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Sammanfattning 
 
Det har skett förändringar i Jordens klimatsystem på både en global och regional skala sedan den 
industriella revolutionen och en del av dessa beror på mänskliga aktiviteter såsom förbränningen 
av fossilt bränsle. Detta uppmanar till utvecklingen av motorer med en högre verkningsgrad och 
lägre skadliga emissioner. Ett intressant koncept är Homogeneous Charge Compression Ignition-
motorn (HCCI) som har fördelarna av potentiellt låga emissioner kombinerat med en hög 
verkningsgrad. Men HCCI med dieselbränsle kräver en relativt lång blandningstid för bränsle 
och luft för att säkerställa en ”homogen” bränsleblandning. Detta kräver en tidig insprutning. 
Vanliga radpumpsinsprutare har ej lyckats med denna uppgift på grund av väggträff. 
  
High Speed Rotating Injector (HSRI) är en experimentell insprutare med målet att korta sprayens 
penetration och skapa en mer homogen bränsleblandning genom att rotera insprutaren runt dess 
axel. Detta examensarbete förklarar uppläggningen och problemlösningsprocessen för HSRI-
injektorn samt resultaten från experimenten med utrustningen för sprayvisualisering. 
 
Vid sprayvisualiseringsexperimenten användes två vyer av sprayerna, en vy från sidan samt en 
vy underifrån. Experimenten med vyn underifrån visade att rotationen av insprutaren gav en 
minskning av sprayens penetration vid en ökad rotationshastighet. Dock gav den stillastående 
insprutaren initialt en kortare penetration än de roterande gjorde men ökade senare för att sluta 
med den längsta penetrationen. En hypotes som skulle kunna förklara detta fenomen är att den 
ökande rotationen medför mindre kaviationer i munstyckets säck, vilket minskar den 
kavitationsdrivna turbulensen. Med de något grova beräkningarna i åtanke så gav rotationen av 
insprutaren en ökning av sprayens konvinkel vid en ökad rotationshastighet. Dock ses samma 
fenomen som för penetrationen, nämligen att den stillastående insprutaren avvek och gav initialt 
en större konvinkel än de roterande gjorde men minskade senare för att sluta med den minsta 
konvinkeln. Experimenten med sidovyerna visade att rotationen av insprutaren ej ändrar 
sidovyernas konvinkel utan endast kortar penetrationen. Med samma penetration medför en 
ökning av den undre vyns konvinkel också en ökning av volymen eftersom sidovyns konvinkel 
ej ändras. 
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Abstract 
 
There have been changes in Earth’s climate system on both global and regional scale since the 
pre-industrial era and some of these changes are due to human activities such as the combustion 
of fossil fuels. This calls for the development of engines with a higher efficiency and less 
harmful emissions. One interesting concept is the Homogeneous Charge Compression Ignition 
(HCCI) engine, which has the advantages of potentially low emissions combined with high 
efficiency. However, HCCI with diesel fuel requires a relatively long fuel/air mixing time to 
ensure a “homogenous” charge. This requires advanced injection timing. Regular common rail 
injectors have not been successful at this task, due to fuel wall impingement.  
 
The High Speed Rotating Injector (HSRI) is an experimental injector aiming at shortening the 
spray penetration length and creating a more homogeneous charge by means of rotating the 
injector around its axis. This thesis explains the experimental setup and problem solving process 
for the HSRI and the results from experiments in the spray visualization apparatus. 
 
During the experiments in the spray visualization apparatus, two views of the sprays were used, 
side view and bottom view. The bottom view experiments showed that rotating the injector gave 
a decrease in spray penetration as a result of an increase in rotational speed. However, the static 
injector gave a shorter penetration than the rotating ones during the initial stage and later 
increased to produce the longest penetration. One hypothesis that could explain this phenomenon 
is that the increased rotation causes less cavitations in the sac, which decreases the cavitation-
induced turbulence. With the somewhat crude calculations in mind, rotating the injector gave an 
increase in spray cone angle as a result of an increase in rotational speed. However, the same 
phenomenon as with the penetration was seen, namely that the static injector deviated and gave a 
larger cone angle than the rotating ones during the initial stage and later decreased to become the 
smallest cone angle. The side view experiments showed that rotating the injector does not change 
the side view cone angle, only shortens the penetration. With the same penetration, an increase in 
the bottom view cone angle also translates into an increase in volume, since the side view cone 
angle does not change. 
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1 Introduction 
The introduction chapters are intended to provide a short background to the work done in this 
Master of Science thesis. 

1.1 Environment and emissions 
There has been a change in Earth’s climate system on both a global and a regional scale since the 
pre-industrial era and some of these changes are due to human activities. The atmospheric 
concentrations of greenhouse gases and aerosols have increased, primarily due to the combustion 
of fossil fuels, agriculture, and changes in land usage [1]. One contributor to this is the internal 
combustion engine which emits a number of harmful substances such as: 
 

• Carbon Monoxide (CO) is colorless, odorless and poisonous gas. If inhaled it combines 
with the hemoglobin and reduces its oxygen carrying capacity. 

