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a angle between v and measured component of V, U, perpendicular 
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---------------- 
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-- 
v angle between incident ray and pth order ray exiting a spherical droplet [ 0] 

v particle velocity vector 
..... ------- ----"----------"--"--------------------- ........... 

[ms'] 

4) phase shift measured at the PDA collection optic [ 01 

s fringe spacing [Nm] 

p light scattering designation order within a spherical droplet 
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q Mie size parameter -------------------------------------------------------------------------------- --- 
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S Mie scattering function 
........................................................................... ... 

m refractive index 
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n ratio of refractive indices between scatterer and surrounding medium, ---- ---[ 
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, --""""-"-""""""""" 

[] 

N number of diffraction grating line pairs .................................................... ... 
Nf number of fringes 
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A wavelength ............................................................................................ ... 
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[mm] 

dg Gaussian beam diameter 
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rg Gaussian beam radius ........................................................................... ... 
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........................................................................................ .... 
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E beam expansion factor 
. ------. -. -""-""--"--"-"--...... -"-" ............... ""....... "-------...... .... 

[ J 

FS optical frequency shift 
----------------------------------------------- 

[Hz] 

f, rotating diffraction grating speed ........................................................... .... 
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fd Doppler frequency 
................................................................................ .... 

[Hz] 

bX. r, Z LDA probe volume dimensions 
.............................................................. .... 

[mm) 

R refraction Fresnel coefficient ................................................................. .... 
r reflection Fresnel coefficient .................................................................. .... 
U measured component of i7, perpendicular to the fringe pattern, 

in the plane of the beams and perpendicular to the optical axis .............. .... 
[ms ] 

Subscripts 
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E 

...................... 
LASER beam centre 

EA 
............................................. 

ensemble-averaged 
HF/LF 

........................................ 
high frequency/ low frequency 

......................................... 
liquid phase 

rel .............................................. 
relative velocity between phases 
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5.0. Characteristics of In-Cylinder Airflows in a Pent-roof, Direct Injection, 
Gasoline Combustion Chamber: Experimental Measurements 

5.1. Introduction to Chapter 5 

The introduction of G-DI operating modes and the requirement for charge stratification through 

considered air control strategies has further emphasised the need for precise experimental data, 

especially through the intake and compression strokes. The role of the air motion is twofold with 
regards to fuel injection and mixture preparation. In the first instance, the air motion is required to 

produce a homogenous air and fuel mixture that can be completely burnt after spark ignition. In the 

second strategy, charge air motion is required to quickly stratify the fuel distribution in the cylinder 
in such a way that a reduced volume of fuel is successfully consumed by combustion within an 
overall lean environment. These two separate tasks are governed by the nature of the mean and 
turbulent characteristics of the flow. The characteristics of in-cylinder airflows are complex 
functions of geometry; piston, combustion chamber and intake tract shapes, piston velocity, valve 
timing and the gas exchange processes. 

Mean or bulk flow is required for large scale mixing and transport of fuel. Turbulence acts 
to aid mixing on a much smaller scale. Its nature is of fundamental importance at the point of spark 
ignition and through the development of the early combusting flame. This requires knowledge of 
the characteristic length and time scales of the smaller scale structures. In combustion strategies 
that are reliant upon repeatable charge stratification, high levels of turbulence are not favoured for 

cyclic stability. A well-established bulk air motion is a preferred mean of stabilising such flows. 
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5.2. Air Flow Measurements in a DOHC, Gasoline, Pent-roof Direct 

Injection Cylinder Head with Optical Access 

5.2.1. Experimental Test Procedure 

The description of the test procedures that follow describe only those methods specific to these 

particular experiments that are not covered by the overview given in Chapter 3. 

5.2.1.1. Engine Configuration 

Two experimental airflow measurement studies were carried out using a motored single cylinder 

hydra engine fitted with a Ricardo RCE161 top-entry intake, four valve, pent-roof cylinder head. A 

schematic of the cylinder head, piston and intake geometries are shown in Figure 5.0. The mid- 

valve section shows the top-entry intake port and side exit exhaust port. The mid-cylinder section 

shows the location and orientation of the fuel injector and spark plug. The specification of the 

engine is given in Table 5.0. The valve-timing diagram for this configuration is given in Figure 

5.1. The piston incorporates a spherical bowl in the crown and as such was unable to be modified to 

provide good optical access to the chamber with the use of a window and 'tipping' mirror 

arrangement. The piston crown geometry and valve cut-outs are shown in Figure 5.2. The piston 

topland to cylinder head clearance heights were measured at TDC for the high compression 

cylinder head and are shown in Figure 5.3. 

The basic engine configuration was as discussed in previous sections. The piston surface 

and chamber walls were painted matt black to minimize internal glare. The intake and exhaust 

systems previously described were modified to fit the top-entry intake plenum and throttle 

assembly. A schematic of the engine, LDA and Seeding System installation is given in Figure 5.4. 

5.2.1.2. Description of Oatical Access Scenarios 

Optical access was provided to the combustion chamber by two means; through the spark 

plug orifice and through a quartz annular slice of the cylinder liner. The two optical access methods 

can be summarised: 
Spark Plug Optical Access. Optical access through the spark plug orifice enabled LDA 

measurements to be carried out at measurement points co-linear with the spark plug axis. A 014 

mm Dantec FibreFlow Probe with 50 mm focal length was inserted into a specialised windowed 

probe adapter designed and manufactured at the University of Brighton. This is shown in Figure 

5.5. and was designed to allow both rotational and axial movement of the LDA probe volume about 

the central spark plug axis. A small polished Perspex window (9.42 mm thick) situated in the tip of 

the holder allowed access to the combustion chamber as shown in Figures 5.6a, b and c. The 

refractive index of the Perspex was 1.495 at a wavelength of 589.3 nm. This was sufficiently close 

to the 514.5 nm green line of the Argon spectrum to ensure that effects due to dispersion were 

negligible. Movement in and out along this axis was achieved by an indexing collar on the probe 

holder that allowed 0.25 mm of axial displacement for each complete turn of the adapter body. 

Rotational position about the spark plug axis was achieved with the use of an etched disk and 

reference marker attached to the intake runners and aligned to the tumble plane. 
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The displacement depth of the LDA probe volume was calculated from the dimensions of 

the probe holder, internal shoulder height for the probe, thickness of the Perspex slug, the fixed 

focal length and beam separation at the transmitting lens and the refractive indices of the air and 

medium. Table 5.1. was then drawn up to relate the spark plug adapter position (number of 

rotations of the adapter body) to the true LDA probe volume intersection in the combustion 

chamber. The in-cylinder measurement locations were chosen at 5mm incremental depths from the 

spark plug gap (3mm from the spark plug body) to a maximum depth of 33 mm (approximately 20 

mm below the gas face). These locations are shown in Figure 5.7. which also defines the positive 

tumble and cross-tumble velocity measurement directions. From the displacement table, the 

calculated error in final probe volume location due to the 0.25 mm pitch of the adapter was less 

than ±0.25 mm from the expected position. The final installation of the probe and adapter between 

the two intake runners was as shown in Figure 5.8. where a compressed air supply and 

thermocouple were used to ensure the assembly did not exceed 45 °C. The intake assembly with 

damping volume and plenum are also shown. 

Quartz Annulus Optical Access. The second study was realised by the insertion of a 

fused silica annulus between the cylinder head and upper piston liner. The extended piston height 

was modified to compensate for the 20 mm thickness of the annulus and the retaining plate. The 

annulus internal diameter was the same as that of the engine bore. The assembly of the annulus 

was as shown in Figure 5.9a and b. The annulus sat upon a 0.25 mm gasket (material GS140) in a 

free-floating recessed disc within the retaining plate on top of the upper cylinder barrel. A second 

gasket was fitted between the top of the annulus and the gas face of the cylinder head. A 15 Nm 

torque was evenly applied to ensure that the gaskets were correctly crushed and provided an 

adequate pressure seal without inducing any torsional load upon the fragile annulus. Optical 

measurements were performed through the annulus wall in the vertical plane across the cylinder 

bore. 

5.2.1.3. Definition of Measurement Locations 

The in-cylinder measurement locations are defined separately for the two optical access scenarios. 

