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Abstract 

The goal of this research was to find the temperature distribution during and after the injection event in an intemal 
combustion diesel engine. The temperature dependent fluorescence emission of toluene was used to measure a two
dimensional temperature field. 

To make use of the toluene LIF measurement method, it was tested to find the error sources and optimize the method. 
These tests showed properties of the cameras and the laser system that had to be taken into account. The optimization 
was mainly done to find the right amount of toluene that had to be injected and to find the optima) laser power for this 
measurement. 

The calibration of the method was done at 200 rpm, while the spray measurement were performed at 600 rpm. The 
calibration data shows that there are differences in the ratio where temperatures are calculated to be the same for 
different engine speeds. The calculation of temperatures at 600 rpm is Jess accurate than it could be because the 
pressure curve of 200 rpm was used to match the engine model to the experimental setup. The step of assuming that 
the match at 200 rpm is perfect and just changing the engine speed in the model introduces unnecessary inaccuracies. 

It can be concluded from this finding that the calculated temperatures are not correct because the toluene LIF spectrum 
can not be dependent on the engine speed. 

In the spray measurements, it was found that the fluorescence of impurities in the n-heptane made it impossible to find 
the correct ratio and therefore the right temperature. 

Because it was not possible to analyze the measurements of the sprays immediately, errors in the measurements, like 
camera timing issues, were not identified while measuring. This caused a lot of measurements to be discarded. The 
spray measurements that could be used were all made at the last measurement day. If there was more time, it would 
have been possible to eliminate error sources. 

Measuring temperature with toluene LIF is a method that needs a lot of preparation and experience. Therefore, more 
time should be taken for preparing and measuring with this method. 
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Chapter 1 

lntroduction 

Engine manufacturers are searching for ways to make diesel engines cleaner to comply with environmental regulations. 
Particulate matter and NOx emissions are the main problems for diesel engine manufacturers. Traditional ways to 
reduce particulate matter, like leaner and hotter combustion, will increase NOx emissions and this also works the other 
way around; the so called diesel dilemma. 

To solve these problems, several possibilities are under investigation. One way, which is used already, is the 
aftertreatment of the exhaust gases. This is done with a diesel particulate filter and selective catalyst reduction. The 
first is used to burn the soot in the exhaust, but impacts fuel economy due to increasecJ pressure in the exhaust. The 
second is used to reduce the NOx emission by adding urea. Another way to reduce NOx emissions is Exhaust Gas 
Recirculation. By adding exhaust gases to the inlet air, the combustion temperature is lowered and therefore also the 
NOx emission is reduced. 

A method of reducing engine emissions that is in its experimental stage is Premixed Charged Compression lgnition 
(PCCI). Tuis method uses an early injection to give more time for fuel mixing. The mixing of the fuel means less 
regions with a rich mixture and therefore less soot and NOx formation. One possibility is PCCI. 

To verify the simulation models, experimental data has to be gathered. Because the fuel is premixed with the air, 
the start of combustion can not be controlled with the injection timing. The start of combustion will take place when 
local equivalence ratio, temperature and pressure initiale it. To be able to make proper simulations, the models have to 
be verified by experimental data. 

Tuis report describes the process of doing experiments to find temperature fields inside the combustion chamber. 
These experiments are based on laser induced fluorescence with toluene. When toluene is excited, it will fluoresce. 
The spectrum ofthis fluorescent light shifts to red with increasing temperature. Tuis property will be used to determine 
in-cylinder temperature variations. 

Chapter 2 contains the information about the experimental setup used for this research. The theory of the method 
is explained in chapter 3. Chapter 4 contains the implementation of the toluene LIF method on the experimental setup. 
The next chapter contains the results of the measurements, with first the pilot experiments, then the calibration of the 
method followed by the spray measurements. The last chapter contains the conclusion and recommendations. 
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Chapter 2 

Experimental setup 

2.1 Optically accessible engine 

For the experiments a single cylinder optically accessible diesel engine is used. Engine specifications can be found in 
table 2.1. The engine is driven by an electrical motor and kept at a constant speed with an eddy current brake. In the 
research described in this report, the engine will not be fired since we are mainly interested in the temperature field 
prior to combustion. Figure 2.1 shows a schematic view of the setup. The air tank is the buffer for the inlet air/nitrogen 
to ensure a steady pressure while changing the engine load or speed. The coriolis meter measures the airflow. The 
manual air valve can be adjusted to roughly regulate the pressure before the PID controlled valve. The inlet air can be 
heated electrically and the PID controlled valve regulates the pressure with the feedback of a pressure sensor. 

Air tank 
PID 

controlled 
valve 

Pressure 

Temperature 
sensor 

Exhaust gas 

Figure 2.1 : Schematic representation of the complete setup. 

Optica! accessibility is provided through a sapphire window in the piston and a sapphire liner. The window is flat 
and therefore free of spatial distortion due to refractive effects. By elongating the piston to house a 45 degree mirror, 
the light from the combustion chamber is reflected towards the side of the engine. This creates a suitable space to 
place cameras or spectrographs next to the engine (see figure 2.2). 
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Chapter 2: Experimental setup 

Table 2.1: Engine parameters 

Parameter 
Number of cylinders 
Volume 21 

130mm 
150mm 
4 

Bore 
Stroke 
Valves 
Fuel supply Delphi F2P injector with MX nozzle 

The engine is equipped with a common rail injector of Delphi Diesel Systems, which can be used up to 2500 bar 
and can provide up to 5 injections per cycle. 

Table 2.2: Injector specifications 

Holes 
Hole size 
Flow 
Spray cone angle 

7 
195 µm 
1.71/min 
143 degrees 

The liner of the engine can be lowered to gain access to the combustion chamber. Tuis makes it easy to clean the 
sapphire windows and place a grid to focus the cameras. When the engine runs, the liner is kept in place by hydraulic 
pressure. The engine can run with air or pure nitrogen. In this research nitrogen is used to prevent combustion and 
oxygen quenching of fluorescence [ I]. Combustion is not necessary and therefore avoided since it would distort the 
steady state of the engine. To simulate the engine condition when running, the coolant is heated by an extemal heater. 
Toluene is injected with a port fuel injection (PFI) system and will be vaporized by the heated inlet gas. The two 
injectors are controlled by a MOTEC M8 programmable motormanagement system. A 100 ml vessel with toluene 
is connected to the injectors and kept at a constant pressure of 4 bar with compressed nitrogen. The injectors are 
mounted on the inlet channel before it enters the cylinder head and are directed in a way that the injected toluene goes 
with the flow. The distance between the injectors and the inlet valve is about 50 cm. n-Heptane is injected with the 
diesel injector, representing the diesel injection event. The cameras are set up in front of the 45 degree mirror. One 
camera is pointed directly at the mirror and the second camera is Iooking via a 310 nm long pass mirror at the engine 
mirror. This setup splits the signal into a long wavelength part (>310 nm) and a short wavelength band (<310 nm). 
The cameras are equipped with band pass filters, 280±10 nm and 320±20 nm, respectively. 
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Chapter 2: Experimental setup 

Toluene injector--+ 

/' 
lnlet 

280 nm filter 

Sapphire piston 
nm long pass mirror 

Al-coated mirror 

320 nm filter 

Figure 2.2: Schematic representation of the optically accessible part of the engine 

The excimer laser that is used for this research is a Lambda Physik Compex 350T filled with KryptonAuoride gas 
mixture to produce a 248 nm laser beam. Because the beam is slightly diverging when it exits the laser, a telescope 
is set up in front of it made of a positive and a negative spherical lens. With this telescope, the laser beam can be 
collimated. When the laser beam reaches the engine, it is tumed into a laser sheet by a cylindrical lens. To induce the 
fluorescence, the laser sheet travels through the top part of the liner. Details of the laser sheet and equipment can be 
found in chapter 4. 
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Chapter 2: Experimental setup 

Figure 2.3: Picture of the optically accessible engine. 

