us(1); 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_ms(1); 

 SETBIT(LCD_E,En);   // E -> 1 

 LCD_DATA = (CLEAR_DISP);  // Clear Display 

 _delay_us(1); 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_ms(1); 

  

 SETBIT(LCD_E,En);   // E -> 1 

 LCD_DATA = 0b00000110;  // Increment mode, Entire shift off 

 _delay_us(1); 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_ms(1); 

} // void LcdInit(void) 

 

/* void LcdWriteChar(char) 

 * This function writes a character to the display. 

 */ 

void 

LcdWriteChar(char write) 

{ 

 LcdBusy();    // Wait until LCD is not busy 

 SETBIT(LCD_RS,RSn);   // RS -> 1 

 CLEARBIT(LCD_RW,RWn);  // R/W -> 0 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_us(1); 

 SETBIT(LCD_E,En);   // E -> 1 

 LCD_DATA = write;   // Write character 

 _delay_us(1); 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_ms(1); 

} // void LcdWriteChar(char) 

 

/* void LcdWriteCmd(char) 

 * This function writes a command to the display. 

 */ 

void 

LcdWriteCmd(char cmd) 

{ 

 LcdBusy();    // Wait until LCD is not busy 

 CLEARBIT(LCD_RS,RSn);  // RS -> 0 

 CLEARBIT(LCD_RW,RWn);  // R/W -> 0 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_us(1); 

 SETBIT(LCD_E,En);   // E -> 1 

 LCD_DATA = cmd;   // Write command 

 _delay_us(1); 

 CLEARBIT(LCD_E,En);   // E -> 0 

 _delay_ms(1); 

} // void LcdWriteChar(char) 
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/* void LcdWriteStr(char *) 

 * This function writes a string to the display. 

 */ 

void 

LcdWriteStr(char *str) 

{ 

 while (*str != '\0') 

 { 

  LcdWriteChar(*str);  // Writes the string to the display 

  ++str; 

 } 

} // void LcdWriteStr(char *) 

 

 

/* void LcdMoveCurs(int,int) 

 * This function moves the cursor to a given positin (line,pos). 

 * 0<line<5, 0<pos<21. 

 */ 

void 

LcdMoveCurs(int line, int pos) 

{ 

 int cursor; 

 cursor=0; 

 if(line>0 && line<5 && pos>0 && pos<21){  // Check if correct position is given 

  if(line == 1){ 

   cursor = pos-1; 

  } 

  if(line == 2){ 

   cursor = pos+63; 

  } 

  if(line == 3){ 

   cursor = pos+15; 

  } 

  if(line == 4){ 

   cursor = pos+79; 

  } 

  cursor+=128;   // Setting the D7 bit for the LCD command 

  LcdWriteCmd((char)cursor);  // Sends the command for the cursor position 

 } 

} // void LcdMoveCurs(int,int) 

 

#endif // _LCD_H 

K.4 Menu 
/* 

 * menu.h 

 * Functions for choosing predefined menues for the LCD display (16x4tkn) 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

 /* lcd.h must be included */ 

 

#ifndef _MENU_H 

#define _MENU_H 

 

/* void CalMenu(int,int,int) 

 * This function puts the LCD in cal menu. 

 */ 

int 

CalMenu(int OPL, int ON, int Cal){ 

 while(CHECKBIT(PIND,6)==0){}   // Wait until button released 

 int esc=1; 

 LcdWriteCmd(CLEAR_DISP);   // Clear the display 

 while(CHECKBIT(PIND,7) && esc){ 

  LcdMoveCurs(1,6); 

  LcdWriteStr("Start"); 

  LcdMoveCurs(2,3); 

  LcdWriteStr("Calibration?"); 

  LcdMoveCurs(4,1); 

  LcdWriteStr("Esc"); 

  LcdMoveCurs(4,15); 

  LcdWriteStr("OK"); 

  if(CHECKBIT(PIND,3)==0){  // ESC 

   esc=0; 

  } 

 } 

 if(esc){     // Calibrate if OK button 

  while(CHECKBIT(PIND,7)==0){}  // Wait until button released 

  LcdWriteCmd(CLEAR_DISP);  // Clear the display 

  LcdMoveCurs(2,3); 