The first set of spark plug axis measurements are defined by the measurement plane and the 

distance from spark plug body as shown in Figure 5.7. These are listed as follows: 

Depth (mm) Tumble Cross-tumble 

Filename Prefix 3 07TL 07CT 

for Measured Depth 8 06TL 06CT 
13 05TL 05CT 

18 04TL 04CT 

23 03TL 03CT 

28 02TL 02CT 
33 01 TL 01 CT 

The engine speed and operating conditions are given in the relevant figures. 

For the quartz annulus set of tests, the measurement locations are given in Figure 5.10. for 

three vertical planes, through the mid-cylinder tumble plane. 
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The points were selected to cover the intake and piston bowl regions. At each depth below 

the gas face, the origin (ROOFOO) was selected as the mid-cylinder axis. The positive x-direction 

was defined as being towards the exhaust port. As in the previous study, the true positions of the 

measurement locations were verified by targeting the LASER. 

The file naming convention was as follows: 

R(xx)FOO for points in a positive x-direction from the origin 

N(xx)FOO for points in a negative x-direction from the origin 

In both cases the value (xx) denotes the distance in (mm) displaced from the mid-cylinder axis. The 

three z (depth planes) are defined in (mm) from the gas face (z=0) and were selected as z=-9, -10, 

and -15 mm. The choice of these planes was dictated by the LDA focal length and beam 

separation (distance across the chamber that could be attained) and the physical obstruction to the 

beams caused by parts of the engine assembly. 

5.2.1.4. LDA System Set-up 

A single component, backscatter LDA system was used for both investigations. A Spectra-Physics 

Stabilite 2017 Argon-ion LASER was used operating on the single green wavelength of 514.5 mm. 

This was operated with a beam splitter and Bragg cell with a 40 MHz negative frequency shift. For 

the spark plug study, the coherent beam pair was transmitted via fibre-optic to a 4'14 mm Dantec 

FibreFlow Probe. The focal length of the transmitting lens was 50 mm and the separation was 8 

mm. LDA measurements could be made in any direction perpendicular to the optical axis by 

rotation of the FibreFlow Probe. 

For the annulus study, a 4-times beam expander was fitted to the FibreFlow Probe with a 

160 mm lens. The probe volume details are given in Table 3.4. of Chapter 3 for both set-ups. A 

height-adjustable optical breadboard was manufactured at the University to ensure accurate 

mounting of the transmitting optics. The stainless steel breadboard was circular in shape and 

mounted around the engine as shown in Figure 5.11a, b. The centre of the table and the equi- 

spaced annular tapped threads were referenced to the engine cylinder axis. The table was 

vibration isolated from the test-cell floor by the use of silicone damping rings placed in each 

supporting leg. 
The transmission optic was then mounted parallel to the optical bench surface and aligned 

to the breadboard reference holes. This allowed referenced axial translation, radial rotation and 

height adjustment of the transmission optics. The LDA transmitted beam pair were formed in the 

vertical plane through the annulus as shown in Figure 5.12. through the mid-cylinder tumble plane. 

This negated the lensing effect encountered with measurements performed through curved optical 

boundaries and enabled the true probe volume position to be calculated from simple refraction 

theory. More complex refraction corrections for the position of the LDA probe volume through 

curved optical sections are given by the formulae of Bicen (1982). Measurements in this LDA set- 

up were thus limited to the vertical (in the direction of the piston travel) direction. 

The experimental determination (tuning) of the best LDA set-up at each measurement 
location was as described in Chapters 3 and 4. 
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For most measurement points, a 45 MHz bandwidth was selected which allowed 

measurements in the range of -32 ms-' to 113 ms" for the optical spark setup. For the longer focal 

length annulus studies, this was reduced to between -26 ms' and 90.5 ms'. In each case, the 

systems were first tested with the engine turned over by hand with seeding blown through the 

engine at a reduced flow rate as previously described in Chapter 4. The optimum 55X08 PMT 

voltage was achieved by careful attention to the form of the overloaded signal patterns particularly 

evident at the 01 (33 mm) and 02 (28 mm) locations that intersected with the piston crown towards 

TDC. The signal validation threshold on the velocity channel was maintained at -3 dB and the 

encoder mode was set to count and mark on the once-per-revolution reset pulse. No external burst 

inhibit signal was supplied. In all sets of results, the number of validated samples (data validation 

rate) and the number of engine cycles is noted. Once again, the data was processed using the 

Dantec FLOware software, version 3.3. 

5.2.1.5. Engine Preparation and Experimental Method 
The general engine installation and instrumentation was as described in Chapter 3, Section 3.5.2. 

However, in this case, the cylinder head bolts were tightened to 15 Nm for the annulus build only. A 

modified extended barrel was used which did not incorporate an angled mirror. The crankshaft was 

replaced to ensure the correct stroke, whilst a new upper liner was procured for the correct bore 

dimensions. A 'bowl in piston' crown and upper piston were manufactured and the engine built to 

allow for a 0.3 mm piston stand proud. The engine was then turned over by hand for several cycles 

to ensure the valve timing was correct. The exhaust valve timing and low clearance heights meant 

that the piston-valve distance at TDC NF was very small and required precise valve timing to within 

0.5 CA. The piston topland to cylinder head clearances (squish volumes) are given in Figure 5.3. 

Once the checks were complete, the engine was run up to 500,1000 and then 1500 rpm t 
5 rpm and WOT for the LDA measurements. Motored WOT maximum pressures were recorded of 
21.8 bar absolute at 1000 rpm and 22.8 bar absolute at 1500 rpm. This compared favourably with 
25 bar absolute recorded in a normally firing engine under cranking conditions at 1500 rpm and 

with a standard piston ring set. This indicated that the upper piston ring configuration did not initially 

suffer from significant piston ring blow-by. 

At each in-cylinder location, both along the spark axis and through the annulus, a minimum 

of 50,000 validated Doppler events were recorded where possible over consecutive engine cycles. 

The data acquisition and method of ensemble-averaged processing was as described previously 

5.2.1.6. Specific Investiaative Tests: 

(a) Consecutive Test Repeatability. A first series of specific tests were performed to assess the 

repeatability of the measurement process from one data set to the next under identical engine 

operating conditions. The spark plug probe depth was fixed at 32 mm below the spark plug face 

and the engine motored at 1000 rpm and WOT. 

The test point was then repeated after the engine had been brought to rest with identical 

engine, seeding and LDA instrument settings. The complete test procedure was then duplicated at 

1500 rpm. 
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(b) Through Test Cycle-to-Cycle Variability. A second series of tests were performed to assess 

the cycle-to-cycle variability of the measurements at 1500 rpm and WOT for the 13 mm, tumble 5, 

spark location. The instantaneous measured velocity was logged against the LDA processor arrival 

time without an encoder reset pulse. Tumble position 5 was selected as this location consistently 

provided the highest mean data rate of validated Doppler bursts. 

(c) Choice of Doppler Frequency Bandwidth. A third series of tests was used assess the 

magnitude of error in the ensemble-averaged mean and RMS velocity estimates associated with 

the incorrect choice of frequency bandwidth. Measurements were recorded in the cross-tumble 

plane at, WOT, 500 rpm and 32 mm depth. The frequency bandwidth was varied between 4 and 12 

MHz. This gave velocity ranges of between ± 6.45 ms' for the former and ± 19.3 ms' for the latter 

bandwidth selection. 

(d) Effect of Engine Speed. In this series of tests measurements were performed at engine 

speeds of 500,1000 and 1500 rpm with a 200 mbar intake depression. Each test was conducted 

at a depth of 32 mm in the tumble plane. The tests were then duplicated in a second independent 

series of engine runs. 
(a) Effect of Intake Throttling. As in the previous tests, two independent data sets were measured 

at 1500 rpm for two different intake manifold pressure conditions at the 32 mm location and in the 

tumble plane. The engine was run at WOT and with a 200 mbar depression. The ensemble- 

averaged velocity data for the two conditions and two tests were logged against encoder crank 

angle position. 

(f) Particle Residence Weighting. The effects of velocity bias in the ensemble-averaged estimate 

of the mean velocity was investigated for the measurement point 5 in the tumble direction at 1500 

rpm and WOT. Two regions in the engine cycle were specifically chosen to assess the effects of 

velocity bias upon the ensemble average estimate. More precise details of the method are given in 

the results and discussion section below. 