Figure 2.3 shows the actual engine. The 4 valves and the injector in the middle are visible via the mirror through 
the hole in the liner. ln this picture the setup is illuminated by a 532 nm laser. The sapphire top of the liner is also 
clearly visible. 
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Chapter 3 

Laser induced fluorescence 

Laser-induced fluorescence (LIF) is a spectroscopie method which is used for visualization of flows and to detect 
selected species. The laser excites an orbital electron of the selected species with a certain wavelength to a higher 
quantum state. The molecules are excited by absorption of a photon. When the excited molecules relax to their ground 
state, they emit a photon at a Iarger wavelength than the excitation wavelength. This emitted light is called fluorescence 
and can be measured with a spectrograph to deterrnine the wavelengths of the fluorescence. 
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Figure 3.1: Jablonski diagram with fluorescence photophysics [1] 

VR 

Figure 3.1 shows the energy levels in which the molecules can be. Norrnally, the molecules are in the SO state. 
When excited by a laser, energy is transmitted to the molecule and it is excited to the S 1 state. When the molecule 
relaxes back to the SO state, it ernits a photon. The signa! intensity decays with increasing temperature. Tuis happens 
because the molecules have a higher vibrational energy in the SO state when the temperature is higher. The excited 
molecules that relax back to the SO state therefore have a smaller energy gap to cross, and emit less fluorescent light. 

Relaxation of the fluorescence signal of toluene takes place between 1-100 ns [!] , with higher temperatures, the 
fluorescence lifetime will become shorter. Oxygen quenching of the fluorescence signal is a phenomenon that de
creases the amount of fluorescent light by collisional quenching, in which collisions with oxygen molecules take away 
the excess energy of the excited state, rather than an emitted photon. To avoid this effect, measurements can be done 
with nitrogen as bath gas instead of air. 
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Chapter 3: Laser induced fluorescence 

3.1 Planar LIF 

When LIF is used to measure a plane instead of a point or line, it is called planar laser induced fluorescence. 1t is not 
possible to measure the spectrum of the fluorescence because a spectrograph can measure only one spectrum of a line 
or a point. Therefore a camera is used with optica) filters to capture the fluorescence of a certain wavelength band. The 
wavelength band of the spectrum has to be predetermined using a spectrograph. The optica) filters are used to block 
the light which is not fluorescence, like scattered laser light, flame luminosity or other light sources. Planar LIF is also 
used to visualize short-lived combustion products like OH and NO radicals. These combustion products are present in 
flames and can be excited themselves; no tracer has to be added. 

3.2 Tracer LIF 

In most practical cases, a fluorescent tracer has to be added to the system to be able to use LIF because the system 
does not contain a fluorescent component. The LIF signa! is only visible where the tracer is present and therefore it 
can be used to visualize mixing of fluids or as a fuel tracer to visualize air-fuel ratios as shown by Einecke et al. [2]. 
Tracer LIF can also be used to measure a temperature. Many fluorescent tracers have an emission spectrum which is 
dependent on temperature, like acetone, toluene and 3-pentanone. An important property of the tracer when measuring 
temperature, is that the tracer will not decompose at the temperatures where it is used. The tracer should also have a 
vapor pressure which is suitable for the application so that the seeding is sufficient for the lowest temperatures. The 
tracer should co-evaporate with the base fuel. Tuis means that the evaporation properties of the tracer have to be close 
to that of the base fuel so they will evaporate at about the same temperature. The boiling point is an simple indicator 
of this property. For this investigation toluene was chosen because it is a sensitive tracer, roughly 300 times more 
sensitive than acetone in the absence of oxygen, and it needs only one excitation wavelength, unlike 3-pentanone, 
which needs a two-color excitation technique [l] . Also, toluene has a boiling point (383 K) close to that of the base 
fuel used for this research, n-heptane (371 K). 

3.3 Toluene LIF 

For this research, the most important characteristic of toluene is its temperature dependent fluorescence signal. The 
absorption spectrum of toluene encompasses two common laser wavelengths, 248 nm and 266 nm, as can be seen in 
figure 3.2. A 248 nm light pulse is made with a krypton-fluoride excimer laser and the 266 nm light pulse is made 
by quadrupling an Nd:YAG laser which operates at a wavelength of 1064 nm. For this research, the 248 nm laser 
was chosen because the power of the available excimer laser was much larger than the available Nd: YAG laser, which 
means that a larger area can be illuminated. 
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Figure 3.2: Absorption spectrum of toluene, which includes two common laser wavelengths; 248 nm and 266 nm [ l] 
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Chapter 3: Laser induced fluorescence 

When the temperature of the toluene vapor rises, the fluorescence spectrum shifts towards Jonger wavelengths. The 
temperature dependent emission spectra are visualized in figure 3.3. The temperature dependent fluorescence signa] 
of toluene is an observed phenomenon, the reason for the red-shift is still unknown. 

"blue" detection "red" detection 
channel channel 
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u. 
::; 0.2 a, 

i ::, 0.0 
~ 260 280 300 320 340 360 380 
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Figure 3.3: Emission of toluene fluorescence at different temperatures and detection bands for the cameras [3] 

It is impossible to measure the spectrum of every point in two dimensions with a spectrograph. To combine the 
temperature dependency of toluene LIF with planar LIF, a setup with two cameras is needed. The two cameras are 
fitted with bandpass filters to capture different narrow wavelength bands of the fluorescence spectrum. The ratio 
between these signal intensities depends on the temperature. lt is necessary to use the ratio instead of the intensity 
of one camera to cancel out the intensity variations caused by the local amount of toluene and the variations in laser 
power. However, even when using the ratio, calibration is still not trivial, as will be explained in the next two chapters. 
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Chapter 4 

Method 

4.1 Camera setup 

Because the signa) strength is very low for toluene fluorescence, especially at higher temperatures, it is necessary 
to use intensified cameras. The cameras used for this experiment are Princeton Instruments ICCD PI-max 3 1024i 
cameras. The intensified camera collects light with a photocathode which converts the photons into electrons, then 
the electrons go through a multi-channel plate where they are multiplied (gain) and the last part of the intensifier is a 
phosphor screen that converts the electrons back into photons. The photons are guided to the CCD chip by a bundle of 
fibre opties. The Unigen II coating on the photocathode is suited to collect light at the wavelengths of the toluene LIF 
spectrum. The quantum efficiency at 300 nm is around 10 %, this means that 100 photons that hit the photocathode 
will produce 10 electrons that go through the multi-channel plate. Figure 4.1 shows in a schematic how the cameras, 
lenses and filters are set up. 
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Chapter 4: Method 

280 nm filter 

nm long pass mirror 

Al-coated mirror 

320 nm filter 

Figure 4.1: Experimental setup with both cameras and toluene injector 

The Ienses that are used on the cameras are both Halle UV objectives with a focal Iength of 100 mm, an aperture 
of 50 mm and therefore an f-number of 2. They do not have diaphragms, so the f-number is fixed at 2 for all mea
surements. These Ienses were chosen for their low f-number, because the toluene LIF technique is known to yield low 
signal. The Ienses are specified for wavelengths of 195 to 450 nm. 
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Figure 4.2: Transmission curves ofbandpass filters and dichroic mirror 

The two bandpass filters used are Semrock FF0l-280/20 and FF0I-320/40 BrightLine single-band bandpass filters. 
Both have a diameter of 50 mm to fit the lens. The 280 nm filter has a bandwidth of 20 nm and the 320 nm filter has 
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Chapter 4: Method 

a bandwith of 40 nm. The transmission curves of these filters are shown in figure 4.2. The green line represents the 
transmission curve of the FF310-Di01 BrightLine dichroic beamsplitter that splits the signa) over the two cameras. 
The camera and filter setup is shown figure 4.1, camera l records through the dichroic beamsplitter and camera 2 
records via the dichroic beamsplitter. The aluminium coated 45° mirror in the engine reflects all wavelengths, in the 
region 270 - 340 nm, the reflection is about 90%. 

4.2 Flat field correction 

Flat field correction is a technique that corrects for pixel to pixel variations in sensitivity of the detector. Different 
gains and dark currents per pixel of a digital camera are compensated with flat field correction. Because two different 
cameras are used for each part of the toluene LIF spectrum, a flat field correction is needed. The images are used to 
make a ratio image, so it is important that all pixel intensities are independent of the different gains and dark currents 
of the detector. When the flat field correction is done, the ratio image can be made. 

Dark current correction is part of the flat field correction. The dark current image is an image made without light. 
The image consists of a DC-offset, that is a certain value set in hardware, which is independent of integration time and 
CCD chip temperature, and the actual dark current. The dark current is a small electric current that flows through the 
CCD chip and which is dependent on integration time and CCD chip temperature. This dark current image is not part 
of the captured light and therefore has to be subtracted from every image to end up with a clean measured signa!. The 
dark current subtraction takes the initial pixel intensity into account. 