 
• Carbon dioxide (CO2) on the other hand is non-poisonous, colorless and odorless gas. It 

is a greenhouse gas that in the troposphere prevents some of earth’s heat radiation and 
contributes to the long term global warming. 

 
• Hydrocarbons (HC) consist of hydrogen and carbon in various combinations that come 

from unburned or partially unburned fuel. They are a major air pollutant and contribute 
to photochemical smog. 

 
• Nitrogen Oxides (NOX) is a collective name for nitrogen monoxide and nitrogen dioxide 

(NO and NO2). It participates in the formation of ground-level ozone in the troposphere 
and a major contributor to acid depositions. 

 
• Particulate matters (PM) are more or less finely divided solids or liquids that are dispersed 

through the air and can cause respiratory and cardiovascular problems [2]. 
 
These health and environmental effects from emissions has brought on more stringent legislative 
requirements such as the EU emission standards for heavy duty diesel engines shown in Table 1. 
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Table 1 EU Emission Standards for Heavy Duty Diesel Engines, g/kWh (smoke in m-1) [3]

EU Emission Standards for Heavy Duty Diesel Engines, g/kWh (smoke in m-1) 
Tier Date Test CO HC NOX PM Smoke 

1992, < 85 kW 4.5 1.1 8.0 0.612   Euro I 
1992, > 85 kW 4.5 1.1 8.0 0.36   
1996.10 4.0 1.1 7.0 0.25   Euro II 
1998.10 

ECE R-49 

4.0 1.1 7.0 0.15   
1999.10, EEVs 
only ESC & ELR 1.5 0.25 2.0 0.02 0.15 

0.10Euro III 
2000.10 2.1 0.66 5.0 

0.13*
0.8 

Euro IV 2005.10 1.5 0.46 3.5 0.02 0.5 
Euro V 2008.10 

ESC & ELR

1.5 0.46 2.0 0.02 0.5 
* for engines of less than 0.75 dm3 swept volume per cylinder and a rated power speed of more 
than 3000 min-1

 
For the transport industry to be able to conform to these standards, new technical solutions are 
necessary. 

1.2 Spark Ignition (SI) engine 
The Spark Ignition (SI) engine is also called the Otto engine or the petrol engine. It uses a 
stoichiometric air/fuel mixture which is injected either in the intake manifold or directly into the 
cylinder. The air is inhaled through the intake valve and mixed with fuel during the intake stroke. 
The mixture is then compressed in the cylinder during the compression stroke. Before the piston 
has reached the top dead center (TDC), the spark plug ignites the mixture.  
 
This creates a turbulent flame with a flame front which propagates through the air/fuel mixture 
until it reaches the cylinder walls and extinguishes. This leaves regions of unburned or partially 
unburned fuel on the cylinder walls and especially in the cylinder crevices. The unburned or 
partially unburned fuel is exhausted and gives high emissions of CO and HC. The high 
temperature in the flame front results in the large formation of NOX. It is however possible to 
reduce these emissions with a three-way catalytic converter. 
 
The drawback of this engine is in the means of controlling it by throttling the intake which gives 
a low efficiency, especially at part load [4]. 
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1.3 Compression Ignition (CI) engine 
The Compression Ignition (CI) engine is also called the Diesel engine. It has a higher 
compression ratio than the SI engine and in a modern CI engine the fuel is injected directly into 
the cylinder before the piston reaches top dead center (TDC). The fuel starts to mix with the air 
and is ignited by the high pressure and temperature. This first pre-mixed combustion phase is 
short with a rapid heat release. After that a mixing controlled combustion phase follow where the 
fuel is burned by a turbulent and unsteady diffusion flame. 
 
The load of the CI engine is controlled by the amount of fuel injected into the cylinder and the 
amount of air in the cylinder is quite constant at a given intake pressure, so no throttling is 
required. 
 
Although the engine is operated with an overall lean air/fuel mixture, the fuel rich zones in the 
flame create large amounts of soot which is the main component of PM. The high temperatures 
in the pre-mixed combustion and in the stoichiometric zones in the diffusion flame leads to high 
emissions of NOX. 

1.4 Homogeneous Charge Compression Ignition (HCCI) 
engine 

One of the concepts for a replacement engine to the SI and CI engines is the Homogeneous 
Charge Compression Ignition (HCCI) engine, which has the advantages of low PM and NOX 
emissions combined with a potentially high level of efficiency. 
 
It has benefits from both the SI and CI engines but a different combustion process. As in the SI 
engine the fuel and air is pre-mixed. The fuel and air mixing can be done by either injecting the 
fuel in the port or directly into the cylinder. The goal is to get an air/fuel mixture that is as 
homogeneous as possible. The mixing can be hard to achieve inside the cylinder using direct 
injection while the port injection creates problems with wall wetting and uneven fuel distribution. 
 