5.3. Experimental Results and Discussion 

5.3.1. Temporal Characteristics of Instantaneous Velocity. Ensemble- 

Averaaed Mean and RMS Velocity across the Enaine Cycle. 

5.3.1.1. Spark Plug Measurements - Radial Velocity Component 

(a) Ensemble Averaged Data 

The instantaneous and ensemble-averaged mean and RMS velocity results for the spark plug LDA 

measurements at the seven points co-linear with the spark plug axis are given in Appendix F for 

the tumble plane at 1500 rpm and Appendix G for the cross-tumble plane. In the first instance, it 

should be noted that both the tumble and cross-tumble locations 1 and 2 (33 and 28 mm depth 

respectively) exhibit two dead regions where the piston passes through the probe volume location 

at the deepest point in the piston bowl at TDC. The effect is most pronounced at position 1. 

The tumble plane measurements are presented in Appendix F. The tumble plane was the 

more instructive of the two planes investigated. 
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This was to be expected in a high tumble combustion chamber. The recorded velocities at 

each of the measurement locations are best understood by observing their positions relative to the 

intake valve, during the intake stroke and piston bowl periphery, during the compression stroke. 

The early intake phase of the cycle is dominated at all locations by a rapid inflow of gas that 

reaches an instantaneous maximum velocity in excess of 60 ms' at 60-80 CA at tumble location 5, 

at 13 mm from the spark plug gap and approximately at the gas face level. The ensemble- 

averaged mean velocity peaks at 40 ms-1. The highest velocity gradient is observed in the region of 

20 to 30 CA at low valve lift. For locations below 13 mm, the magnitudes of the ensemble-averaged 

mean velocity increase from approximately 15 ms' at tumble point 1 to 30 ms' at tumble point 4. 

Above 13 mm, the peak decreases slightly to 30 ms' at point 6 and 32 ms-' at point 7. 

The instantaneous velocity distributions at these points also exhibit a more defined pattern 

that is reflected in the reduced magnitude of the ensemble-averaged RMS velocity estimate at 

these points. Both tumble 6 and 7 are located in the jet flow region that exits the inlet port over the 

top of the valve and is bounded by the pent-roof chamber. They also start the cycle with a negative 

velocity component up to the point of exhaust valve closure. This is due to gas inflow drawn from 

the exhaust port by the downward motion of the piston in the valve overlap period. Tumble 5 is on 

the edge of the main jet flow and closer to the intake valve. This point experiences both a positive 

velocity component and a component due to re-circulation and vortex shedding behind the valve 

lip. This is shown by the larger spread in instantaneous velocity measurements. The effect 

becomes more pronounced through points 4 to 1 at 33 mm depth (approximately 20 mm below the 

gas face and 5 mm from the mid-cylinder axis). At tumble point 1, the instantaneous velocity plot 

shows a degree of symmetry about the zero velocity axis similar to that observed in the cross- 

tumble measurements. As a result, this location recorded the highest levels of RMS velocity during 

the intake stoke. At these points, the measured velocity comprises of a component introduced by 

the largest jet flow that exits from below the valve, bounded by the cylinder wall. In this particular 

engine geometry, the inlet valve diameter is relatively small in comparison with that of the Volvo 

manifold injection engine presented in Chapter 4. The available flow area between the inlet valve 

and cylinder wall is greater and the jet flow is less restricted. The main jet flow follows the spherical 

piston bowl perimeter, filling all the available volume. Its motion generates the reverse tumble 

vortex. 
From inlet valve peak lift to inlet valve closure, the ensemble-averaged mean and RMS 

velocities decreases almost linearly with crank angle at all the measurement points. At BDC, 

tumble points 1 and 2 reverse velocity direction. These points are the first to record the negative 

velocities directed towards the intake side of the cylinder. This is the top of the reverse tumbling 

vortex that has reached the dimensions of the cylinder stroke. Tumble 3 is the next point to record 

a negative radial velocity component at approximately 190 CA. Tumble 4 reverses at 200 CA, 

tumble 5 at 205 CA, tumble 6 at 205 CA and tumble 7 at 210 CA. As the compression stroke 

proceeds, the magnitude of the negative velocity increases and is then maintained for tumble 1,2, 

and 3. At this point, the magnitudes of all the mean and RMS velocities are comparable. 

At points 4,5,6 and 7, the magnitude increases with decreasing cylinder aspect ratio after 

mid-compression stroke. Between 270 and 360 CA a second measured velocity reversal is 

observed. 
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At tumble 1, the ensemble-averaged mean velocity radial velocity component changes 

direction at approximately 300 CA. The magnitude remains approximately similar. Tumble 2 is the 

next to change at 310 CA followed by tumble 3 at 325 CA and tumble 4 at 345 CA. Tumble 5 does 

not reverse direction until several crank angles after TDC firing. The reversal is momentary and of 

small magnitude, and the flow returns to the negative direction. Tumble 6 and 7 however do not 

change direction at all and remain negative throughout the power stroke. At tumble 4, the peak 

negative mean velocity magnitude is 5 ms' at 325 CA. This increased to 6 ms'' (330 CA) at tumble 

5 and almost 10 ms' (350 CA) at tumble 6. Tumble 7, located in the apex of the pent-roof recorded 

a peak mean velocity of 7.5 ms', 10 CA before TDC. 

These changes in radial velocity direction during the latter stages of the compression 

stroke show that the tumbling vortex generated during the intake is conserved during compression. 

As the proximity of the piston to the cylinder head decreases, the tumbling vortex has less available 

volume within which to spin. Considering a frictionless system, a reduction in tumbling radius would 

be accompanied by an increase in angular velocity. This is often referred to as tumble 'spin-up'. In 

a conventional geometry, pent-roof gasoline engine, the tumble motion during late compression is 

eventually destroyed by distortion of the main eddy by the changing geometry and increase in 

friction. This can be identified by a crank angle at which the bulk flow breaks down to turbulence, 

recorded as an increase in measured turbulence intensity (e. g. Arcoumanis et al., (1990)). In the 

present study however, there would appear to be no discernible increase in turbulence intensity at 

the spark plug locations during the latter stages of the compression stroke, especially in the tumble 

plane. The turbulence intensities for tumble locations 3,4,5,6 and 7 are presented in Figure 5.13. 

for the period of 40 CA BTDC. Locations 1 and 2 are not included as they intersect the piston bowl 

in this range. The plot would seem to indicate that there was little decay of the prominent reverse 

tumbling motion into small scale turbulent eddies. The turbulence intensity at TDC is within the 

range of 25 to 50%. Tumble 5 however, shows a sharp increase in turbulence intensity from 340 

CA to TDC. Over this range, tumble 5 at 13 mm depth from the spark plug gap is approximately at 

the geometrical centre of the piston bowl. If the tumble vortex is assumed to completely fill the 

available area, then the recorded flow at tumble 5 will fluctuate intensely between a negative and 

positive measure. Indeed, from the instantaneous and ensemble-averaged results, it can be seen 

that tumble five showed an approximately zero mean radial velocity component at TDC whilst 

points 3,4,6 and 7 were always greater than ±2 ms'. It is also of interest to note that none of the 

measurement locations would appear to be effected by a squish flow from the exhaust to intake 

side of the chamber. All the tumble point locations, excepting tumble 5, contrarily indicate a 

reduction in RMS velocity prior to TDC. At locations 3 and 4, well within the bowl area, the RMS 

velocity decreases from between 320 CA to 340 CA to 2-3 ms' at TDC and a mean velocity of 4-5 

ms'. A decrease is also evident from 345 CA at locations 6 and 7. Both points show RMS 

velocities of 2-3 ms' at TDC and mean velocities as high as 7 ms'. At tumble 5, an increase to 3 

ms" in RMS velocity is observed over 350-360 CA. 

In the cross-tumble plane, all the measurement points show a similar characteristic pattern. 