The flat field correction starts by making an average flat field image. A flat field image is an image that is made 
by uniformly distributing the light over the intensifier or CCD chip of the camera. This can be done by defocusing the 
lens white it is looking at an evenly white surface. In this case the average flat field image is made of 200 separate flat 
field images to suppress noise. The average dark current image is made with the same recording frequency and gating 
time, except it is made of only 50 images because the noise level is very low. 

S(x, y) = D(x , y)t" + g(x , y) fot" I(x , y)dt (4.1) 

Where S(x,y) is the signal of the image, D(x,y)t• is the dark current for gate time t9 , g(x,y) is the gain and I(x,y) is 
the intensity of the of the light on the CCD chip. 

If, I( x, y) = 0, S(x, y) = D(x, y)t• = Sv 

If, I(x, y) = uniform= Io , S(x , y) - Sv = g(x , y) Io t9 

So, after dividing by the average g 10 t9 , the correction matrix becomes 

M(x, y) = g(~y) 
9 

Finally, measurement images SM(x, y) are corrected via 

t " (SM(x ,y) - Sv) · M(x ,y) = g Jo I(x, y)dt 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

The flat field correction works only in the linear regime of the camera because it uses a scale factor for every pixel. 
The linear regime is the part of the intensity range where the camera acts linearly; a double amount of light will induce 
twice as much intensity on the camera. Therefore it is necessary to subtract the dark current image. The pixel intensity 
of this dark current image is not in the linear regime of the camera. 
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Figure 4.3: Flat field correction verification, the left images are 200 image average flat fields used for the correction, 
the middle images are 10 image average flat fields, the right images are the middle images corrected with the left 
images. 

To test the flat field correction method, a test flat field image is used to verify the correction. Figure 4.3 contains 
the images of this test for both cameras. The left images are the flat field images that are used for the correction. 
The middle images are the test flat fields, with a different mean intensity, that are to be corrected with the correction 
matrix made from the left images. At first the dark current image is subtracted. Next the image is divided by the 
correction matrix. The resulting corrected images, on the right, should ideally be images with the same intensity value 
for each pixel, but because of noise, dead pixels, dust and the intensifier structure, this is not completely possible. 
The correction works for images with different mean intensities Especially corners of the images can not be corrected 
because there is no light. The square CCD chip is fitted to a circular image intensifier. Therefore, the corners of the 
images have to be ignored. 

4.3 Camera alignment 

To find the correct way to align the two cameras another test setup was built. The cameras were placed perpendicular 
to each other with a 45° mirror in front of both Ienses. One of the cameras captured the light which passed through 
the mirror and the other camera captured the light reflected by the mirror as can be seen in figure 4.4. The test object 
is located on the right, not in the picture. 
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Chapter 4: Method 

Figure 4.4: Setup for testing camera alignment 

At first this test was done with a 30% reflection mirror that was later replaced by the 310 nm long pass rnirror 
which was meant to be used in the final experiments. The 30% rnirror was used because the it does not need UV light 
to reflect the grid image. 

The goal of this test was to find out how to ad just the alignment in matlab and check the procedure to use the 310 
nm long pass mirror for image splitting. The first problem that occurred was a double reflection of the 30% rnirror on 
the camera that looks at the reflection of the rnirror. This is shown in figure 4.5. 

Figure 4.5: Double reflection image with 30% reflection mirror 

The egg shaped circle on top is the reflection of the front surface of the mirror, so this needs to be used for the 
spatial adjustment. The lower egg shaped circle is the reflection of the rear surface of the mirror, which needs to be 
neglected. The images are vertically spaced, because the cameras are mounted under a 90° angle. When the 310 nm 
long pass mirror was tried in this setup, the main problem was to get an image of the grid via the mirror. To solve this, 
a mercury vapor lamp was used to illuminate the alignment grid. The mercury vapor lamp has a spectrum with most 
of its intensity in the UV. The main peak is at 253 nm, which is useful in this experiment because it is shorter than 310 
nm. 
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Figure 4.6: Test setup for camera alignment 

Figure 4.6 is a schematic view of the test setup for the camera alignment. An image of the alignment grid without 
the UG5 filter (explained later in this section) is shown in figure 4.7. 

Figure 4.7: Double reflection image with 310 nm long pass mirror, without UG5 filter. 

In this case the double lines are still visible, but much closer to each other because this mirror is much thinner than 
the 30% mirror. Tuis second reflection is a ±5% reflection on the second surface of the mirror. To solve the problem 
with the double image, a band pass filter that blocks the second reflection was placed in front of camera 2. Also all of 
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Chapter 4: Method 

the other measures to enhance the image are shown in figure 4.6. The images were made with the smallest possible 
intensifier gain to prevent noise. 

Object light with all wavelengths 
Long pass filter coating 
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Retlection of short 
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\ 

Figure 4.8: Visual explanation of double image effect 

Figure 4.8 shows why the double image exists and also how it is blocked by the bandpass filter which only transmits 
the wavelengths reflected by the first surface. Light with all wavelengths is split by the long pass filter coating of the 
dichroic mirror. Wavelengths shorter than 300 nm are reflected towards the second camera. Wavelengths Jonger than 
300 nm are transmitted by the long pass coating and meet the back of the mirror. Tuis uncoated surface will reflect 
about 5 percent of the light. The second reflection is not blocked by the long pass coating and will therefore form a 
second image on the camera. 

This problem exists mostly due to the fluorescence of the grid paper. The mercury vapor lamp has its largest peak 
at 253 nm, which is all reflected by the mirror. The paper, however, converts most of the UV light into a visible blue 
light by fluorescing. Tuis light is much stronger than the 253 nm light that is left and the 5 percent reflection of the 
second surface will therefore be visible clearly in the image of the second camera. 

The problem is solved by using a UG5 bandpass filter which transmits wavelengths between 200 and 400 nm. This 
way the second reflection, which is visible (>400 nm) fluorescent light, is blocked. 
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Chapter 4: Method 

Figure 4.9: Single reflection image with 300 nm long pass mirror and UG5 bandpass filter 

Tuis improvement of the setup resulted in the image in figure 4.9. Tuis has no double lines and is perfectly useful 
for achieving the spatial adjustment. 

4.4 Toluene supply 

Toluene is supplied to the engine by two gasoline injectors. The injectors are placed in the inlet channel just before the 
inlet air enters the cylinder head and they are positioned in streamwise direction to minimize the amount of toluene 
that remains on the inlet channel walls. 

The toluene is pressurized in a 100 ml vessel by nitrogen to 4 bar above atmospheric pressure. The injectors are 
controlled by a programmable motormanagement (Motec) system and can be adjusted while the measurements are 
performed. Toluene is only injected during engine cycles during cycles for which measurements are done. 

4.5 Laser sheet specifications 

The laser that is used for this experiment is a Lambda Physik Compex 350T 248 nm KryptonFluoride Excimer laser. 
lt is equipped with an oscillator tube and an amplifier tube. The oscillator tube uses a grating to specify a very narrow 
wavelength band. Tuis narrow wavelength band is amplified in the amplifier tube. 

There have been some problems with the oscillator tube which means that the laser wavelength is less narrow, 
248.5 ±0.5 nm instead of 248.5 ±0.05 nm. This is in this research nota problem, because of the wide absorption band 
of toluene (see figure 3.2). 

The laser beam is not completely parallel , but slightly diverging. Because the beam has to travel over 10 meters 
before reaching the engine, this has to be corrected with a gallilean telescope. The telescope is made of a positive 
spherical lens with a focal length of 500 mm and a negative spherical lens with a focal length of -250 mm. The 
first lens converges the beam and the second lens is placed about 250 mm behind the first lens to collimate the 
converging beam into a parallel beam. The laser beam is half the original size after passing through the telescope. The 
divergence/convergence of the beam can be adjusted by changing the distance between the two telescope lenses, see 
figure 4.10. 
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Figure 4.10: Gallilean telescope made of two lenses [ 4] 

The maximum measured laser power was 500 mJ/pulse. Because the laser beam has to travel through three Ienses 
and via six mirrors, the maximum laser power at the entry of the engine was 120 mJ/pulse. 