During the compression stroke the air/fuel mixture is compressed and ignited by the heat of 
compression as in the CI engine. But in contrast to the CI engine, the HCCI combustion occurs 
almost simultaneously in numerous ignition kernels throughout the whole cylinder. This rather 
violent combustion during a few crank angle degrees with high a peak pressure and a rapid heat 
release limits the practical power density of the engine.  
 
The HCCI is operated at with a diluted air/fuel mixture (often with EGR, Exhaust Gas 
Recirculation) to avoid too high heat release. The lean operation means that the engine can be 
operated without throttling as the CI engine which eliminates the gas exchange losses connected 
to the SI engine. The dilution and the following low combustion temperature ensure that only 
very low concentrations of NOX and soot are produced and emitted. But the low temperature 
also has some disadvantages which are decreased combustion efficiency, especially on low loads, 
which results in high emissions of CO and HC. 
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1.5 High Speed Rotating Injector (HSRI) concept 
The High Speed Rotating Injector (HSRI) is a way to create a “homogenous” charge while using 
direct injection. The objective for the injector is to create a well-mixed air and fuel mixture hence 
avoiding fuel rich zones that can create soot and NOX. Wall impingement and adhering of fuel 
onto the cylinder walls is also unwanted. A way to avoid this is to shorten the penetration length, 
which can be done by rotating the injector around its axis. Rotating the injector around its axis 
also enables the fuel to be injected into areas with more air thus creating a more homogenous 
charge and avoiding fuel rich zones. 
 
Using the HSRI would enable the use of a direct injection and avoid the adhering of fuel to the 
intake walls connected with the port injection. It would mean that one would have a better 
control over the amount of injected fuel, especially during transients. 

1.6 Spray theory 
The current theory for the diesel spray structure is that the liquid jet exiting from the nozzle hole 
is atomized completely within the length of at most a few nozzle hole diameters. No intact spray 
core or spray ligaments has been proven to exist in the spray except possibly very near the 
nozzle. Thus the spray consists of droplets or fuel parcels. It has been shown by Winklhofer et al. 
[5] that the fuel parcels inside the spray have a higher velocity than the spray tip itself. 
 
The size of the fuel droplets heavily depend on the breakup mechanisms that are presented 
below. However, the injection pressure have been shown to be the main factor in defining the 
final droplet size, independent of whether the nozzle inlet have rounded or sharp edges. An 
increase in injector pressure reduces the droplet size. Recent studies [6] show that the larger fuel 
droplets are found at the spray periphery and the smaller along the spray centerline. This can be 
explained by that the larger droplets are centrifuged to the periphery by large scale vortices at the 
tip. 
 
One of the most important parameters of the diesel spray is the liquid fuel penetration length. 
This is important because over-penetration could cause wall wetting and thus unwanted 
emissions. Still, sufficient penetration is needed to obtain enough fuel/air mixing for the 
combustion process. The main physical injector parameter affecting the penetration is the nozzle 
hole diameter. A reduced nozzle hole diameter reduces the liquid spray penetration linearly. 
Studies made by Naber and Siebers [6] show that the penetration is decreasing with an increase in 
ambient vessel pressure and consequently ambient density  
 
Cavitations, turbulence driven instability, buckling and aerodynamic shear are considered the four 
main spray breakup mechanisms in modern diesel injectors. These are all dependent on a number 
of factors, such as injector pressure and its profile, ambient air density, swirl and turbulence, and 
nozzle design. 
 
Cavitating flow through the nozzle hole is considered to have an important role in the liquid jet 
breakup and atomization. The implosion and explosion of cavitation bubbles at the nozzle exit 
causes pressure waves, and creates a spray containing a mixture of bubbles and liquid. The 
cavitations generate an increased turbulence intensity of the flow through the nozzle hole and 
contribute to the liquid jet instability. The cavitation bubbles inside the nozzle channels also 
restrict the effective channel size, thus increasing the velocity and momentum of the fluid. The 
nozzle discharge coefficient (Cd) is dependent on the cavitations in the individual nozzle. 
 

 - 5 -



A leading contributor to jet breakup in the diesel spray is the instability due to turbulence in the 
nozzle flow which originates from the strong shear stress along the inner walls of the nozzle 
channels and from cavitations. The internal stress of the liquid jet and the ambient gas inertia has 
been defined to be the two dominant forces of similar importance in the breakup process. 
 
During the initial stage of the injection process the liquid jet buckles as a result of the resistance 
of the ambient air. This relatively small amount of liquid injected in the early stage is poorly 
atomized, but the following acceleration of the flow contributes to the breakup due to collisions. 
 
The aerodynamic shear has lately been described to mainly have its greatest role in secondary 
atomization of the fuel droplets, not in the primary breakup mechanism. The aerodynamic shear 
causes instabilities on the liquid surface and surface stripping. These instabilities can result in 
aerodynamic disintegration of the liquid through wave growth mechanisms. [7]

1.7 Thesis objective 
The objective is to find new knowledge within the area of direct injected internal combustion 
engines, with focus on achieving a “homogeneous” gas mixture during the pre-ignition phase. 
 