Relatively high velocities that fluctuate almost symmetrically about the zero velocity value dominate 

the intake stroke. A local velocity peak was observed in the region where the valve lift and piston 

speed begin to increase significantly. 
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The lowest peak value of 20 ms'' was observed at approximately 70 CA and at position 1 

at a depth of 33 mm. The peak value increased with decreasing distance from the spark plug until a 

maximum value of 50 ms' was recorded at location 5. At points 6 and 7, the peak values dropped 

to approximately 40 ms'. The resultant ensemble-averaged mean and RMS velocity plots showed 

the magnitude and degree of symmetry in the fluctuating velocity component. The RMS velocity 

fluctuation rises to a sharp peak at all locations at approximately 70 CA. Again, the magnitude of 

the peak increases inversely with depth from the spark plug gap up to point 5. Points 5,6 and 7 

show maximum RMS velocities of 20 ms' in the same region. These locations are closest to the 

valve seat jet flows and regions of flow re-circulation behind the valve curtain. In addition, 

measurements in the cross-tumble plane are more effected by the four-valve geometry of the 

cylinder head. Jet flow interaction between both intake valves will produce a significant velocity 

component in the cross-tumble direction as each inflow competes to fill the cylinder volume. The 

flow instabilities induced in the intake system lead to intermittent jet mixing and flapping that is 

observed as an apparent increase in the measured RMS turbulence intensity (skewed velocity 

probability distributions) and has been reported in other steady flow studies, e. g. Nadarajah et al. 

(1999). 

From approximately 70-80 CA, all the measurement points show a constant decay in 

instantaneous velocity magnitude, over 100 CA, up to the point of inlet valve closure. From this 

point, the RMS velocities show no discernible increase and are nearly constant in the range 2.5-4 

ms' until TDC compression. Points 3 and 7 shows a small decrease in RMS velocity from 350 to 

360 CA. This would suggest that the main tumbling vortex had remained coherent and had not 

undergone a breakdown into smaller eddies. The small cross-tumble RMS velocity recorded is that 

due to friction against the chamber walls and the shifting of the axis of rotation of the main tumble 

vortex across the cross-tumble plane. There is no appreciable mean velocity until just before TDC. 

A small positive velocity of between 0.5 and 1 ms' was recorded at points 3 and 4. Points 5,6 and 

7 indicate slightly larger negative velocities of between 2 and 3 ms'. 

Figures 5.14a. to d. show the normalised ensemble-averaged mean velocities in the 

tumble plane for all the measurement points against piston displacement for the four strokes. 

During the intake stroke, a typical fuel injection timing is displayed for a homogenous charge, full- 

load engine condition. With even a modest injector cone angle, fuel would be sprayed through the 

tumble points 1,2,3,4 and 5. The magnitude of the mean and RMS velocities would ensure good 

mixing of the fuel with the intake charge. 

The plot of the compression stroke better represents the features of the bulk flow motion 

described above. Included also are a series of injection timing for a late, stratified charge strategy. 

A well-defined rotational bulk motion would be required to effectively stratify the injected fuel load 

and transfer it to the spark plug region. At all measurement points up to approximately 25 mm 

piston displacement from TDC, the mean velocity is constant and directed towards the intake side 

of the chamber. Tumble position 1 is the first location to exhibit a change in velocity direction when 

the clearance height is approximately 23 mm. 

This is followed by tumble 2 at 17 mm, tumble 3 at 8 mm and finally tumble 4, at 3 mm 

from TDC piston position. Tumble 5,6 and 7 do not change direction but increase significantly in 

magnitude towards the intake side at TDC. 
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The form of the plot can be explained by the translation of a coherent, reverse tumbling 

body, which is driven up the cylinder by the piston motion, conserving angular momentum and 

which interacts initially with the measurement volume at the lowest point in the bowl (tumble 1). 

This point records the radial velocity component of the top of the vortex. The continuing upward 

piston motion pushes the bulk tumbling vortex through the remaining co-linear (spatial fixed) 

measurement points. As the decelerating piston moves upwards, the lowest points in the bowl 

encounter the bottom of the tumbling vortex. The radial velocity component measured at this point 

is opposite in sign to that at the top of the vortex. As the piston approaches TDC, the four deepest 

measurement points consecutively measure a radial component of the angular velocity that is 

positive towards the exhaust side of the chamber. Points 5,6 and 7 confined within the pent-roof 

continue to measure the top of the vortex. The results confirm that a tumbling body is present in the 

compression stroke up to and beyond TDC. Figure 5.16c. shows that the sign and magnitude of the 

velocities in the early phases of the power stroke indicate a reverse tumble motion that slowly 

decays until exhaust valve opening. These phenomena are not generally observed in 4 valve pent- 

roof combustion geometries with 'regular' intake geometry, where the bulk tumbling motion is seen 

to dissipate into smaller scale eddies after the break-up of the predominant vortex. 

5.3.1.1.1. Specific Investioative Test Results - Radial Velocity 

(a) Consecutive Test Repeatability. The repeatability in the ensemble-averaged mean and RMS 

velocities from one independent test to the next are shown in Figures 5.15a., b at 1000 rpm and 

Figures 5.16a., b. at 1500 rpm. In both sets and at both engine speeds, approximately 10,000 

validated Doppler events were captured. The results are used not only to assess the measurement 

technique but also the repeatability of the engine test conditions. For both engine speeds, the 

ensemble-averaged mean and RMS estimates follow the same characteristic pattern throughout 

the four engine strokes. However, the oscillations in both curves are not as well reproduced from 

one data set to the next. This is because the ensemble-averaging procedure requires a large 

amount of data per crank angle window with which to make a statistically accurate mean estimate 

over that interval. The seeding rate throughout the cycle and with location, from cycle to cycle and 

from test to test is not constant and mean estimates are made from varying sample sizes. It can be 

seen from the figures that the magnitude of the difference in the ensemble-averaged mean velocity 

estimate is greater at the higher engine speed. Figures 5.15b. and 5.16b. show the difference in 

estimates between the sets over the intake and compression and then through the power and 

exhaust strokes. The difference bar chart highlights the need for large data sets for mean 

estimates. The largest differences are observed in the turbulent phase of the intake stroke at 1500 

rpm that shows particularly poor repeatability. The difference in this region exceeds 50 % of the 

measured value at some crank angles. The difference at 1000 rpm is much lower in magnitude 

through early intake and the compression stroke, being of the order of ±1 ms' with some 

exceptions. 

It should be noted also, that in addition to insufficient data points per averaging window, a 

very slight phase shift in crank angle encoder signal would result in large difference fluctuations. 
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This would have more of a potential overlapping effect at 1500 rpm, where one averaging window 

is equivalent to only 80 its. 

(b) Through Test Cycle-to-Cycle Variability. A qualitative comparison of 2 and 6 individual 

engine cycles is presented in Figure 5.17. for the tumble point 5 at 1500 rpm. The validated 
Doppler burst arrival time from the start of the experimental run was used to extract the 

instantaneous velocities from each consecutive engine cycle. At 1500 rpm, one complete engine 

cycle lasts for 40 ms. The measured engine cycle time on the plot is however 80 ms due to the two 

revolutions of the four stroke cycle registered by the Doppler processor prior to post-processing. 
The results show the irregular arrival times of the validated velocity measures throughout a single 

cycle and from cycle to cycle. At only a few points in the cycle, where seeding concentration is 

high, can the sampling rate be considered as nearly continuous. The total number of collected 

validated signals for this engine run was in excess of 50,000. However, these results suggest that 

there are too few measurements for an in-cycle (or cycle-to-cycle) resolved analysis. 
(c) Choice of Doppler Frequency Bandwidth. Two separate test cases are presented for a spark 

plug axis measurement at a depth of 32mm. Velocities were recorded in the cross-tumble plane at 
500 rpm. The first set of tests was conducted with a 4MHz bandwidth, which in this optical 

configuration, gave a velocity range of ± 6.45 ms'. The second set were performed with a 12 MHz 

bandwidth corresponding to a velocity range of ± 19.3 ms'. The results of instantaneous, mean 

and RMS velocities are presented in Figure 5.18. In the first plot, the choice of a smaller bandwidth 

restricts the measurements to a narrower velocity window and 'clipping' of the total velocity 
distribution is evident. This results in an apparent reduction in RMS velocity at those parts of the 

cycle most affected; i. e. the intake and early power stroke phases of this plot. The mean velocity 

plot shows that the smaller bandwidth both over and under predicts the ensemble-average mean 

velocity of the total measures even in flow regions within the velocity bandwidth bounds. For these 

points, a reduction in velocity bandwidth reduces the burst detector bandwidth and improves the 

validated signal data rate (or the system 'sensitivity'). Increasing the measured velocity range, 

reduces the system 'sensitivity' to small velocity fluctuations and is more likely to introduce errors 
due to velocity bias effects. 