The size of the laser beam before the last lens is 25 mm by 5 mm. A cylindrical lens with a focal length of 1000 
mm is used to produce a laser sheet. The focus of the sheet is set in the middle of the cylinder. Inside the cylinder, the 
laser sheet has a thickness between 2 and 0.8 mm. The mean thickness is 1.4 mm. With a maximum laser power of 
120 mJ/pulse and a laser sheet cross section of 1.4 mm by 25 mm = 35 mm2 , the maximum laser flux is 343 mJ/cm2 • 

4.6 Synchronization 

(illil ~ II 

Figure 4.11: Oscilloscope image of synchronization with the laser pulse and two camera gate periods. Orange: photo
diode, blue and purple: camera monitor signals, green: camera trigger 

Figure 4.11 shows the synchronization of the laser with the two cameras. The time scale is 50 ns per division. The 
green line represents the trigger signal which is sent to the laser. The orange line represents the signa) which is induced 
by a photodiode for the exact timing of the laser pulse. The blue and purple lines represent the monitor signa) from 
both cameras. Tuis signa) corresponds exactly with the gating period of the image intensifier. The photodiode is 
positioned close to the laser, the laser putse has to travel another ten meters to reach the optica) engine. This means 
there is a time delay between the photodiode signa! and the actual arrival of the laser pulse at the engine. Tuis can be 
calculated very easily by dividing the length of the beam path by the speed of light. 

20 



Chapter 4: Method 

10 
~t ;:::: --

8 
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The 33 ns delay is not shown in figure 4.11, and therefore, the laser pulse has to be shifted 33 ns later. The delay 
effect due to finite speed of light also occurs in the cables that transport the photodiode- and monitor signals to the 
oscilloscope, but this is canceled out because the same length of wires has been used. 

The timing of the laser has a jitter of about 10 ns, which means the start of the laser pul se can occur 10 ns earlier or 
later than it is supposed to be. The position of the gate period is chosen this way because it is important that the laser 
pul se is in the gate period. The fluorescence has a lifetime of 1-100 ns [ l]. When the laser pul se occurs before the gate 
period, signa) is lost and minor timing differences in gate timing will cause short-lived fluorescence to be captured by 
only one camera and therefore lead to wrong ratios. The gate period was set to 150 ns. With a maximum fluorescent 
lifetime of 100 ns, a laser delay of about 30 ns and a measured laser jitter of 10 ns, the gate period must be 140 ns. 
The gate period was set to 150 ns to allow a 10 ns play. 

Adjustment of the timing is done by a Stanford DO535 delay box which sends a trigger signa) to the laser and one 
to both cameras. The camera gating can be adjusted individually in the camera software. 
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Results 

5.1 Pilot experiments 

Toluene LIF is a method that requires proper testing to show the applicability of the technique before accurate mea
surements can be perfonned. To find out where error sources may occur, several tests have been perfonned. Some of 
the tests were done because they are essential for the method and some were done because problems were observed 
during other tests. 

5.1.1 Toluene fluorescence spectrum 

The goal of this test was to measure the toluene fluorescence spectrum after excitation with 248 nm light and to 
compare it with literature data. The spectrum of the toluene LIF signa) has a known shape and bandwidth [l] and can 
be measured with a spectrograph. 

For this test, a cup with 5 ml toluene was put in an optically accessible high pressure cell of 1 liter that was heated 
to 350 K [5] . When the toluene was vaporized, the laser was pulsed and the signal was measured with a grating 
spectrograph. The results is shown in figure 5.1. 
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Figure 5.1: Toluene fluorescence spectrum at 350 K 

Figure 5.1 proves that the toluene can be excited with a 248 nm laser and will emit fluorescent light with a spectrum 
similar to the spectrum of Luong et al . [3] as shown in chapter 3.3. 
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5.1.2 Toluene concentration influence 

The spectrograph was replaced by the two !CCD cameras to test the signa] strength on the cameras. The high pressure 
cell was filled with toluene vapor in the same way as in section 5.1.1. When the first images were made, it immediately 
became clear that the signal was much stronger on the side where the laser entered the test cell . This phenomenon is 
caused by the absorption of laser light by toluene vapor. To improve the penetration depth of the laser, the een was 
slowly evacuated in 0.1 bar steps; this way the amount of nitrogen and toluene vapor was decreased so the absolute 
toluene density decreased. The penetration depth increased, but the overall signa] decreased. The toluene concentration 
therefore is a trade-off between the signa) intensity and the penetration depth of the laser. 

Different toluene concentrations were also tested in the optica] engine. The amount of toluene can be controlled 
by changing the actuation time of the port fuel injector. When a very small amount of toluene is injected, the signa) 
to noise ratio is very low and the derived temperature will become very sensitive to small flaws in the background 
subtraction. When the subtracted background is 30 counts higher than the actual background, this is the worst case 
scenario for the background error (see chapter 5.1.4 and 5.1.5), the error in the ratio of 1.5 ms injection time in figure 
5.2 would be 15%. For measurements closer to top dead center the signa) will decrease due to higher temperature, so 
the error can be even larger. 

Figure 5.2 shows the influence of the toluene concentration on the ratio and the intensities on the cameras. The 
region of interest for these tests is shown in figure 5.11 . These tests were done at 300 CAD. 
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Figure 5.2: lnfluence of different toluene concentrations (300 CAD, 500 K). 

The ratio stabilized for an injection time of 5 ms or higher. Because penetration depth of the laser sheet was 
found to be an issue, 6 ms was chosen as a standard injection time. The measurements at CAD closer to top dead 
center concern a smaller cylinder volume because the piston is closer to the cylinder head. This increases the toluene 
concentration, but the penetration depth of the laser sheet is almost through the whole field of view of the camera as 
can be seen in figure 5.3. The increase of toluene concentration at higher CAD is partly compensating for the loss of 
signa] due to higher temperatures, therefore the injection time was not decreased for higher CAD. 

To check the influence of evaporative cooling by the injected toluene the temperature difference is calculated. All 
symbols are explained in the list of symbols at the end of this report. For this calculation, the following equations are 
needed: 

h = Cp •T (5.1) 

o ⇒ (5 .2) 
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mfue1(he, fu el - hb,juet) 

Combining equation 5.1 and 5.2 results in: 

mfuel · (t:.hvap,fued + Cp,fuel(Te - n , fued = Cp,air(Tb,air - Te) (5.3) 
mair 

The amount of toluene injected per cycle at 6 ms injection time is approximately 0.07 ml. The density of toluene 
is 0.87 g/ml. Tuis means that the mass of toluene injected per cycle is 0.069 g. 

The amount of air in the cylinder is 2 liter, the density of air at I bar is 1.2 g/1. Tuis means that the mass of air is 
2.4 g. 

ffi/ u e l = 0.069 = 0.025 
ffi o.ir 2.4 

The temperature of the toluene in the injector ~ 300 K. 
The temperature of the air in inlet channel = 323 K 
f::.hv ap,juel = 4.02 · 105J/kg 
Cp,fuet = 1240J /kgK [6] 
Cp,air = lO00J /kgK [6] 
So, when using these values in equation 5.3, 

0.025 · (4.02 · 105
) + 1240(Te - 300) = 1000(323 - T e ) 

1.005 · 104 + 31(Te) - 9300 = 323 · 103 
- lO00(Te) 

1031(Te) = 323 · 103 
- 1.005 · 104 + 9300 

T e = 323 . 103 
- 1.005 · 10

4 + 9300 = 312K 
1031 

The begin temperature of the air was 323 K, so the temperature difference due to evaporative cooling is 11 K. This 
temperature difference might cause the decrease in ratio with increasing injection time. 

Figure 5.3: Difference in penetration depth at 300 CAD and 340 CAD with an injection time of 6 ms, the laser enters 
at the top of the images. 
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5.1.3 Laser power influence 

A series of test measurements has been done to find out the influence of the laser power on the camera intensities and 
the ratio. Higher laser power gives more signa! on the cameras, but this should cancel out in the ratio because the 
spectrum is supposed to stay the same. 

lt is possible to change the laser power by changing the settings of the laser, but this range is only from 170 to 340 
mJ/cm2

• To do measurements with lower power, the laser beam was partly blocked by sending it through a small slit. 
The width of this slit was variable, allowing for continuous adjustment of the net illumination power while keeping 
the laser sheet the same size (25 mm). 

Figure 5.4 shows, signal level of both cameras and their ratios, measured for different laser powers. These mea
surement were all done at 300 CAD, approximately 500 K. For laser powers lower than 200 mJ/cm2, the signal level 
increases linearly with increasing laser power. For laser powers higher than 200 mJ/cm2 , the intensity seems to stabi
lize because the light absorption is saturated. When toluene is saturated with laser light, all of the toluene molecules 
are in the SI state (see chapter 3.3). The toluene can therefore not absorb any more laser light energy and the amount 
of fluorescent light is at a maximum. 