The thesis main assignment is to get the complex experimental equipment functioning and to 
produce trustworthy data for analysis. The expected result from analyzing the attained data is to 
gain an increased understanding in the effects of rotating the injector. The focus is on the spray 
shape, i.e. the penetration, cone angle and spray area. This work is done in the spray visualization 
apparatus. 
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2 Experimental equipment 
The experimental apparatus consists of a pressure vessel, rotating injector, high pressure fuel 
pump, studio flash units, CCD (Charge coupled device) camera and a data acquisition system. 
The fuel used was Swedish MK1 diesel. The equipment is described in the following chapters. A 
photo showing the hardware used is presented below in Figure 1. 
 

 
Figure 1 Experimental equipment 
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2.1 High Speed Rotating Injector (HSRI) 
The HSRI consists of a prototype common rail injector, made by CRT Common Rail 
Technologies AG, mounted with bearings in an injector housing. To withstand the pressure from 
inside the pressure vessel, the injector is fitted with a gas sealing which was made by ITT Flygt 
and evaluated in a master thesis work [8]. The housing is also fitted with excess fuel drainage. The 
fuel is evacuated by means of an external pump.  
 
The injector is rotated with an externally mounted electrical motor via a gearing through a slot in 
the housing. The fuel is fed into the injector by a common rail rig from Bosch. The rig was 
controlled by a computer and fitted with pressure and temperature sensors. 
 

  
 
 
Figure 2 Prototype common rail injector with section cut 

 
The nozzle used in these experiments was of VCO type (Valve Covered Orifice) with properties 
according to Table 2. 
 
Table 2 Properties of VCO nozzle used in experiments 

Number of orifices Øorifice [mm] Umbrella angle [º] Cd [-] 
4 0.2 120 0.68 

 - 8 -



2.2 Pressure vessel 
During the tests the HSRI is placed in a pressure vessel for spray visualizations called “The 
Bomb”, which is the result of a master thesis project and further explained there [9]. The bomb 
consists of a rectangular tube welded on top of a metal cylinder with an inner diameter of 127 
mm, same as the cylinder diameter of a Scania D12 diesel engine. Thick glass windows are 
mounted in holders at the sides of the rectangular tube and at the bottom of the cylinder. These 
are removable for easy cleaning of the vessel interior. The injector is mounted at the top of the 
cylinder in an injector holder, see Figure 3. The bomb is fitted with temperature- and pressure 
sensors and an over-pressure relief valve. 
 

 
Figure 3 Pressure vessel, “The Bomb” 

 

 - 9 -



2.3 Camera and flash units 
The camera used was a PCO CDD Imaging “SensiCam”, which is a 12 bit CCD (Charge coupled 
device) camera with a resolution of 1024 x 1280 pixels. The lens used is a Nikon with a 55 mm 
focal length. 
 
The camera was controlled by a computer and camera software. The flash units used were two 
Interfit Stellar studio flash units with a 600 Ws output. These were triggered by use of a 
synchronization cord connected to trigger electronics controlled by a computer. 
 
For the bottom view photos the two flash units were positioned on each side of the vessel as 
shown in Figure 1 earlier (see chapter 2). There the setup of the camera at the side and the mirror 
underneath is also shown. The mirror is used to create a distance between the pressure vessel and 
the camera for a better perspective. It also prevents fuel leakage onto the camera. This flash and 
camera setup generates a positive image which can be directly evaluated.  
 
Figure 4 shows the setup for the side view photos which are taken with back illumination. A flash 
unit is set on one side of the vessel and the camera on the opposite side. This produces a negative 
spray image which has to be converted into a positive one before evaluation can be done [10]. 
  

 
Figure 4 Camera and flash unit setup for side view photos 
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3 Development work 
The initial part of the project has been the development engineering and the setup of the test 
equipment in the lab. In the following chapters the development process will be presented. 

3.1 Leaking fuel injector 
Initially the rotating injector leaked fuel and stopped functioning after a few injections or after a 
longer intermission with pressurized fuel supply. The problem was thought to be caused by a 
build-up of fuel inside the injectors retaining nut, see Figure 5. 
 
First measure was to disassemble the injector and clean the connecting surfaces thoroughly to 
ensure proper sealing. The threads were also cleaned and oiled but the problem did not subside. 
 
There was a suspicion of a leakage from the unused second fuel line in the nozzle. A brass plug 
was fitted and after cleaning the injector was re-assembled and tested. No change in leakage was 
achieved. 
 
An assembly check was made and a faulty contact between the retaining nut and the conical 
spacer was discovered, see Figure 5. The retaining nut is supposed to apply its force onto the 
bottom of the nozzle thus sealing between the nozzle, conical spacer and the main injector part 
through surface pressure. Instead there was a contact between the conical spacer and the 
retaining nut due to an incorrect machined retaining nut, see Figure 5. This resulted in a fuel 
leakage between the surfaces into the retaining nut and out to the injector housing through the 
threads. After machining the retaining nut for more clearance the injector stopped leaking and 
proper function was achieved. 
 