(d) Effect of Engine Speed. Two sets of independent tests were performed to study the effect of 

engine speed upon the mean and RMS turbulence velocities. The engine was motored at 500, 

1000 and 1500 rpm and data recorded at a depth of 32mm from the spark plug body. Figures 

5.19a. and b show the effect of engine speed over the entire engine cycle with the intake throttled to 

800 mbar absolute pressure. Data is presented for ensemble-averaged mean and RMS velocities 

recorded in each set. An initial inspection of the results for this single in-cylinder location, suggests 

that the ensemble-averaged estimates scale linearly with engine speed. The same characteristic 

patterns and even some of smaller scale fluctuations are present at all speeds through the intake 

stroke. However, during the compression stroke, the mean velocity in both data sets begins to 

behave differently at the 1500 rpm condition. To highlight the differences, the plots were 

normalised by mean piston speed and are shown in Figures 5.20a. and b. for the mean and RMS 

values respectively. 

To assess the linearity across the engine cycle, the mean and RMS velocities are also 
plotted against engine speed for fixed crank angles of 90,180,270,450,540,630. 
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A linear curve fit is used as an approximation to the data points. During the turbulent intake 

(90 to 180 CA) and power stroke (450 CA) phases of the cycle, the normalised mean velocity does 

not scale with engine speed. Instead, its value decreases with increasing engine speed at a rate of 

between 1.7 to 1.8 ms" per 1000 rpm. However, at 270,540 and 630 CA, the normalised mean 

velocity is constant over the three engine speeds. In contrast, the best linearity of normalised RMS 

velocity with engine speed is observed 90 and 540 CA. The poorest linear approximation to the 

measured points occurs at 180 and 450 CA. At 270 CA in the compression stroke and 630 CA in 

the exhaust stroke, the normalised RMS velocity increase by 0.5 and 1 ms" over the speed range 

respectively. 

(e) Effect of Intake Throttling. Figures 5.21a and b present the ensemble averaged mean velocity 

and RMS turbulence velocity for two intake manifold pressure conditions under repeat test 

conditions. The first set of measurement were performed at WOT and 1 bar atmospheric pressure 

conditions, whereas the second set were recorded with a 200 mbar manifold depression. In each 

case the engine was motored at 1500 rpm. In each case the mean and RMS velocities are both 

altered in magnitude. In addition, the mean velocity estimate shows a change in direction at two 

points in the cycle. Throttling the intake reduces the mass flow rate of the airflow into the engine 

and as such, the magnitude of the mean velocity is reduced during the intake phase. At BDC, the 

characteristic velocity evolution initiated by the tumbling vortex is observed at this measurement 

location for WOT conditions. In contrast, throttling of the intake flow has the result of changing the 

mean flow radial component direction but not its magnitude, in both data sets. This sharp change is 

associated with a peak in RMS velocity at approximately 180 CA. From TDC firing to the end of the 

cycle, the velocity remains almost continuously opposed in direction to that measured at the WOT 

conditions. A second peak is observed in the RMS velocity distribution shortly after TDC firing. The 

results suggest that throttling of the intake has significantly altered the magnitude and direction of 

the measured radial component of velocity at this in-cylinder location. In doing so, it has also 

induced high-levels of velocity fluctuation. The position of the maximum intake peak mean velocity 

between the two conditions is of particular interest. Under WOT conditions the intake peak spreads 

across approximately 100 CA. Under throttled operation, a sharp peak is observed initially at 60 CA 

followed by significant drop in mean velocity (in excess of 50%) and then a secondary peak at 

around 160 CA. For a measurement point in this location (cf. tumble 01), the main jet flow from 

beneath the valve is predominant in this phase. With a reduction in mass flow rate, the velocity 

magnitude of both intake jets is reduced and at peak valve lift, the flow from above the valve attains 

a comparable magnitude and the averaging reduces the mean value. As the piston moves 

downward, the lower jet once again predominates until intake valve closure. The mean flow motion, 

observed during the compression stroke, is in the forward tumble direction at this location. 

(f) Particle Residence Weighting. The effects of velocity bias in the ensemble- averaged estimate 

of the mean radial velocity are shown in Figure 5.22. for the measurement point 5 in the tumble 

direction. In this test, the mean data rate was 0.8 kHz and 52,000 validated data points were 

recorded. The results are presented for two regions in the engine cycle that were specifically 

chosen to assess the effects of velocity bias upon the ensemble-average estimate. 

The regions were chosen in the intake stroke where particle seeding of the engine cycle 

takes place following the exhaust process. The total particle seeding volume is not complete until 
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the intake valve closes. The first region is from TDC OCA to 20CA during the intake process during 

the valve overlap period and when the intake valve lift is low and the RMS velocity fluctuation is 

high. The scatter plot indicates that the number of relatively low velocity measurements in this 

region is less than that for the rest of the intake stroke. That is, the 'local' data rate in this region 

was likely to be less than the recorded mean data rate taken over all engine strokes and cycles. 

The second region is further into the intake stroke, from 40CA to 50CA. In this region, the intake 

valve has a greater lift and a high-speed jet flow enters the cylinder. The RMS velocity fluctuation is 

at a minimum and the velocity scatter plot indicates large amounts of validated data. Again, the 

`local' data rate is likely to have exceeded the mean data rate of all cycles. 

The seeding particle statistics are used to weight each velocity measure with the inverse of 

the instantaneous volume flow rate in the probe volume. The distribution of the particles is 

assumed homogeneous. The instantaneous volume flow rate through the probe volume is 

proportional to the particle transit (residence) time, At;. The transit time weighted mean velocity, uN 

is then calculated from the following expression: 

u(t; )At; 
UN 

At, 
5.0. 

The lower plots in Figure 5.22. show the ensemble-averaged and particle residence time 

weighted average velocities for both regions of interest. The vertical velocity scales in each plot are 

of the same 12 ms' dimensions. In the 0-20CA range, the ensemble-averaged estimation under 

predicts and over predicts the weighted curve. The region is highly turbulent and particle seeding is 

sparse with approximately 20-30 samples recorded for each crank angle window. In the 40-50CA 

region, the ensemble-average prediction is always greater than that calculated by the weighted 

average. The samples are much greater in number; increasing from 200 to 500 samples per 

1.44CA window over the 10 CA range. The ensemble-averaged value will therefore tend to a closer 

mean value estimate. The difference in total absolute velocity magnitude between the two sets of 

mean data is at most approximately ±1 ms'. The graphs clearly show that for mean plots of early 

turbulent intake processes with sparse seeding and relatively low velocity, the ensemble average is 

a poorer indication of the true flow velocity than in other parts of the cycle. However, even in such 

cases, the ensemble-average estimate is within the uncertainty of the experiment and provides an 

adequate estimation for standard analyses. 

5.3.1.2. Quartz Annulus Measurements - Axial Velocity Component 

The temporal distribution of the instantaneous, mean and RMS velocities are shown in Appendix H 

for the z=-10 mid-cylinder plane. The results obtained at z=-9 and z=-14 mm were considered of 

insufficient quality to be used here. It should be noted that location N20FOO (Figure Hb), 20 mm 

from the cylinder axis towards the intake side, shows the PMT overload effects described in 

Chapter 4, in the data dead zone. These results are carried through in the ensemble-averaging but 

do not affect the estimates made in the 'true' cycle portions. 

The general bulk flow patterns have already been described in the previous section for the 

radial velocity component measured along the spark plug axis. 
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Therefore, this section only describes those features pertinent to this data set during the 

intake and compression strokes. Large velocities and steep velocity gradients once again dominate 

the early intake phase. The largest velocities are found at 20 and 25 mm from the cylinder axis 

towards the intake side. The magnitude of the mean velocity peak diminishes to half the value at 

mid-cylinder and 5 mm from mid-cylinder towards the exhaust side. These positions are removed 

from the main jet flows. Also, moving towards the intake side cylinder wall, the ensemble-averaged 

mean velocity is reduced by 10 to 15 ms -1 in this early phase where the piston topland is in close 

proximity to the cylinder head gas face. This highlights the influence of the curved intake port 

geometry and the sharp angled valve seat that deflects the main flow away from the wall and into 

the piston bowl. The RMS velocity distribution at all points during the intake stroke shows the same 

characteristic pattern and peak with similar magnitude. 