The ratios seem to be very unreliable, these were very early measurements and may therefore contain errors that 
were discovered later in the process. 
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Figure 5.4: influence of laser power on fluorescence intensity 

The laser power measurements have been perforrned once more later in the process. This time, a series of mea
surements were done at different CAD. Figures 5.5, 5.6 and 5.7 shows the ratio plotted against the laser power and the 
camera intensities for 200, 300 and 345 CAD, measured at 200 rpm. The laser power was not reduced by using a slit 
and could therefore not be lower than 170 mJ/cm2

. The 200 CAD graph is inconclusive about the change in ratio for 
different laser powers, but 300 CAD and 345 CAD seem to have a trend where the ratio is decreasing with increasing 
laser power. 

The ~ T for the highest and lowest ratios for 200, 300 and 345 CAD are 24, 10 and 24 K respectively. In per
centages, the error is 7%, 2% and 3%. In chapter 5.2, it will be shown that this error is within the accuracy of the 
method. 

No publication has been found on the influence of saturation of toluene with laser light, therefore the choice was 
made to do further measurements in the linear regime found in figure 5.4b. l 70 mJ/cm2 was chosen because this is the 
highest laser power that is in the linear regime. 
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Figure 5.5 : lnfluence of laser power on the ratio and intensities for 200 CAD, 346 K 
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Figure 5.6: lnfluence of laser power on the ratio and intensities for 300 CAD, 515 K 
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Figure 5.7: lnfluence of laser power on the ratio and intensities for 345 CAD, 763 K 

5.1.4 Recording speed influence 

Duiing the experiments, it was noticed that the camera background noise changed with changing speed. This phe
nomenon is caused by an increased dark current. Apparently the dark current of these cameras is not defined by the 
gating time, but the recording speed. lt seems that the cameras use all available time (dependent on the recording 
speed) to integrate current on the CCD chip, while the gating time deterrnines the time that signal is collected. This 
means that when a recording is made at 10 Hz, every frame has a CCD integration time of 0.1 seconds, while at 5 
Hz, the CCD integration time will be 0.2 seconds. The actual integration times are shorter, because there is also time 
needed for the CCD chip readout. 

When a wrong background is subtracted from a measurement image, the difference between the subtracted back
ground and the actual background is added or subtracted to the signal. For high temperatures, where the signa) strength 
is low, this will have a larger influence. 

To check the background levels for different recording speeds, background images were made for recording speeds 
that correspond with the engine speeds used for the measurements. The mean intensities of these background images 
are shown in figure 5.8. When the wrong background is subtracted from an image, the maximum error is about 
20 counts. Because the toluene LIF method yields low signal, this error can become significant, especially for low 
temperatures where the difference between the two camera intensities is large, and the 320 nm intensity is low. 

lt was not possible to change the settings of the camera so as to avoid this difference in background intensity, so 
for different engine speeds, different background files are used. 
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Figure 5.8: Mean background intensity for different recording speeds 

5.1.5 CCD chip temperature 

10 

Because inlet air healing was applied, the temperature of the air around the engine also went up. The cameras, close 
to the engine, were unable to keep the CCD chip temperature at the set value of -25 °C. The background level of a 
camera is dependent on the CCD chip temperature. When the temperature of the chip rises, the dark noise increases 
and thus the background. Background images were made for different CCD chip temperatures to check if this really 
influences the intensity. Figure 5.9 shows the mean intensity of the background images for different chip temperatures. 

The intensity difference between -25 °C and -20 °C is only 10 counts, but since it is unknown if the sensitivity is 
influenced by the temperature, it was decided to make sure that the temperature was kept at the set value of -25 °C. 
This was done by using an airconditioning system to direct cold air to the cooling vents of the cameras. 
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Figure 5.9: Mean background intensity for different CCD chip temperatures 

5.2 Calibration 

To be able to assign a temperature to the fluorescence intensity ratios, a calibration curve needs to be made. Tuis is 
done by calculating the mean ratio of an area with a uniform and known temperature. The temperature is calculated 
with a Matlab engine model. 

The engine model is based on the first law of thermodynamics ( conservation of energy ). The model uses a temper
ature dependent heat capacity, a heat transfer to the cylinder wall and a leak crevice that determines the blow-by. The 
changing volume of the cylinder changes the specific energy of the gas because the pressure increases. This change in 
specific energy translates into a change in temperature. The heat transfer to the wal! and the pressure loss due to the 
blow-by is calculated for every increment. 

When the measurements were made, an in-cylinder pressure curve was also measured. This pressure curve can 
be matched with the pressure curve of the engine model by changing the blow-by and heat transfer of the model. 
Some assumptions have to be made for the engine model, being the cylinder wall temperature and the heat transfer 
coefficient. The inlet air temperature, pressure and engine speeds are known. With these parameters all defined, the 
calculated pressure curve can be matched with the measured pressure curve by changing the clearance of the piston 
rings. This will change the amount of blow-by and with that the amount of pressure loss. When the curves are matched, 
the calculated temperatures for every crank angle degree of our measurements are found. The piston ring clearance in 
the model is set to 3 µm, the heat transfer coefficient to 300 W/m2K and the wal! temperature to 130 K. The optically 
accessible engine runs with non lubricated piston rings and has therefore more blow-by than a normal engine. 

The temperature and pressure curves for higher engine speeds are then calculated, using the same model settings, 
by changing only the engine speed in the model. The results of the engine model are presented in figure 5.10. Figure 
5.1 0b and 5.10c show that the pressure and temperature rises for increasing engine speed because of less blow-by and 
less heat transfer to the wall. 
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Figure 5.10: Pressure and temperature curves from engine model 

Figure 5.11 : Measurement image with calibration area, the lasersheet travels from top to bottom 

The calculated temperatures are coupled to the mean ratios found in a 40 by 40 pixel region in the middle of the 
laser sheet, next to the injector. Tuis region was chosen because it was the largest area where no disturbances in this 
area, like a valve rim or injector, were present. These disturbances are visible because toluene is present on these 
surfaces or the fluorescence is reflected by the 45° surfaces of the valve rim and the injector. Por the calibration, 
five measurement sweeps have been made with a sweep over 21 different CAD, from 200 to 345 CAD. At every 
measurement point, 10 frames were recorded. This gives an average value over 16000 pixels, 40 by 40 pixels by 10 
frames. The five calibration sweeps are plotted in figure 5.12 against the calculated temperatures. 

After making the first two sweeps, a problem with the CCD chip cooling of the camera was observed. Because 
of the inlet air healing system, the air around the engine was healing up and the cameras were unable to keep the 
chip at a constant -25°C. With this unsteady chip temperature, the background noise was much higher than it should 
be. Tuis phenomenon is called dark noise. Dark noise arises from statistica! variation in the number of electrons 
thermally generated within the silicon structure of the CCD chip. lt is independent on photon induced signa!, but 
highly dependent on temperature. The generation rate of thermal electrons at a given CCD chip temperature is called 
dark current [7]. Because the exact chip temperature was unknown for all measurements, it was not possible to correct 
for this increased unknown dark current. Therefore sweeps 1 and 2 have to be discarded. All calibration sweeps were 
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made at 200 rpm. 
The camera cooling problem was solved by using an airconditioning system that was pointed at the cameras. 

Sweep 3 and 4 are both measured with the same laser power (170 mJ/cm2
), but have different inlet temperatures of 33 

and 50°C respectively. Tuis difference in inlet temperature is the reason that the points are not on the same position 
horizontally. The temperature difference becomes larger with increasing temperature. 
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Figure 5.12: Calibration sweep measurements 

Sweep 5 was measured with a higher laser power (340 mJ/cm2). This is not in the linear regime any more because 
the toluene is saturated with the laser light and this translates into a different ratio. Figure 5.4 shows a trend that the 
intensity does not increase linearly above 170 mJ/cm2 . Therefore this sweep is not used for the calibration. 

To check the calibration, several points were measured again during the spray measurements. These points are 
plotted in figure 5.13. It is obvious that several points are far off the calibration curve. To find out why this is, the 
original images have been checked for several flaws . At first the images were checked for wrong timing, which occurs 
sometimes when the laser power had been changed. The laser has to stabilize to the new voltage which means that 
the timing is not exactly the same for every pulse, stabilization was complete after about 10 pulses. Tuis issue was 
noticed before the calibration measurements were made, so it was taken into account. When checking the images for 
this problem, none were found to have it. 

Next up is a check for stains in the images. When the piston window is dirty, stains occur in the measurement 
images, these stains are more present in the short wavelength camera, which means the ratio will change. Also for this 
issue, none were found. 