  LcdWriteStr("Please  Wait"); 
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  Cal=1;    // Start calibration 

  SETBIT(DDRD,5);   

  CLEARBIT(PORTD,5); 

  SETBIT(DDRD,1);     

  SETBIT(PORTD,1); 

 } 

 else{ 

  /* Write to the display */ 

  while(CHECKBIT(PIND,3)==0){}  // Wait until button released   

  LcdWriteCmd(CLEAR_DISP);   

  LcdMoveCurs(1,2); 

  LcdWriteStr(" N   Temp  OPL"); 

  LcdMoveCurs(2,1); 

  LcdMoveCurs(2,12); 

  Write(OPL,0); 

  LcdWriteStr("mm"); 

  LcdMoveCurs(4,10); 

  LcdWriteStr("Cal OPL"); 

  LcdMoveCurs(4,1); 

  if(ON){ 

   LcdWriteStr("OFF"); 

  } 

  else{ 

   LcdWriteStr("ON"); 

  }    

 } 

 return(Cal); 

} // int CalMenu(int,int,int)   

 

/* int OplMenu(int) 

 * This function puts the LCD in opl. menu. (Opl. = Optical Path Length) 

 * Returns the OPL 

 */ 

int 

OplMenu(int OPL){ 

 while(CHECKBIT(PIND,7)==0){}   // Wait until button released 

 int OPLtemp=OPL; 

 LcdWriteCmd(CLEAR_DISP);   // Clear the display 

 while(CHECKBIT(PIND,7)){ 

  LcdMoveCurs(2,1); 

  LcdWriteStr("  OPL:  "); 

  Write(OPL,0); 

  LcdWriteStr(" mm "); 

  LcdMoveCurs(4,1); 

  LcdWriteStr("Esc Dec  Inc  OK"); 

  LcdMoveCurs(2,10); 

  if(CHECKBIT(PIND,6)==0 && OPL<1000){ // Increase OPL 

   _delay_ms(100); 

   OPL+=1; 

  } 

  if(CHECKBIT(PIND,4)==0 && OPL>0){ // Decrease OPL 

   _delay_ms(100); 

   OPL-=1; 

  } 

  if(CHECKBIT(PIND,3)==0){  // ESC 

   return(OPLtemp); 

  } 

 } 

 return(OPL); 

} // int OplMenu(int) 

 

#endif // _MENU_H 

K.5 A/D converter 
/* 

 * adconverter.h 

 * Function for converting an analouge signal to digital. 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

#ifndef _ADCONVERTER_H 

#define _ADCONVERTER_H 

 

/* Port C is used for AD conversion */ 

#define DDRAD DDRC 

#define AD PORTC 

 

/* Definitions of setbit, clearbit and checkbit functions */ 

#define SETBIT(ADDRESS,BIT) (ADDRESS |= (1<<BIT)) 

#define CLEARBIT(ADDRESS,BIT) (ADDRESS &= ~(1<<BIT)) 

#define CHECKBIT(ADDRESS,BIT) (ADDRESS & (1<<BIT)) 
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/* int Convert(int) 

 * This function converts the analouge signal into a value between 0 and 1023 

 * ADn is the pinnumber that is used for the conversion 

 */ 

int 

ConvertAD(int ADn){ 

 int data=0,data2=0; 

 CLEARBIT(DDRAD,ADn);     // Input 

 ADMUX = (0<<REFS1 | 1<<REFS0 | ADn<<MUX0);  // Vref=Vcc or 1.1V. Input: C0 or C1 

 _delay_ms(1); 

 if(CHECKBIT(ADCSRA,ADEN) == 0){ 

  ADMUX = (0<<REFS1 | 1<<REFS0);      // Vref=Vcc. Input: C0 

  ADCSRA = (1<<ADEN | 1<<ADPS2 | 1<<ADPS1 | 1<<ADPS0); // Enable A/D convertion, preskaler=128 

  _delay_ms(1); 

 } 

 SETBIT(ADCSRA,ADSC);     // Start convertion 

 while(CHECKBIT(ADCSRA,ADSC)){    // Wait until not busy 

  } 

 data=ADCL; 

 data2 = (ADCH << 8);     // Shift 8 times to the left 

 data+=data2; 

 return(data); 

 

} // int Convert(int) 

 