During the compression stroke, measurement locations from mid-cylinder to 20 mm from 

the cylinder axis show negative mean velocity values up to the point of piston interaction. At mid- 

cylinder a mean velocity of -5 ms' (i. e. in the upwards direction) is maintained until three-quarter 

stroke. Moving across the data points towards the intake side shows a decrease in the magnitude 

of the negative component until the mean velocity component tends to zero at N25F00,25 mm 

from the cylinder axis. At N30FOO and N35F00, the mean velocity is zero during the entire stroke. 
The measured vertical component is that due to the reverse tumble motion moving up the stroke. 

The points at the extremities of the cylinder are outside of the tumble flow and may be influenced 

by the roll-up vortex created in the step between the piston edge and the cylinder wall. The mean 

and RMS velocities recorded at N25F00 and N30FOO indicate high levels of turbulence intensity in 

this region. The RMS turbulence velocities at all the measurement points during the compression 

stroke are relatively small in magnitude suggesting a well-defined bulk fluid motion. 

5.3.2. Spatial Distribution of Air Flow Ensemble-Averaged Mean Velocity. 

5.3.2.1. Radial and Axial Mean Velocity Components 

The ensemble-averaged mean velocity for the measured radial component normal to the spark 

plug axis in the tumble plane is plotted for each measurement location at a constant crank angle. 

Figures 5.23a. to d. show the velocity vector component in each of the four-strokes. The scale 

vector is set at 10 ms' in all the plots. During the early intake, a strong jet flow is observed through 

the 3,4,5 and 6 locations and the highest radial velocities of the whole cycle are recorded. A 

strong mean flow at these locations is still observed at 172 CA in the forward tumble direction. 

During the compression stroke, the magnitude of the mean velocity radial component is seen to 

increase and the reverse tumble flow pattern becomes established. Early in the power stroke, a 

reverse tumbling motion persists, albeit small in magnitude, until approximately 460 CA. A sink flow 

is then established from the point at which the exhaust valve starts to open and the magnitude of 

the mean velocity component increases to a maximum at peak valve lift. 

In Figures 5.24a to c, the axial velocity component is presented in the same vector format 

for the quartz annulus measurement locations. The engine and annulus geometries are 

superimposed on the plot. In addition, the piston bowl location and piston topland height is marked 
at each crank angle. 
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These are illustrated in the first plot at 20 CA along with the spark plug axis that defined the 

measurement locations of the radial velocity component. The plot for 60 CA shows the magnitude 

of the mean radial component. In all the plots, large-scale arrows are used to describe the mean 

flow pattern through the intake and compression strokes. 

At the beginning of the intake stroke, the predominant jet flow exits from beneath the valve 

and is measured at approximately 40 CA. Between 60 and 80 CA angles, both jet flows in the 

tumble plane are captured as the piston bowl region passes through the horizontal measurement 

line. The mean flow axial component then continues to follow the downward motion of the piston. 

The magnitude is greatest towards the intake side cylinder wall. At BDC, the magnitude reduces to 

a minimum and the velocity component fluctuates about zero until 220CA. At this point, the mean 

velocity near the cylinder axis begins to increase to approximately 5 ms 1 at 280 CA. As the piston 

continues to approach TDC, the mean velocity is seen to diminish but the tumble motion is still 

present at 300 CA. However, the location 25,30 and 35 mm from the cylinder axis towards the 

intake side recorded negative velocities at 300 CA due to the piston motion and wall interaction. 

The vertical plane of the LASER beams and the height of the piston topland limited the last 

possible measures to 320 CA. Even so, the large negative velocity recorded at 25 mm from the 

cylinder axis is thought that due to PMT overload, also present in the first plot at 20 CA. This was a 

particular feature of this measurement location in the proximity of the piston with a high reflection 

signal from within the bowl. At 340 CA and 360 CA, the sporadic mean velocity measures are also 

due to PMT effects and can be easily eliminated. 

Experimental measurements using the annulus method were limited to approximately 40 

CA BTDC in the compression stroke. The spark plug measurement however permitted 

measurements up to TDC. To study the characteristics of the tumbling flow within the bowl, the 

radial velocity components were selected at 1.44 CA increments from 320 to 360 CA. These are 

presented in Figures 5.25a. to d. and clearly show a reverse tumble motion, whose centre 

translates up the cylinder stroke. As the piston approaches TDC the magnitude of the radial 

component increases. 

5.3.2.2. Evaluation of a Ticnina Tumble Vortex Ratio 

A tumble ratio can be defined as the ratio of some characteristic parameter of a rotating body to 

that of a solid body rotation. Arcoumanis et al., (1990), defined the swirl ratio of the in-cylinder flow 

as 
1 RW 

cv= J-dr 
co, R, 

0r 
5.1. 

where we, is the engine speed in rads', R,, is the cylinder radius and W, is the ensemble- 

averaged swirl velocity. They then defined the non-dimensional angular momentum per unit mass 

around the center of rotation (zero velocity location). The ratio of swirl ratio to angular momentum 

of a solid body was then used to define a new swirl ratio 

21 ('r2Wdr 

Z IMRfR; of 
5.2. 

where n, is the engine speed in rev/s. 
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The final swirl ratio was summed over the number of axial velocity profiles measured. 
An equivalent ratio can be used to describe the tumble motion in the late stages of 

compression based upon several assumptions. These are referred to in Figure 5.26. At 320 CA, 

the piston topland is approximately 10 mm from the cylinder head gas face and all the 

measurement points are located within a circle drawn about the geometric centre of the piston bowl 

and of equal radius. The tumbling flow is then assumed to fill the whole available area as indicated 
by the dashed line ellipse. As the measurement locations are spatially fixed, it must be assumed 
that the tumble centre, or point of zero velocity lies along the axis and at the point that the velocity 
profile changes direction. This method was also preferred in the studies of Arcoumanis et al., 
(1990) and Baby and Floch (1997). In this study, the choice of spark plug axis for tumble estimation 
late in the compression was made based upon the tumble centre LDA investigation undertaken by 
Jaffri et al., (1997) using an AVL single cylinder research engine fitted with a single cylinder of a V- 
6,24-valve gasoline engine, with both tumble and swirl flows. They compared tumble ratios in the 

vertical plane for a fixed tumble centre, located at TDC and a moving tumble origin, located at the 
instantaneous centre of the cylinder volume. In general, the moving origin approach showed far 
less fluctuation in tumble ratio compared to the fixed origin. In this study a moving origin approach 
was adopted with its motion along the spark axis. This was felt to be a better choice than that of the 

more traditional mid-cylinder axis, due to the offset nature of the tumble vortex induced by the 

chamber geometry. At each crank angle, the ensemble-averaged mean velocity is plotted against 
the distance from the spark plug gap as shown in Figure 5.27. The point at which the velocity sign 
changes is the distance along the axis to the approximate point of zero velocity or centre of tumble 

rotation. Interpolation between the points to smooth the curves did very little to alter the point of 
cross-over and the original data points were considered adequate. 

The swirl ratio referred to by Arcoumanis et al., (1990) was then applied in the tumble 

plane along the spark plug axis using the horizontal component of the inclined (8 degrees to the 

vertical) radial measured velocity component. The integral over the total measured depth was 
divided into two regions about the tumble centre point; a region of negative velocity magnitude and 
a region of positive magnitude. This is shown in Figure 5.26., where Al and R2 denote the 
distances over which the velocities moments are negative or positive respectively. The revised 
inclined or 'tipping' tumble vortex ratio (using the notation of Arcoumanis et al., (1990) is given by: 

RI R2 

w' =21_ 
Jr2V. 

odr +1 jr2V dr + 5.3. 
miR, Rl 3o R2 30 Zo 

where Vo is the ensemble-averaged mean radial velocity component at a distance, z along the 

spark plug axis. Positive tumble rotation is taken towards the intake side. 
The 'Tipping' Tumble Vortex Ratio (TTVR) is plotted in Figure 5.28a. against both crank 

angle and piston displacement. Note the x-axis directions are opposed to aid clarity in the plot. A 

solid body rotation would give a TTVR of t1. From 320 to 330 CA (approximately 6 mm from TDC 

position), TTVR decreases in positive magnitude. This indicates that the centre of the tumble vortex 
is lower down the spark plug axis and the moments are weighted in favour of the values above the 

zero velocity crossing. 
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In this case TTVR is not a useful definition of tumbling rotation with such a limited number 

of measurement points. From 330 to 345 CA, the tumble ratio increases again in magnitude in the 

negative direction until a maximum condition is reached at 350 CA (less than 1 mm from TDC). At 

this crank angle, the tumble rotation approaches that of a solid body. Five measurements were 

taken from 350 to 360 CA and show that the tumble ratio decreases minimally in magnitude over 

this range. Between 350 and 360 CA the change in TTVR is less than 0.16 ratios. The final tumble 

ratio is 0.83. This shows an absence of tumble breakdown into turbulent eddies commonly 

observed in pent-roof, tumble flow, gasoline engines from 330 CA where the tumble vortex ratio 

tends sharply to zero. 