To check if all backgrounds were subtracted correctly, the intensity next to the laser sheet was monitored. When 
the cameras are not able to keep the chip temperature at a steady -25 degrees Celcius, the background will increase. 
Tuis can also be ruled out because in none of the images this problem was found. 

Also, differences in inlet temperature due to heat loss to in the piping and due to evaporative cooling were taken 
into account when calculating the temperature. 
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Figure 5.13: The correctly measured calibration sweeps and control points measured at different crank angle degrees 
(10 frame average) 

In figure 5 .13 are a lot of outliers. All of these points are averages of 10 frames, so the first step is to see if the 
outliers are due to bad frames or extreme variations per frame. In figure 5.14 ratios of each frame of the calibration 
sweeps and the control points are plotted. The plot shows that the outliers are not caused by extreme variations, so 
another explanation has to be found. 
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Figure 5.14: The correctly measured calibration sweeps and control point ratios for each frame 

lt tums out that the most extreme outliers were all recorded with an engine speed of 800 and 900 rpm. With this 
finding, a plot has been made with a measurement series that has the engine speed as a variable. This measurement is 
done for three different crank angle degrees and five different engine speeds. The plots are shown in figure 5. 16 and 
figure 5.17. Figure 5.16 shows a change of the ratio with increasing engine speed. This could eithermean a wrong ratio, 
or a higher temperature. There is no reason to assume that the ratio is wrong because all backgrounds were subtracted 
correctly. The temperatures being higher is a more reasonable explanation. When the engine speed is higher, the 
blow-by and the heat transfer to the cylinder wall is smaller, because there is less time for gas flowing through the 
piston ring clearance and heat being transferred to the cylinder wal!. Figure 5.17 takes this higher temperature due 
to higher engine speeds into account with the engine model. The lines are shifted slightly to the right, but not nearly 
enough to be on top of each other. 

It is possible that the triggering device has a fixed delay. This means that when the device is set to give a trigger 
pulse at a particular CAD at an engine speed of 200 rpm, with a fixed delay of 1 ms, the actual trigger putse would be 
1.2 crank angle degrees later. At 600 rpm this would be 3.6 crank angle degrees and for 900 rpm this would be 5.4 
crank angle degrees. To predict a delay, the data points of higher engine speeds were shifted towards the right of the 
plot to fit the calibration curve. This new found temperature was then located in the CAD-Temperature plot belonging 
to that engine speed. This way a shift in CAD was predicted. The shift in CAD was then used to calculate a time delay 
for the different engine speeds. In the case of 600, 800 and 900 rpm, a delay of 2±0.2 ms was found to make all data 
points collapse into a single curve. When this delay is used to correct the temperatures, the calibration points look like 
figure 5.15. When the trigger mechanism was checked, however, no intrinsic delay was found. This hypothesis can 
therefore not be used to explain the difference in ratios. 
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Figure 5.15: Calibration points with a hypothetical 2 ms delay 
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Figure 5.16: Ratios plotted against engine speed for different crank angle degrees (10 frame average) 
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Figure 5.17: Ratios plotted against temperature for different engine speeds (10 frame average ). 

No explanation has been found for the difference in ratio. Because the ratios are very consistent for the calibration 
sweeps, it is assumed that the difference in ratios for different engine speeds is caused by an actual difference in 
temperature. Therefore the sweep at 200 rpm is used for the calibration without taking the data points at higher engine 
speeds into account. 
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Figure 5.18: Calibration fit with error bars based on sweep 3 and 4. 
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Figure 5.18 shows the calibration fit and error bars based on the calibration sweeps 3 and 4. The error on the ratio 
is 15% and the temperature error based on the ratio error is 7%. 

The temperature is measured in the inlet about 1 m before the gas enters the cylinder head. In the tubing it passes 
through between the thermocouple and the cylinder head, the gas can be cooled. The effect of evaporative cooling by 
the toluene also has an effect of about 10 K. The maximum temperature difference is estimated at 20°C. Tuis means 
that the actual inlet temperature would be 30°C when entering the cylinder head. 

On the other hand, the cylinder head is heated to 80°C, so it is also possible that the inlet air is heated before 
entering the cylinder. Because this effect would merely compensate for the temperature loss in the inlet channel, the 
positive error on the inlet temperature is estimated at 5°C. This would mean that the maximum inlet gas temperature 
was 55°C. 
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Figure 5.19: Error on temperature when inlet temperature was 30°C or 55°C instead of the measured 50 °C. 

The engine model was used to calculate the temperatures of the calibration sweeps when the inlet temperature 
would be 30°C and 55°C. The difference in percentages between the 50°C inlet temperature curve and the ones of 
30°C and 55°C is plotted in figure 5.19. When these errors are added to the errors found in figure 5.18, the calibration 
fit with error bars looks like figure 5.20. 
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Figure 5.20: Calibration fit with error bars, including error in inlet temperature. 

5.3 Spray measurements 

The direct injection events are captured to determine the temperature. The first measurement set is done with a fuel 
blend of n-heptane with 10 % toluene. The second measurement set employed a pure n-heptane injection combined 
with toluene port fuel injection. 

LIF images are taken during and after the injection event to find out how the fuel mixes with the inlet air and what 
temperature variations are present. 

Figure 5.21: Spray image schematic, with the laser sheet in blue and the spray in orange. The spray cone angle is 143° 

Figure 5.21 shows the schematic of the laser sheet through the spray. The plane of the light sheet is perpendicular 
to that of figure 5.21 and fluorescence is collected from below. Because the laser sheet does not hi t the whole spray, 
a cross section of the spray is visible in the measurement images. This cross section is shown in the bottom of the 
image. In the actual measurement images, the apparent cross sections will be larger due to scattering of the laser light. 
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Figure 5.22: Raw images of both cameras and the derived temperature image of a spray with 10% toluene, 10 accu
mulations. 

Figure 5.22c shows the temperature image of a spray measured at 340 CAD, with the start of injection at 335 CAD, 
rail pressure of 500 bar and an injection duration of 2 ms. The temperature of the gas in the cylinder is about 800 K 
at this point, as derived from the engine model. Figure 5.22c implies that the temperature of the gas in the cylinder 
would be about I 100 K, which is impossible. It also implies that part of the spray is hotter than the surrounding gas 
(1200 K), which is also impossible because there is no combustion. Figure 5.22a and 5.22b show the raw measurement 
images, from which it can be seen that the 320 nm image shows a much larger spray than the 280 nm image. The 280 
nm camera might be saturated in the most intense part of the sprays, which causes wrong ratios to appear. Most of the 
image, however, is not saturated, but the derived temperatures are still not correct, so another explanation has to be 
found . 

Another hypothesis for explaining the unphysical temperature field is that impurities in the n-heptane, that was 
used as a fuel , comprise components that emit fluorescent light in the region of 270 - 340 nm when excited with 248 
nm light. To check this hypothesis, spray measurements were done without toluene as a tracer to see if the n-heptane 
indeed fluoresces in this region. 

Figure 5.23 shows the intensity on the 320 nm camera in a sweep where the 99.3 % pure n-heptane was replaced 
by a spectroscopie grade 99.6 % pure n-heptane. The same effect is visible at the 280 nm camera, but the intensities 
are Iower, so the 320 nm camera images were chosen to visualize this. 
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(a) No flush (b) 1/3 1 flush (c) 2/3 1 flush (d) 11 flush (e) 3.5 1 flush (t) 5 1 flush 

Figure 5.23: Decay in intensity while flushing the fuel system with spectroscopie grade n-heptane at 320 nm camera, 
after 5 liters flushing in (t) , the images are averages of 10. 

Figure 5.23a shows the intensity of the 99.3% pure n-heptane and figure 5.23f shows the intensity of the 99.6% 
spectroscopie grade n-heptane. In the ideal case there should be no signa) at all, because the base fuel should not 
fluoresce in the range of the toluene fluorescence in which the bandpass filters are chosen, see chapter 4.1. 

The intensity evolution of the sprays in figure 5.23 is visualized in a graph. Figure 5.24 shows the area that was 
used for averaging the intensities of figure 5.23. The spectroscopie grade fuel is a large improvement, the residual 
intensity is reduced by a factor of 5, as can be seen in figure 5.25. The impurities in the n-heptane is reduced with 
a factor of 1.75 from 0.7% to 0.4%. The intensities decreased with a higher factor because the impurities in the 
spectroscopie grade n-heptane are of a different nature than the impurities in the 99.3% pure n-heptane. 