#endif // _ADCONVERTER_H 

K.6 D/A converter 
/* 

 * daconverter.h 

 * Function for converting digital data to analogue, 0-4.1V, with MCP4821 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

#ifndef _DACONVERTER_H 

#define _DACONVERTER_H 

 

/* Here PORTB,2 and 4-6 is used for the converter */ 

/* If other ports/pins are used, change these */ 

#define DADDRCS DDRB 

#define DADDRSI DDRB 

#define DADDRSCK DDRB 

#define DADDRLDAC DDRB 

#define DACS PORTB 

#define DACSn 6     // Pin number 

#define DASCK PORTB 

#define DASCKn 4 

#define DASI PORTB 

#define DASIn 5 

 

/* Definitions of setbit, clearbit and checkbit functions */ 

#define SETBIT(ADDRESS,BIT) (ADDRESS |= (1<<BIT)) 

#define CLEARBIT(ADDRESS,BIT) (ADDRESS &= ~(1<<BIT)) 

#define CHECKBIT(ADDRESS,BIT) (ADDRESS & (1<<BIT)) 

 

/* void ConvertDA(int) 

 * This function converts data to an analogue signal 

 */ 

void 

ConvertDA(int data){ 

 int count=2048,clock; 

 SETBIT(DADDRCS,DACSn);   // Output 

 SETBIT(DADDRSCK,DASCKn);   // Output 

 SETBIT(DADDRSI,DASIn);   // Output 

 SETBIT(DACS,DACSn);    // CS -> 1 

 CLEARBIT(DASCK,DASCKn);   // SCK -> 0 

 CLEARBIT(DASI,DASIn);   // SI -> 0 

 _delay_us(10);  

 CLEARBIT(DACS,DACSn);   // CS -> 0 

 _delay_us(10); 

 for(clock=15;clock>=13;clock--){  // 3 clock cycles (for SPI config bits) 

  SETBIT(DASCK,DASCKn);  // SCK -> 1 

  _delay_ms(1); 

  CLEARBIT(DASCK,DASCKn);  // SCK -> 0 

  _delay_us(10); 

 } 

 SETBIT(DASI,DASIn);    // SI -> 1, for setting SPI config bit SHDN = 1 

 _delay_us(10); 

 SETBIT(DASCK,DASCKn);   // SCK -> 1 

 _delay_us(10); 
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 CLEARBIT(DASCK,DASCKn);   // SCK -> 0 

 _delay_us(10); 

 for(clock=11;clock>=0;clock--){ // 12 clock cycles (for SPI) 

  if(data>=count){   // Starting with the MSB 

   SETBIT(DASI,DASIn);  // SI -> 1 

   _delay_us(10); 

   data-=count; 

  } 

  else{ 

   CLEARBIT(DASI,DASIn); // SI -> 0 

   _delay_us(10); 

  } 

  count/=2; 

  SETBIT(DASCK,DASCKn);  // SCK -> 1 

  _delay_us(10); 

  CLEARBIT(DASCK,DASCKn);  // SCK -> 0 

  _delay_us(10); 

 } 

 SETBIT(DACS,DACSn);    // CS -> 1 

 _delay_us(10); 

} // void ConvertDA(int) 

 

#endif // _DACONVERTER_H 

K.7 Functions 
/* 

 * functions.h 

 * Small useful functions 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

#ifndef _FUNCTIONS_H 

#define _FUNCTIONS_H 

 

/* void WriteOpacity(int,int) 

 * This function inverts the intiger (123 -> 321) and writes the opacity to the display 

 * deci tells how many decimals 

 */ 

void 

WriteOpacity(int data, int deci){ 

 int i,size=1,temp,res=0,size2; 

 if(data>0){ 

  for(i=1;data>=i;i*=10){ // Captures the size of the intiger 

   size++; 

  } 

  i/=10; 

  size2=size-1; 

  while(size){ 

   temp=data%10; 

   res+=i*temp; 

   data/=10; 

   i/=10; 

   size--; 

  }  

  if(size2==1 && deci>0){ 

   LcdWriteChar('0'); 

  } 

  while(size2){ 

   if(size2==deci){ 

    LcdWriteChar('.'); 

   } 

   LcdWriteChar(48+res%10); 

   res/=10; 

   size2--; 