The plot also includes the cylinder height to bore aspect ratio over the same range of crank 

angles. Arcoumanis et al., (1990) identified that tumble vortex destruction started at an aspect ratio 

of 2.5 in a motored gasoline engine using a directed, tumble generating, inclined intake port. This is 

equivalent to approximately 335 CA. At an aspect ratio of 6, they report that the large structures 

had broken down into a quiescent flow that exhibited high turbulence levels. In Figure 5.13. the 

turbulence intensities at the spark plug locations were plotted for the late compression stroke over 

the same crank angle interval as the TTVR. Tumble points 3 and 4 showed turbulence intensities 

that were twice that of the other spark locations at 330 CA. From 350 to 360 CA only tumble 5 

shows a marked increase in turbulence. Its location between these crank angles (aspect ratio of 

5.5-6) is very close to the estimated tumble centre and as such a highly fluctuating velocity 

component is to be expected. It is not an indication of bulk flow disintegration. In addition, it is likely 

that the tumble centre moves radially as well as axially and that its precession will induce an 

apparent low frequency turbulent component to the results as observed by Baby and Floch (1997). 

In Figure 5.28b., the distance from the tumble vortex centre to the instantaneous geometrical bowl 

centre is plotted from 320 to 360 CA. This shows the precession of the vortex centre as the piston 

moves up to TDC, relative to the set of spark axis points. A linear fit is a good approximation to the 

data points. The rate of change in displacement is of the order of 1.43 times axial to radial. The 

lowest points occur at 320 CA and then 325 CA. The rate of vortex centre travel relative to the 

piston position can be estimated between these two points. At 1500 rpm, 5 CA is equivalent to 0.55 

ms. Therefore the speed of the centre of the vortex relative to the centre of the piston bowl is 

approximately 0.64 ms" between these two angles. 

5.3.2.3. Comparison of Late Compression. Tumble Plane. RMS Velocity 
Profiles between a Manifold Infection and Direct Injection Engine. 

An estimation of the crank angle of vortex breakdown can be derived by comparison of the tumble- 

plane RMS velocity fluctuation observed at the spark plug locations in the Volvo manifold engine 

with those measured in the direct injection build. The Volvo B230 cylinder has two side-entry, 

forward tumble, intake ports. The chamber has a pent-roof geometry to aid tumble formation and 

the piston has a flat top. The RCE direct injection cylinder head utilises a top-entry, reverse tumble 

air motion principal. The chamber geometry is also pent-roof and the piston incorporates a bowl to 

conserve charge angular momentum and direct injected fuel. 
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Towards the end of the compression stroke, conventional combustion systems rely on the 

destruction of the bulk flows to generate turbulence for the early combustion phase. Figure 5.29. 

shows the measured RMS radial velocity components over the final 40 CA of the compression 

stroke. Both sets of measurements have been carried in close proximity to the spark plug location 

and in the region of early flame development. Trend lines have been added to the plots to 

approximately indicate the gradient of the curves over the last 15 CA. A typical spark ignition timing 

might be in the range of 325 to 335 CA. In the Volvo plot, each measurement location shows an 

increase in RMS velocity from 330 CA excepting SP4 which remains constant and then rapidly 

increases at 350 CA. SP2, SP4 are located closest to the spark plug and SW3 is located in the 

corner of the pent-roof. These three points show the greatest increase in fluctuation velocity from 

320 CA. SW1 1, located in the apex of the pent-roof shows the smallest increase. In contrast, the 

RMS fluctuation observed in the direct injection engine along the spark plug axis is constant up to 

350 CA. From this point to TDC, only location 5 shows an increase in RMS velocity as discussed 

above. The remaining points decrease in magnitude. The type of breakdown mechanism observed 
in the Volvo engine from 330 CA (and in many other studies in the literature) is not present and the 

tumble motion is seen to be conserved well into the early phases of combustion. 

5.3.2.4. Indirect Integral Length Scale Estimation: 
Single Position LDA 

In Chapter 2, a distinction is made between the two methods most often utilised to estimate the 

scale for LDA data: the direct and indirect methods. The direct method requires measurements to 

be collected at two separate points in the flow field simultaneously and was therefore beyond the 

scope of the current study. The indirect estimation of the Integral Length Scale can be derived from 

the integral Time Scale using a single point method. However, several assumptions must be made 

about the flowfield. The first is that a strong mean flow must exist that can be considered as quasi- 

stationary over some time interval. Secondly, the RMS fluctuations in the mean flow must be small 

compared to the magnitude of the mean flow (typically less than 30%). Thirdly, the turbulent 

flowfield is considered isotropic and homogeneous. For the G-DI reverse tumbling motion, the 

TTVR indicates that the tumble motion from 350 to 360 CA shows little decay and may be 

considered as quasi-steady. In addition, the radial component of the ensemble-averaged mean 

velocity at spark plug locations is between 5 and 10 times greater than the RMS fluctuation 

between 350 and 360 CA. The RMS fluctuations in the cross-tumble plane are of the same 

magnitude. 
Two methods for the indirect length scale estimation were presented in Chapter 2. One 

method involved an individual-cycle and ensemble autocorrelation approach. This was not 

considered suitable following the examination of the data arrival times outlined in the specific 

investigations section previously discussed. The other method involved an ensemble-averaged 

approach considered by Corcione and Valentino (1990,1991), Hilton (1991) and Hong and Chen 

(1997) where a phase angle (lag range) was added to the crank angle to account for the non- 

stationary nature of the flow. The autocorrelation function is then integrated over a small phase 

angle range until velocity fluctuations are no longer correlated. They state that the maximum value 

of the phase angle range is most difficult to predict when the piston speed is at a maximum. 
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This was observed also by Hilton, (1991), who used a maximum phase angle range of 90 

CA. In doing so, however, the lag range slot widths increased from 0.18°, for a lag range of 1.44 

CA to 5.76° at 90.76 CA. In the range of 320 to 360 CA the instantaneous piston velocity tends 

rapidly to zero and the quasi-stationary assumption of the tumble flow indicates that velocity 

samples should correlate over only a small phase angle range. For a small lag range region, the 

autocorrelation function would be expected to change more significantly. Therefore, for high 

temporal resolution, or where the autocorrelation changes rapidly, the requirement is for the 

smallest possible phase angle slot width with the largest possible sample size to reduce the 

variance of the estimate. 

Hong and Chen (1997) defined a Temporal Autocorrelation Coefficient, Rt 

Rt(B, 0) =ir, 
u(9, i)u(e + 0, i) 

5.4 
n j71 

ýUll(6)UEA(U+0) 

where 0, the phase slot width angle with respect to crank angle. 9 is the chosen reference crank 

angle, i is cycle number and n is the total number of cycles. The ensemble-averaged turbulence 
intensity, u'E, is defined as 

i NC 
2 

E,, (9)= ZýU(B±OO/2, i)-U(0, i)ý 
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5.5 Nt(B) ; _, 
where Nt is the total number of measurement in the crank angle ensemble-window and Nc is the 

total number of cycles. The integral time scale is defined as the area under Rt 
vniax 

J1Rt(B, 0)p 5.6 
0 

and the integral length scale using Taylor's hypothesis is obtained from 

L, =! UEA(B)k, (6) 5.7 

The temporal autocorrelation coefficients were calculated at two in-cylinder, spark axis 

locations, in the longitudinal direction of the tumble plane. Tumble position 7 (3mm from the spark 

plug body) and Tumble position 6 (8 mm from the spark plug body) were selected. The ensemble- 

averaging time bin of 1.44 CA was utilised in this case as the phase angle range; that is 0.0 to 1.44 