 
Figure 5 Fuel injector and enlarged nozzle 
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3.2 Rotation of the injector 
During the first tests the injector failed to rotate. The solenoid valve seemed to be tightened 
incorrectly. This was confirmed with a measurement of the injector housing support where the 
solenoid is fastened. The fastening holes of the support were not positioned correctly thus the 
solenoid did not align with the injector. This caused the pin supplying the injector with fuel to 
jam. The fastening holes of the solenoid valve were enlarged to allow for the misaligned holes of 
the support. See Figure 5 for details. Despite adjustments of the mounting for the electrical 
motor it suffered from intermittent jamming at start-up. A bellow coupling was fitted on the 
driveshaft which provided a consistently smooth operation. 

3.3 Studio flash units 
One of the two studio flash units used in the setup were broken and did not trigger correctly. 
The model that was used had been discontinued and two new, more powerful, flash units were 
purchased. The new flash units also needed ground connection via the trigger cable, which was 
added. However, the flash units did not trigger correctly and after measuring the signal with an 
oscilloscope it was concluded that the new flash units had a different trigger signal input. The old 
ones sent out a high signal of 8V and triggered on low signal. The new pair sent out a high signal 
of 3.75V and triggered on low signal. The existing trigger electronics could not pull the signal 
down enough to trigger the flash units.  
 
On the positive trigger cable there was a resistance of 1kΩ. This was replaced with a smaller one 
of 220Ω, but still the trigger electronics could only pull down the signal 0.3V, which was not 
enough. The trigger electronics consisted of a NPN-transistor (BC546A). It could handle a 
collector current of  with a DC current gain of mA100I MAX

C = 220/110h FE = . The base 
resistance was  and the voltage was Ωk270R B = V5URB = . 
 
The base current turned out to be Aμ5.18Ωk270V5IB ≈=  which with the maximum DC 
current gain generated a maximum collector current of mA1.4Aμ5.18220IhI BFEC ≈⋅=⋅= . 
Thus much lower than the maximum . An increase of  with a factor 20 could 
be allowed. This was done by lowering  through a parallel coupling with a second resistance 

 according to: 

mA100I MAX
C = CI

BR
Ωk15R 2B =

Ωk2.14
Ωk15Ωk270
Ωk15Ωk270

RR
RR'R

2BB

2BB
B =

+
⋅=

+
⋅=  

 
The actual reduction that was achieved was: 

19
Ωk2.14
Ωk270

R
R

r '
B

B ===  

 
This gave a new base current of mA35.0Ωk2.14V5'IB ≈= . The new collector current was 

, thus smaller than the maximum allowed 
. With this modification the trigger electronics could pull down the voltage to 

1.75V which was interpreted as a low signal by the flash units. To ensure the function, the total 
power was calculated to . This is lower than the 
maximum power allowed for the transistor, . 

mA5.77mA35.0220'Ih'I BFEC ≈⋅=⋅=

mA100I MAX
C =

W375.0mA100V75.3IUP MAX
Ctot =⋅=⋅=

W5.0Pmax
tot =
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3.4 Camera settings 
With high speed photography the picture quality is affected by ghost sprays and motion blur. 
Ghost sprays is a phenomenon caused by the electronic shutter that always has some leakage of 
light. A shorter exposure time increases the impact of the leakage on the final image. Ghost 
sprays are reduced with an increased exposure time, however this increases the motion blur. A 
good balance between the two is needed. 
 
After some testing an exposure time of texp=20μs was selected to be used in the experiments. 
This minimized the ghost sprays but some motion blur was then given. The inner diameter of the 
pressure vessel is 127mm which in the photographs is depictured in 770 pixels. This gives a 
resolution of 770 pixels per 127 mm ≈ 6 pixels per mm. The worst case scenario regarding 
motion blur is when the spray velocity is at its highest. The spray velocity is highest with the 
lowest vessel pressure, pvessel=3 bar, and closest to the nozzle. 
 
From the penetration data of the static experiments with a 3 bar vessel pressure we find that the 
spray travels 5.6mm in average during the 0.04ms between the two first images. This is equivalent 
to a spray velocity of sm140ms04.0mm6.5v spray == . During the selected exposure time of 
texp=20μs the spray will travel a distance of mm8.2sμ20sm140tvs expspray =⋅=⋅= . The motion 
blur in the photographs will have a maximum of mm6.1º60sinmm8.2sblur =⋅=  or the 
equivalence of 10 pixels. This is considered acceptable for these experiments. 
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4 Experiments 

4.1 Evaluation tools 
To evaluate the pictures taken, a program called SprayShape by A. Cronhjort was used. This uses 
the different levels of intensity to determine the boundaries of the sprays. To eliminate 
disturbances from the background, a background image is taken for each picture-set. The 
background is then subtracted from the spray image during the evaluation.  
 
The parameters studied were penetration, cone angle and projected area. The penetration is 
measured from the exit hole on the nozzle to the tip of the spray. The cone angle is generated 
from taking the median value of the cone angle from the nozzle to the spray tip. The cone angle 
calculations assume a conical spray shape and thus are they a crude method for rotating sprays. 
The projected area is the area within the spray boundaries. 
 