  } 

 }  

 else{ 

  LcdWriteStr("0"); 

 } 

} // void WriteOpacity(int,int); 

 

/* void Write(int,int) 

 * This function inverts the intiger (123 -> 321) and writes the data to the display 

 * deci tells how many decimals 

 */ 

void 

Write(int data, int deci){ 

 int i,size=1,temp,res=0,size2; 

 for(i=1;data>=i;i*=10){ // Captures the size of the intiger 

  size++; 

 } 
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 i/=10; 

 size2=size-1; 

 while(size){ 

  temp=data%10; 

  res+=i*temp; 

  data/=10; 

  i/=10; 

  size--; 

 }  

 if(size2==1 && deci>0){ 

  LcdWriteChar('0'); 

 } 

 while(size2){ 

  if(size2==deci){ 

   LcdWriteChar('.'); 

  } 

  LcdWriteChar(48+res%10); 

  res/=10; 

  size2--; 

 } 

  

} // void Write(int,int);  

 

#endif // _FUNCTIONS_H 

K.8 Send 
/* 

 * send.h 

 * Function for sending data to diisplay unit 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

#ifndef _SEDND_H 

#define _SEND_H 

 

/* Here PORTC,2 and 4-6 is used for the converter */ 

/* If other ports/pins are used, change these */ 

#define SDDRCS DDRC 

#define SDDRSI DDRB 

#define SDDRSCK DDRB 

#define SCS PORTC 

#define SCSn 2     // Pin number 

#define SSCK PORTB 

#define SSCKn 4 

#define SSI PORTB 

#define SSIn 5 

 

/* Definitions of setbit, clearbit and checkbit functions */ 

#define SETBIT(ADDRESS,BIT) (ADDRESS |= (1<<BIT)) 

#define CLEARBIT(ADDRESS,BIT) (ADDRESS &= ~(1<<BIT)) 

#define CHECKBIT(ADDRESS,BIT) (ADDRESS & (1<<BIT)) 

 

/* void Send(int,int) 

 * This function sends the measured opacity and temperature to the display unit 

 */ 

void 

Send(int data,int temp){ 

 int count=512,clock; 

 SETBIT(SDDRCS,SCSn);    // Output 

 SETBIT(SDDRSCK,SSCKn);   // Output 

 SETBIT(SDDRSI,SSIn);    // Output 

 SETBIT(SCS,SCSn);    // CS -> 1 

 CLEARBIT(SSCK,SSCKn);   // SCK -> 0 

 CLEARBIT(SSI,SSIn);    // SI -> 0 

 _delay_us(10);  

 CLEARBIT(SCS,SCSn);    // CS -> 0 

 _delay_us(10); 

 /* Sending opacity value, data */ 

 for(clock=9;clock>=0;clock--){ // 10 clock cycles (for SPI) 

  if(data>=count){   // Starting with the MSB 

   SETBIT(DASI,DASIn);  // SI -> 1 

   _delay_us(10); 

   data-=count; 

  } 

  else{ 

   CLEARBIT(DASI,DASIn); // SI -> 0 

   _delay_us(10); 

  } 

  count/=2; 

  SETBIT(DASCK,DASCKn);  // SCK -> 1 

  _delay_us(10); 
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  CLEARBIT(DASCK,DASCKn);  // SCK -> 0 

  _delay_us(10); 

 } 

 count=512; 

 /* Sending temperature */ 

 for(clock=9;clock>=0;clock--){ // 10 clock cycles (for SPI) 

  if(temp>=count){   // Starting with the MSB 

   SETBIT(DASI,DASIn);  // SI -> 1 

   _delay_us(10); 

   temp-=count; 

  } 

  else{ 

   CLEARBIT(DASI,DASIn); // SI -> 0 

   _delay_us(10); 

  } 

  count/=2; 

  SETBIT(DASCK,DASCKn);  // SCK -> 1 

  _delay_us(10); 

  CLEARBIT(DASCK,DASCKn);  // SCK -> 0 

  _delay_us(10); 

 } 

 SETBIT(DACS,DACSn);    // CS -> 1 

 _delay_us(10); 

} // void Convert(int,int) 

 

#endif // _SEND_H 

K.9 Set gain 
/* 

 * gain.h 

 * Function for adjusting the gain of the low gain PGA MCP621 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