The ratio 320 nm over 280 nm is 4, after 5 liters of flushing. This means the intensity is not from toluene that is 
left behind in the common rail system or the inlet channel, but from other unknown traces in the fuel. If the intensity 
were due to toluene, the ratio would be in the range 0.1-0.6 ( 400 - 800 K). 

Figure 5.24: Selected area for intensity decrease plot 
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Figure 5.25: Decreasing intensities for more pure n-heptane in small area (figure 5.24), zero liters flush is 99.3% 
n-heptane and flushing is done with 99.6% pure n-heptane. 

The following images are all made with the spectroscopie grade n-heptane. The absolute purity is Jess important 
than the sort of impurities, for example, 0.7% H2O does not fluoresce. Spectroscopie grade n-heptane is specifically 
produced to not absorb Light. Toluene is not added to the fuel any more, because the intensities saturate the cameras. 
The temperature is derived from the toluene added by the port fuel injection system. Tuis toluene is entrained in the 
spray when the injection takes place. The six cases in table 5.1 are the only measurements left after checks for errors 
in the measurements. Most errors were due to timing problems in the 320 nm camera. To eliminate the areas with 
too little signa), the measurement images were filtered with a threshold. The areas with signal lower than 300 counts 
are eliminated, a value chosen in case 4 for both cameras to still see the spray. The valve rim is in all cases above 
this threshold, and therefore visible in all temperature images. The temperatures on the valve rim have to be ignored 
because the signa) is not vapor phase toluene fluorescence. The raw images always need to be interpreted. 

Table 5.1: Measurement cases 

Case nr. LIF [CAD] Dl [CAD] tinj [ms] PFI 
1 
2 
3 
4 
5 
6 

340 335 2 yes 
345 340 I yes 
345 340 2 yes 
345 340 2 yes 
375 370 2 yes 
380 375 2 yes 

Explanation of the columns in table 5.1 : 
LIF: CAD where the LIF image was taken. 
Dl: CAD where the start of the injection took place. 
lini : Time that the injector was actuated. 
PFI: If port fuel injection was applied. 
n: Engine speed. 
T;n: Temperature of nitrogen going into the engine. 

n [rpm] T ;n [°C] 
600 50±5 
600 50±5 
600 50±5 
600 50±5 
600 50±5 
600 50±5 
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P;n{ Pressure on the common rail system. 
Accumulations: Number of images used for averaging. 
T9a,: Averaged temperature inside the cylinder calculated by the engine model. 

(a) 280 nm (b) 320 nm ( c) Temperature 

Figure 5.26: Case 1 
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The temperature of the surrounding gas in figure 5.26 should be 762±4 K according to the model used for calcu
lating the calibration temperatures. Tuis was checked by calculating the mean temperature in a small area on top of 
the image where the spray is not present. For this image, that temperature is 787±50 K. The core temperature of the 
spray is about 600 K according to this image. This should be about 400 K. 

Because the measurement image without toluene (figure 5.23t) doesn't have zero intensity, it is known that part 
of the intensity in figures 5.26a and 5.26b is not induced by toluene. Because figure 5.26 is measured under the same 
circumstances as figure 5.23f, except with PFI, figure 5.23f is used to estimate an error in the ratio at the point of the 
highest intensity. The highest intensity of figure 5.26 is reduced by the highest intensities of figure 5.23f, which are 
shown in figure 5.25 for both cameras. 

Without this correction the ratio and corresponding temperature is: 

48000 
lOOOO = 0.208 = 571K, 

With the correction of the intensities of figure 5.25, the ratio and corresponding temperature is: 

48000 -1000 
10000 - 4000 = 0.128 = 469K, 
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These values show that the correction with the images with only n-heptane brings the core temperature to a more 
realistic range. The raw images of figure 5.23f were subtracted from the raw images of figure 5.26. The resulting 
images were used for a ratio image and, subsequently, a temperature image. The result of this method is shown in 
figure 5.27. The threshold of 300 counts in the raw images causes the temperature image to have a lot of parts where 
the temperature is unknown (dark blue parts). 

The part where the spray is not present still shows roughly the same temperature, but the sprays itself appear to be 
a lot cooler than in figure 5.26. 
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Figure 5.27: Case 1, corrected with images without toluene 
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Figure 5.28: Case 2 

Figure 5.28 shows the temperature image without being corrected for the residual intensity caused by the n-heptane. 
When this correction is used, the temperature image is almost completely blocked by the 300 count threshold on both 
camera images, see figure 5.29c. lt appears to be that the 320 nm image without toluene (figure 5.29b) has more 
intensity on most of the image than the 320 nm image with toluene (figure 5.28b ). Tuis might be caused by the laser 
light intensity. A part of the laser light is absorbed by the toluene in figure 5.28a and 5.28b. In the images without 
toluene, figures 5.29a and 5.29b, there is more laser light at the spray, because it has not been absorbed by toluene. 
Tuis means that the method of subtracting an image without toluene is not correct due to a difference in illumination 
intensity at the spray. The image is overcorrected. 

The temperature in the top of the temperature image of figure 5.28c is 780±60 K. The temperature at this point 
according to the engine model is 801 ±4 K. 
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Figure 5.29: a) 280 nm image without toluene, b) 320 nm image without toluene, c) Temperature image corrected with 
a and b. 

Figures 5.29a and 5.29a show the measurement images without toluene that are used to correct figures 5.28a and 
5.28b. The temperature image composed of the corrected images is shown in figure 5.29c. 
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Figure 5.30: Case 3 

Case 3 is not corrected with the image without toluene any more, because case 2 proved that this method is unre
liable and probably wrong. The temperature in the top part of figure 5.30 is 774±60 K according to the temperature 
image. The engine model calculated the temperature at this point at 801 ±4 K. 
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Figure 5.31: Case 4 

For case 4 it is not possible to get a gas temperature from the top of the temperature image because the intensity 
of the raw images is lower than 300 counts. 
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Figure 5.32: Case 5 

The temperature in the top part of the temperature image of case 5 is 801 ±60 K where the engine model calculated 
the temperature to be 778±4 K. 
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Figure 5.33: Case 6 

The temperature in the top part of the temperature image of case 6 is 816±60 K where the engine model calculated 
the temperature to be 732±5 K. 

The difference between the temperature image and the engine model temperature is for case 1, 2, 3 and 5 in the 
range of 20-25 K, which is all within the uncertainty of the method. The temperature difference for case 6, however, 
is with 84 K relatively large. 
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5.4 Afterspray measurements 

Tuis chapter discusses the results of the LIF measurements that were done after the injection was stopped. When the 
measurement images were checked, it immediately became clear that there were cycle to cycle differences. Because 
these cycle to cycle differences, it is not very useful to make an average image of the frames of one measurement. 

Table 5.2: Measurement cases 

Case LIF [CAD] Dl [CAD] tin,t [ms] PFI n [rpm] Tin [°C] P;n,t [bar] Ace heptane purity T~as [KJ 
7 305 290 2 yes 600 50±5 500 10 99.3% 528 
8 340 330 2 yes 600 60±5 500 10 99.3% 775 
9 345 335 2 yes 600 50± 5 500 10 99.6% 802 

(a) (b) (c) (d) (e) (f) (g) 

Figure 5.34: Case 7: Afterspray at 305 CAD with injection at 290 CAD (scaled 0 - 8000 counts), (a) represents the 
average of the 320 nm camera, (b) to (g) represent single shot images of the 320 nm camera. 

Six different frames of the 320 nm camera of one measurement are shown in figure 5.34. The 99.3% pure n
heptane with 10% toluene was used as a fuel. This measurement was done at 305 CAD and a start of injection at 290 
CAD. This very early injection was used to get appropriate signa) levels. 

The bright spots in the images are Huorescing droplets leaking from the injector after it was closed. These droplets 
might give rise to the amount of unbumed hydrocarbon emissions. Clear structures are observed showing the fuel 
clouds. 
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Figure 5.35: Case 7: Single shot afterspray at 305 CAD with injection at 290 CAD (scaled 0 - 8000 counts) 

Figure 5.35 shows the measurement images and the temperature image of a single shot measurement (figure 5.34f) 
at 305 CAD and a start of injection at 290 CAD. The temperatures shown in figure 5.35c are completely off because 
the n-heptane that was used as base fuel is contaminated with other fluorescent species than toluene, the temperature at 
305 CAD is 528± 7 K. The temperatures are higher where the fuel is present than in areas where there is no fuel, this 
can not be true because the fuel had a lower temperature when it was injected and there is no heat source. The intensity 
range of the images is about 4000 - 10000 counts at the 280 camera and 600 - 10000 counts at the 320 camera. 