The penetration, cone angle and the spray boundaries which surround the projected area are 
shown marked in the negative result image of static injector sprays to the left in Figure 6 below. 
To the right in Figure 6 a negative result image of rotating injector sprays is shown for 
comparison. 
 

 
Figure 6 Negative result image of static injector sprays and rotating injector sprays (7500rpm) 
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Below are side view images with the same experiment setup as the previous images. In Figure 7 
the result images of static injector sprays are shown and in Figure 8 the result images of rotating 
injector sprays. The original images can be seen in Figure 23 and Figure 24 in chapter 4.3.6. 
 

 
Figure 7 Result image of static injector sprays 

 

 
Figure 8 Result image of rotating injector sprays (7500rpm) 

 
The experiment data for all images shown in this chapter (Figure 6 - Figure 8) is presented in 
Table 3. 
 
Table 3 Experiment data 

pvessel [bar] Tvessel [ºC] tinj [ms] timage [ms] prail [bar]
12 26 0.8 0.88 1000 
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4.2 Effects of varying ambient pressure on spray 
penetration 

For the purpose of evaluating the effects of varying gas density on spray penetration, three 
different internal vessel pressures were chosen: 3, 6 and 12 bar. During the test the injector was 
kept in a static state. Data were gathered in four series of images taken from the time of initial 
spray exit up to wall impingement. For each series the time period was divided into eleven or 
twelve equal time steps according to Table 4. Other data for the experiment are presented in 
Table 5 below. 
 
Table 4 Image times for each series of images 

pvessel [bar] timage [ms] 
3 0.06 0.10 0.14 0.18 0.22 0.26 0.30 0.34 0.38 0.42 0.46 - 
6 - 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
12 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64 0.72 0.80 0.88 0.96

 
Table 5 Experiment data 

pvessel [bar] Tvessel (±1) [ºC] tinj [ms] prail [bar]
3 20 0.8 1000 
6 23 0.8 1000 
12 26 0.8 1000 

 
Figure 9 with the penetration versus time shows that the penetration is decreasing with an 
increase in ambient vessel pressure. 
 

 
Figure 9 Penetration versus time for three vessel pressures 

This is the same trend as shown in studies by Naber J. D. and Siebers D. L. [6] who showed that 
there is a decrease in penetration with an increase in ambient density and a decreasing rate of 
penetration with time. See Figure 10. 
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Figure 10 Penetration versus time for vaporizing (the symbols) and non-vaporizing sprays (the lines). 
Nozzle orifice diameter = 0.257 mm. Injection pressure difference = 1370 bar. Ambient gas temperature = 
1000 K. Naber J. D. and Siebers D. L. [6]

 
In Figure 11 the dimensionless penetration versus the dimensionless time is shown. The 
dimensionless graph is a way to compare tests done with different hardware and test setup. The 
dimensionless parameter is a result of removing the effects of differences in the test setup, such 
as orifice diameter, orifice discharge coefficient, injection pressure, ambient pressure, and 
ambient temperature. The data for the three vessel pressures should overlap, however they do 
not coincide due to some unknown reason. 
 

 
 
Figure 11 Dimensionless penetration versus dimensionless time for three vessel pressures 
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4.2.1 Penetration per orifice 
To study the penetration per orifice we look at the series presented in the previous chapter with a 
static injector and a vessel pressure of 12 bar. In the graph in Figure 12 below showing the spray 
penetration per orifice versus time it can be seen that there is a systematic difference between the 
spray orifices. 
 

 
 
Figure 12 Penetration per orifice versus time 
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4.3 Impact of rotation 
In the following chapters the impact of the rotating injector on the spray characteristics will be 
presented. The spray parameters studied were spray penetration, cone angle and projected area. 
The experiments consisted of tests with static and rotating injector with 2500, 5000 and 7500 
rpm at two different vessel pressures, 6 and 12 bar. The photos were taken with a bottom view 
perspective. 
 
In Figure 13 the static and the rotating injector sprays with 2500, 5000 and 7500 rpm are shown 
to give an idea of the difference between the rotational speeds. The images are from the 12 bar 
vessel pressure series and all taken at ms88.0t image =  with a rail pressure of and 
injection time of . 

bar1000prail =
ms8.0t inj =

 

 

 
 
Figure 13 Spray images for static, 2500, 5000 and 7500 rpm rotating injector sprays 

 
A short series of images was made to illustrate the effects of rotation after the spray of the static 
injector would have impinged the wall. Five images with 0.2 ms apart were taken of sprays 
rotating at 7500 rpm. The other experiment data is presented in Table 6 and the images are 
shown in consecutive order from left to right and row by row in Figure 14. 
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Table 6 Experiment parameters 

pvessel [bar] tinj [ms] Tvessel [ºC] prail [bar] timage [ms] 
12 1.5 24-26 1000 1.0 1.2 1.4 1.6 1.8 

 

 

 
Figure 14 Spray images for 7500 rpm rotating injector sprays with 0.2ms apart 
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4.3.1 Experiment layout 
For every motor speed and vessel pressure, images were taken with equal time steps between the 
start of injection (SOI) and wall impingement. These times were different depending on selected 
vessel pressure according to Table 7. 
 