#ifndef _GAIN_H 

#define _GAIN_H 

 

/* Here PORTD and PORTB,3-5 is used for the amplifier */ 

/* If other ports/pins are used, change these */ 

#define DDRCS DDRB 

#define DDRSI DDRB 

#define DDRSCK DDRB 

#define CS PORTB 

#define CSn 3      // Pin number 

#define SCK PORTB 

#define SCKn 4 

#define SI PORTB 

#define SIn 5 

 

/* Definitions of setbit, clearbit and checkbit functions */ 

#define SETBIT(ADDRESS,BIT) (ADDRESS |= (1<<BIT)) 

#define CLEARBIT(ADDRESS,BIT) (ADDRESS &= ~(1<<BIT)) 

#define CHECKBIT(ADDRESS,BIT) (ADDRESS & (1<<BIT)) 

 

/* void SetGain(int) 

 * This function sets the gain of the low gain PGA MCP621. 

 * Posible gains are 1,2,4,5,8,10,16 or 32. 

 */ 

void 

SetGain(int gain){ 

 int clock,G2,G1,G0,gainOK=0; 

 SETBIT(DDRCS,CSn);     // Output 

 SETBIT(DDRSCK,SCKn);     // Output 

 SETBIT(DDRSI,SIn);     // Output 

 SETBIT(CS,CSn);     // CS -> 1 

 CLEARBIT(SCK,SCKn);     // SCK -> 0 

 CLEARBIT(SI,SIn);     // SI -> 0 

 _delay_ms(1);  

 CLEARBIT(CS,CSn);     // CS -> 0 

 _delay_ms(1); 

 G2=0; 

 G1=0; 

 G0=0; 

 switch(gain){ 

  case 1: 

   gainOK=1; 

   break; 

  case 2: 

   gainOK=1; 

   G0=16; 

   break; 
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  case 4: 

   gainOK=1; 

   G1=15; 

   break; 

  case 5: 

   gainOK=1; 

   G1=15; 

   G0=16; 

   break; 

  case 8: 

   gainOK=1; 

   G2=14; 

   break; 

  case 10: 

   gainOK=1; 

   G2=14; 

   G0=16; 

   break; 

  case 16: 

   gainOK=1; 

   G2=14; 

   G1=15; 

   break; 

  case 32: 

   gainOK=1; 

   G2=14; 

   G1=15; 

   G0=16; 

   break; 

 }  

 if(gainOK){     // If the choosen gain is OK 

  for(clock=1;clock<17;clock++){ // 16 clock cycles (for SPI) 

   if(clock!=2 && clock!=G2 && clock!=G1 && clock!=G0){ 

    CLEARBIT(SI,SIn);  // SI -> 0 

    _delay_ms(1); 

   } 

   else{ 

    SETBIT(SI,SIn);  // SI -> 0 

    _delay_ms(1); 

   } 

   SETBIT(SCK,SCKn);   // SCK -> 1 

   _delay_ms(1); 

   CLEARBIT(SCK,SCKn);   // SCK -> 0 

   _delay_ms(1); 

  } 

 } 

 SETBIT(CS,CSn);     // CS -> 0 

 _delay_ms(1); 

} // void SetGain(int) 

 

#endif // _GAIN_H 

K.10 Temperature compensation 
/* 

 * Tempcor.h 

 * Function for temperature correction due to the 

 * temperature dependence of Photo IC diode S9067-01 

 * 2009 All Rights Reserved 

 * André Bodin 

 */ 

 

#ifndef _TEMPCOR_H 

#define _TEMPCOR_H 

 

/* int TempCor(int) 

 * This function corrects for temperature dependence of Photo IC diode S9067-01 

 * Output = sensor signal, cal[0] = values from calibration, T = temperature 

 */ 

int 

TempCor(int output, double cal[],double T){ 

 double calcor; 

 calcor=cal[0]-cal[0]*(double)(0.12/100)*((double)(cal[2]/10)-(double)(T/10)); 

output=(double)output+(double)(output/calcor)*cal[0]*(double)(0.12/100)*((double)(cal[2]/10)-

(double)(T/10)); 

 return (output);  // Returns the temperature corrected output 

} // int TempCor(int) 

 

#endif // _TEMPCOR_H 