Tuis measurement was done with the same fuel as figure 5.22. For an explanation of the wrong temperatures, see 
chapter 5.3. 
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(a) (b) (c) (d) (e) (t) 

Figure 5.36: Case 8: Afterspray at 340 CAD with injection at 330 CAD of the 320 nm camera (scaled 0 - 8000 counts). 

Figure 5.36 shows the 320 nm images at 340 CAD with an injection at 330 CAD. All images are different, and 
can therefore not be used to make an average image. The fuel used in this measurement is 99.3% pure n-heptane with 
10% toluene. 
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Figure 5.37: Case 8: Single shot afterspray at 340 CAD with injection at 330 CAD (scaled 0 - 8000 counts). 

Figure 5.37 shows camera images and a temperature image at 340 CAD with an injection at 330 CAD, also 
measured with the 99.3% pure n-heptane with 10% toluene. The temperatures are just like in figure 5.35 not correct. 

The intensity range of the images is about 100 - 600 counts at the 280 camera and 200 - 3000 counts at the 320 
camera. 
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Figure 5.38: Case 9: Single shot afterspray at 345 CAD with injection at 335 CAD (scaled 0 - 2000 counts), toluene 
is only added by the PFI system 

Figure 5.38 shows a single shot measurement with spectroscopie grade n-heptane as a fuel and toluene only added 
by a 6 ms injection of the PFI system. The signa) on both cameras is very low, about 500 counts on the 280 nm camera 
and about 200 counts on the 320 nm camera, and therefore the temperature image doesn' t show regions with different 
temperatures. 
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(a)295 CAD (b) 300CAD (c) 305 CAD (d)310CAD (e) 315 CAD (t) 320CAD (g) 325 CAD 

Figure 5.39: Spray and afterspray images of the 320 nm camera at different CAD with an injection at 290 CAD (scaled 
0 - 15000 counts ). 

Figure 5.39 shows single shot images of the 320 nm camera of the spray and the afterspray at different CAD. The 
injection was started at 290 CAD and the first image is made at 295 CAD, every next image is 5 CAD later. These 
images were made with 99.3% pure n-heptane with 10% toluene. They show that tracer LIF can be used to visualize 
the fuel distribution. These images were all made under the same conditions, hut they are not the same spray. 

(a) lnjection at 325(b) lnjection at 330(c) lnjection at 335 
CAD. CAD. CAD. 

Figure 5.40: Measurements at 340 CAD with injections at 325, 330 and 335 CAD of the 320 nm camera (scaled 0 -
15000 counts ). 

Figure 5.40 shows the 320 nm camera images measured at 340 CAD with injections at 325, 330 and 335 CAD 
with the same fuel as used in 5.39. These images show that tracer LIF is applicable at CAD close to top dead center. 
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Chapter 6 

Conclusion and recommendations 

6.1 Conclusion 

The goal of this research was to determine the temperature distribution during and after the injection event in an in
ternal combustion diesel engine. The temperature dependent fluorescence emission of toluene was used to measure a 
two-dimensional temperature field . 

The calibration of the method was done at 200 rpm, while the spray measurement were performed at 600 rpm. The 
calibration data shows that there are differences in the ratio where temperatures are calculated to be the same for dif
ferent engine speeds. The calculation of temperatures at 600 rpm is less accurate than it could be because the pressure 
curve of 200 rpm was used to match the engine model to the experimental setup. The step of assuming that the match 
at 200 rpm is perfect and just changing the engine speed in the model introduces unnecessary inaccuracies. 

It can be concluded from this finding that the calculated temperatures are not correct because the toluene LIF spectrum 
can not be dependent on the engine speed. 

In the spray measurements, it was found that the fluorescence of impurities in the n-heptane made it impossible to find 
the correct ratio and therefore the right temperature. 

Because it was not possible to analyze the measurements of the sprays immediately, errors in the measurements, like 
camera timing issues, were not identified while measuring. This caused a lot of measurements to be discarded. The 
spray measurements that could be used were all made at the last measurement day. If there was more time, it would 
have been possible to eliminate error sources. 

This research has shown that the signa) strength of the toluene LIF method is low for high temperatures. This conclu
sion is supported by the findings of Schulz et al. [ 1] and Tea et al. [8]. 

The spectra] shift of the toluene fluorescence for changing temperatures can be used to find a temperature in an opti
cally accessible engine, this was shown before by Devillers et al. [9] and Luong et al. [3]. The low signal strength, 
however, gives this method a large inaccuracy that makes it hard to find small temperature differences. 

6.2 Recommendations 

The calibration measurements should be performed at the same engine speed as the spray measurements. The pa
rameters in the engine model have to be reconsidered. The cylinder wall temperature has a major influence on the 
temperatures, especially at higher CAD. When calibration measurements are done at different engine speeds together 
with the pressure curve measurement, the engine model can be tuned so that the model fits the pressure curves for 
different engine speeds by only changing the engine speed of the model. This way, a better value for the cylinder wall 
temperature, the heat transfer coefficient and the piston ring clearance can be found . 
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The impurities in the fuel have caused signal to appear on the cameras that was not toluene fluorescence. To avoid this 
problem, the setup should be equipped with a dedicated fuel delivery system that is used only for this setup. Because 
the fuel delivery system was shared with different experimental setups, it was used with several types of fuel before it 
was used in this experiment. The spectroscopie grade n-heptane should be able to be used as a non fluorescent base 
fuel. 

Because the method needs a lot of tuning, more time should be taken to do the experiments. The method has to 
be tuned for different CAD. With PFI, the trade-off between fluorescence signal and laser sheet penetration depth is 
different for every CAD. The moving piston causes a difference in volume of the cylinder that has to be taken into 
account when injecting toluene. 

For spray measurements, the toluene concentration as a fuel tracer has to be adjusted so that the signa] on the cameras 
is not too strong and the laser sheet is not absorbed in the first spray it encounters. For afterspray measurements, the 
toluene concentration as a fuel tracer has to be adjusted to the delay between the end of injection and the point of the 
LIF measurement. For Jonger delays, the toluene is diluted more, which will give Iess signal. If the toluene tracer 
concentration is increased, this effect can be compensated. For the calibration measurements, 69 mg of toluene was 
injected per cycle. At 25% Ioad (4 bar IMEP), 50 mg n-heptane is injected. So, if the fuel would be 100% toluene, the 
signa] would be about the same when the spray was premixed completely. The amount of toluene can be estimated by 
how much the fuel is premixed. 

The effects of saturation by laser light has to be measured more accurate and more often to find out if the saturation 
has any effect on the ratio. If this is not the case, the laser power can be tuned to a maximum signa) intensity. 

The inlet temperature measurement should be moved to just before the inlet valves. Tuis way, the evaporative cooling 
due to toluene and the heat loss in the inlet channel can be taken into account. This will reduce the error of the cali
bration because the inlet temperature uncertainty will be limited by the thermocouple inaccuracy. 

To increase the LIF signal, the cameras can be placed closer to the field of view. With this experimental setup, this 
can be done by placing the cameras towards the sapphire liner. This will produce an image taken from the side. The 
laser sheet can also enter through the liner, perpendicular to the camera axis. A problem for this method is the shape 
of the piston. The piston crown is made of metal and therefore blocks the view into the piston bowl when it is close 
to top dead center. Tuis problem can be solved by replacing part of the piston crown by sapphire. When the cam
eras are positioned this way, the distance between the lens and the field of view can be reduced by a factor of two. 
Tuis would mean that the LlF signal is increased by a factor of 22 = 4. The toluene LlF method yields low signa] at 
elevated temperatures. The signa) level can be improved by using ICCD cameras with an intensifier coating that is 
optimized for UV imaging. The quantum efficiency at the wavelengths for this experiment is with the current cameras 
about 10%, these same cameras, with another photocathode coating can reach up to 25% quantum efficiency for these 
wavelengths. 

Measuring temperature with toluene LIF is a method that needs a lot of preparation and experience. Therefore, more 
time should be taken for preparing and measuring with this method. 
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List of Symbols 

Symbol Description Unit 

Cp specific heat capacity at constant pressure [J / kg-K] 
T temperature [K] 

Tb begin temperature [K] 

Te end temperature [K] 
m mass [kg] 
h enthalpy [J / kg] 

hb begin enthalpy [J /kg] 

he end enthalpy [J/kg] 
D..hvap enthalpy of vaporization [J/kg] 
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