In general, the effects were more visible in the 12 bar case than the 6 bar case. This is due to the 
shorter time period between SOI and wall impingement for the 6 bar care. Since the effects 
grows with time, it is more noticeable in the 12 bar case. The cycle-to-cycle variations are also 
larger in the 6 bar case which impact on the reliability of the results. Since a certain injection 
pressure will translate into a longer penetration with a lower ambient pressure, a variation in 
injection pressure will translate into a larger variation in penetration for the 6 bar case than the 12 
bar case. 
 
Table 7 Image times for each vessel pressure 

pvessel [bar] timage [ms] 
6 - 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 
12 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64 0.72 0.80 0.88 0.96 

 
At each image time, four pictures were taken to provide statistics information. The experiment 
layout is presented in Table 8 below.  
 
Table 8 Experiment layout 

pvessel Motor speed [rpm] 
[bar] 0 2500 5000 7500 

6 4 sets of 11 
images 

4 sets of 11 
images 

4 sets of 11 
images 

4 sets of 11 
images 

12 4 sets of 12 
images 

4 sets of 12 
images 

4 sets of 12 
images 

4 sets of 12 
images 
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4.3.2 Spray penetration 
Figure 15 and Figure 16 shows the spray penetration versus time for 6 and 12 bar vessel 
pressures respectively. When comparing the 2500, 5000 and 7500 rpm curves in both the 6 and 
12 bar case it can be seen that a faster rotation gives a shorter penetration. This is especially clear 
in the later times of the 12 bar case. 
 
However, the static case gives a shorter penetration than rotating ones during the initial stage and 
later increase to have the longest penetration. One hypothesis is that more efficient sealing is 
given in the surface sealing in the fuel supply swivel at a higher rpm. This would be due to the 
material expansion at the higher temperature caused by the surface friction which would cause a 
higher sac pressure. However, this does not explain the smaller cone angle. Another hypothesis is 
that the increased rotation causes less cavitations in the sac, which decreases the cavitation-
induced turbulence. The decrease in the cavitation-induced turbulence decreases the cone angle 
and increases the penetration according to the laws of momentum. 
 

 
Figure 15 Penetration versus time for the 6 bar case 

 
Figure 16 Penetration versus time for the 12 bar case 
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4.3.3 Spray cone angle 
A higher rotational speed produces a more bent and non rotational symmetric spray. Since the 
cone angle calculations are based on a conical spray shape, the cone angle calculations are cruder 
at a higher rotational speed, where the spray is the least conical. In the calculations there are 
compensations made for the sprays umbrella angle. 
 
Despite these reservations it can be seen in Figure 17 and Figure 18 respectively, that the cone 
angle increases with an increased rotation after 0.5 ms, in both the 6 and the 12 case. This is in 
concurrence with the decreasing penetration with increasing rotation that could be seen in 
chapter 4.3.2. Also with respect to cone angle we can see the phenomena related to the static 
series, namely that the static cone angle is largest in the early stage only to decline with time and 
end up below the 2500 rpm case. This can be seen in both the 6 and 12 bar case. 
 

 
Figure 17 Cone angle versus time for the 6 bar case 

 

 
Figure 18 Cone angle versus time for the 12 bar case 
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4.3.4 Dimensionless penetration 
In Figure 19 and Figure 20 the dimensionless penetration versus dimensionless time is presented. 
The dimensionless parameters comes from a normalization method used to remove the impact 
of differences in the test setup, such as orifice diameter, fuel density, ambient density and orifice 
discharge coefficient. The normalization method is from the work by Naber and Siebers [6], 
where the equations can be found. As can be seen in the graph, the penetration for the different 
rotational speeds line up which means that the results of the penetration is due to the difference 
in injector speed and not an error. 
 

 
 
Figure 19 Dimensionless penetration versus dimensionless time for the 6 bar case 

 

 
Figure 20 Dimensionless penetration versus dimensionless time for the 12 bar case 
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4.3.5 Projected spray area 
The rotation of the injector creates a more bent and smeared out spray shape. This renders a 
larger projected spray area when viewed from below. This is shown in Figure 21 and Figure 22 
for the 6 and 12 bar case. In the 12 bar case we can clearly see the effect from the rotation with a 
30% increase in area between the static and 7500 rpm case for the 0.96 ms image time. However, 
the static case seems to have a barely noticeable larger spray area initially, and this refers to the 
penetration and cone angle phenomena mentioned earlier in chapter 4.3.2 and 4.3.3. 
 
An increase in projected area also means an increase in volume, since the side view cone angle 
does not change (see chapter 4.3.6). 
 

 
Figure 21 Spray area versus time for the 6 bar case 

 

 
Figure 22 Spray area versus time for the 12 bar case 
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4.3.6 Side view photos, impact of rotation 
To evaluate the impact of rotation on the results from side view experiments, two image series 
were done, one with a static injector and one with an injector rotating at 7500 rpm. Each series 
consisted of ten images taken at the same time. Further experiment data is presented in Table 9. 
  
Table 9 Experiment data 

pvessel [bar] Tvessel [ºC] tinj [ms] timage [ms] prail [bar]
12 26 0.8 0.88 1000 

 
One photo from each series is shown in Figure 23 and Figure 24. 
 

 
Figure 23 Side view image of static injector sprays 

 

 
Figure 24 Side view image of rotating injector sprays (7500rpm) 

 
A shorter penetration for the rotating injector sprays than for the static injector sprays can be 
observed in the images above, and this is confirmed by the penetration data presented in the 
graph in Figure 25. The conclusion that a rotating injector spray has a shorter penetration than a 
static injector spray is the same conclusion that was reached by analyzing the data extracted from 
the bottom view photo series. 

 - 26 -



 
Figure 25 Penetration for side view and bottom view photos  

 
A result from the experiment which is not as easy to see in the pictures as the penetration is the 
cone angle. As shown in the graph in Figure 26, the cone angle does not change due to the 
rotation as one might think. There is more scatter in the data from the rotating injector sprays, 
but not any significant change in the cone angle. This is an important fact when we look at the 
projected area results of the bottom view images (see chapter 4.3.5 above) since an increase in 
area will then also be an increase in volume. 
 

 
Figure 26 Cone angle for side view and bottom view photos 
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4.4 Illumination 
Due to the setup of the flash units (see chapter 2.3 Camera and flash units), a difference in 
illumination occurs. The sprays that are lit in a 90º angle relative to the flash units positions seem 
to get more light than the ones lit head on (0º relative to the flash units). An example is shown in 
Figure 27 below.  
 

 
Figure 27 Difference in illumination due to the flash units setup 

A test was conducted to determine whether the difference would transform into a difference in 
cone angle and penetration. The experiment parameters were according to Table 10.  
 

Table 10 Experiment parameters 

pvessel [bar] tinj [ms] timage [ms] Tvessel [ºC] prail [bar] 
6 0.8 0.50 22-23 1000 

 
Figure 28 shows the mean value and standard deviation of the penetration versus spray direction 
relative to the light sources. The data for 0° represent a spray directed towards the light source. 
By looking at all four individual sprays in three different positions relative to the flash units, 
differences can be seen for the penetration. However, the differences are not the same for all the 
sprays, so a general conclusion on how the different lighting circumstances effects the 
penetration cannot be made.  
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Illumination, two light sources
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Figure 28 Penetration versus spray direction 

 
Neither from the graph in Figure 29, with the mean value and standard deviation of the cone 
angle, can any general conclusion be made on how the different lighting circumstances effects the 
cone angle. 
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Figure 29 Cone angle versus spray direction 
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5 Conclusions 
The thesis initial assignment was to get the complex experimental equipment functioning and to 
produce data for analysis. This has been accomplished. The most important results from the 
bottom view experiments in the spray visualization apparatus are: 
 

♦ Rotation of the injector showed that the spray penetration decreased with a higher 
rotational speed. However, the static injector gave a shorter penetration than the rotating 
ones during the initial stage and later increased to have the longest penetration. One 
hypothesis is that this is due to cavitation variations in the sac. 

 
♦ With the somewhat crude calculations in mind, rotation of the injector showed that the 

spray cone angle increased with a higher rotational speed. However, the static injector 
gave a larger cone angle than the rotating ones during the initial stage and later decreased 
to have the smallest cone angle. One hypothesis is that this is due to cavitation variations 
in the sac. 

 
♦ Rotation of the injector showed that the projected bottom view spray area was increased 

with a higher rotational speed. 
 
In addition, the side view experiments in the spray visualization apparatus show the following: 
 

♦ Rotating the injector does not change the side view cone angle, only shortens the 
penetration. 

 
♦ With the same penetration, an increase in the bottom view cone angle also translates into 

an increase in volume, since the side view cone angle does not change. 

 - 30 -



6 Nomenclature 
CO  Carbon monoxide 
CO2  Carbon dioxide 
HC  Hydrocarbons 
NOX  Nitrogen oxides 
NO  Nitrogen monoxide 
NO2  Nitrogen dioxide 
PM  Particulate Matter 
EU  European Union 
HCCI  Homogeneous Charge Compression Ignition 
SI   Spark Ignition 
CI  Compression Ignition 
TDC  Top Dead Center 
EGR  Exhaust Gas Recirculation 
HSRI  High Speed Rotating Injector 
VCO  Valve Covered Orifice 
Cd  Coefficient of Discharge 
CCD  Charge Coupled Device 
texp  Exposure time 
pvessel  Vessel pressure 
vspray  Spray velocity 
sblur  Motion blur distance 
Tvessel  Vessel temperature 
tinj  Injection duration 
timage  Image time 
prail  Fuel rail pressure 
SOI  Start of Injection 
RPM  Revolutions per Minute 
St. dev.  Standard deviation 
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