CA. Within that range the individual slot width was 0.36°. This choice gave a high crank angle 

resolution. At 1500 rpm, the temporal resolution of each slot is 0.04 ms. A minimum of 100 

validated Doppler samples were available in each 0.36 CA slot. For Tumble 7, the mean cycle data 

rate was 0.417 kHz, the validation rate was 99.6% and data was collected over 2899 cycles. At 

Tumble location 6, the mean cycle data rate was 1.384 kHz, the validation rate was 99.5% and 

data was collected over 935 cycles. It should be noted however, that the average data rate in the 

crank angle interval chosen for the autocorrelation estimation is contained within the greatest peak 

of the validated count measurements presented in the relevant tumble plane plots. Within these 

regions, the instantaneous data rates are of an order of between 10 and 20 times that of the mean 

cycle data rate at crank angles close to TDC. The accuracy of the determination of the integral time 

scale is dependent upon the resolution of the autocorrelation function. 
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This is in turn dependent upon the validated data rate. Under ideal conditions, the validated 

data rate must be sampled at a rate that is much higher than the correlated time scale to ensure 

adequate resolution of the autocorrelation function. In this study, the mean validated sampling rate 

within the considered time intervals was between five and thirty times that of the integral time scale 

calculated over the same range. 

At tumble location 7, three crank angle reference ranges were considered. The first was 

selected from 328.68 to 330.12 CA around typical spark ignition timing. The second was selected 

form 357.12 to 358.56 CA and the third, from 358.6 to 360 CA. At tumble location 6, the 330 and 

360 CA ranges were selected. The autocorrelation coefficients were then estimated for each 0.36° 

slot in the phase lag range from the reference crank angle of interest using Equations 5.4 and 5.5. 

No averaging of the coefficients was performed between reference crank angles. The estimates 

were normalised (by dividing by the zero lag values), as is often presented in the literature. This 

ensures that the estimate normalises to a zero-lag value, Rt(0), equal to unity. The non-normalised 

and normalised autocorrelation estimates are shown in Figures 5.30. and 5.31. respectively for the 

phase lag range of 1.44 CA. A common empirical form of the autocorrelation function that is a good 

representation of the temporal correlation of turbulent in-cylinder flow fields is an approximately 

exponential decay (e. g. Fansler and French (1988) and Hadded and Denbratt (1991)). These are 

plotted in the relevant figures and take the general form 

Rt(O) = Ae-Bo 5.8 

where A and B are empirical constants. In Figure 5.30. The R-squared values (coefficient 

of determination) are included as an indication of how closely the values of an exponential curve fit 

correspond to the actual data over the correlated range. In Figure 5.31. the normalised 

autocorrelation estimates are plotted with an exponential curve fit. The tumble 7 location for a 

reference crank angle of 360 is the least correlated of all the measurement points and lag ranges. 

The point at 330 CA and tumble location 6 shows the best fit to an exponential decay. 

To derive the integral time scale, the approximated exponential function of the non- 

normalised autocorrelation function was then integrated in the limit of 0,0 -4 oo . 
This was 

performed for spark plug locations tumble 6 and 7 at 30 CA BTDC to aid comparison with the 

limited results previously published in the literature and tabulated in Chapter 2. Measured integral 

length scales in conventional gasoline geometries have been shown to scale with clearance height 

(independently of engine speed) and decrease to approximately one fifth of the clearance height at 

TDC. In the G-DI geometry at 330 CA, the clearance height can be considered as the sum of the 

piston displacement and bowl depth to spark plug gap. This is approximately 30 mm. For tumble 

location 6, the longitudinal integral time scale is estimated at 1.9 milliseconds and the length scale, 

using Taylors hypothesis, at 9.5 mm. At tumble location 7, at the spark plug gap, the integral time 

scale is of the order of 1.1 milliseconds and the integral length scale is estimated at 6.2 mm. These 

values are similar to the 6.9 mm estimated by Glover et al., (1988) at the spark plug gap in a 

pancake combustion chamber at 1200 rpm using scanning LDA and a spatial autocorrelation 

analysis. Hong and Chen (1997) estimated 6.0 mm in a pancake chamber at 500 rpm using a 

direct scale estimation from a two point LDA system. 
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In all cases, the autocorrelation coefficient peak was less than unity; that is validated 

measurements that occur with short temporal separations are not perfectly correlated. This has 

been reported in the literature by many research groups including Glover et al., (1988a, b), Hilton et 

al., (1991), Hong and Chen (1997). This form of the autocorrelation coefficient compared 

favourably with that obtained from simulated data used to construct an expected autocorrelation 

estimate. Glover et al., (1988a, b) and Hilton (1991) used simulated data that included a cycle-to- 

cycle variation in the mean flow. They concluded that these cyclic fluctuations were responsible for 

a slowly varying component in the autocorrelation estimates as they were not included in the 

ensemble-averaged estimate of the mean velocity. In Figure 5.30. the tumble 6 and 7 locations at 

360 CA are most effected by cycle-to-cycle variations in the bulk flow, exhibiting a wavy type curve. 

Indeed, all the series of points show a degree of unsteadiness but this is less pronounced in the 

330 CA case. 

It is thought that this is in part due to system noise but also the low frequency tumble 

vortex centre jitter about the cross-tumble plane axis, reported by other research groups and 

manifested as an apparent turbulent contribution. In this analysis, no filtering method (based upon 

an arbitrary choice of turbulent cut-off frequency) has been applied to the raw data. 

5.4. Assessment of Errors and Statistical Accuracy of the Mean and RMS 

Velocity Estimates 

5.4.1. Experimental Uncertainties 

The assessment of the contribution of experimental errors in the LDA measurements performed 
has been extensively covered in Chapter 3 and Chapter 4. In almost all cases of engine LDA 

measurements, it is the uncertainty due to the limited number of velocity samples in a crank angle 

window that is the significant factor in assessing experimental error. 
The following appraisal relates to those errors specific to this series of tests, as the general 

experimental systematic errors were detailed in Chapter 4, 

(a) Beam Intersection Position. For the spark plug axis measurements, the pitch of the spark 

plug probe adapter and the refraction calculations for the beam pair through the Perspex window 

combined to give an experimental error in the positioning of the probe volume within the 

combustion chamber. This was estimated to be within one turn of the probe holder. This equates to 

±0.25 mm along the spark axis. The error in selection of the required spark plug depth based upon 

matching the number of screw pitch turns with the refraction through the 9.42 mm thick Perspex 

slug was of the order of ± 0.02 mm. 

In the quartz annulus study, the position of the transmission optic on the optical bench and 

it reference to the mid-cylinder location, with refraction correction through the annulus, determined 

the uncertainty in the measurement location. This was estimated at ± 0.5 mm, the approximate 

visible thickness of the targeted LASER beam. The same order of error was observed in setting the 

height of the transmitting probe. The largest potential error was introduced due to the precision of 

the vertical orientation of the beam pair. Any out of plane rotation would lead to refraction effects 

through curved surfaces and the beam pair intersection would be shifted from the mid-cylinder 

tumble plane. The vertical alignment was performed on the engine with the cylinder head removed. 
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The surface of the engine upper barrel block was checked with a spirit level. A plumb line, 

suspended from a magnetic milling dial clamp at the centre of the cylinder, was used to target the 
beam pair. A final check was performed with the annulus placed on top of the barrel. After 

performing this procedure, the error in radial translation of the refracted beam pair through the 

quartz annulus was considered to be negligible. 
(b) Optical Set-up. The estimated error in the optical set-up was discussed in Chapter 4. The 
largest estimated error was that due to the fringe spacing. This gave estimated velocity errors of 
less than 5%. 

(c) Engine Specific Tests. The series of specific tests described in the results and analysis 

sections showed evidence of potential errors in the ensemble-averaged mean and RMS velocity 

estimates. 

In summary, the repeatability tests revealed that potential errors of between ±1 ms-' could 
be expected through the compression stroke where insufficient data were collected over too few 

cycles. Simple sensitivity tests at tumble location 7 revealed that small displacements of up to ±1 
mm of the measurement volume resulted in significant differences in the mean velocity and 
turbulence magnitudes during intake, but relatively small differences during the rest of the cycle. 
This was due to the position of the tumble 7 measurement point with respect to the intake valve. 
The particle residence weighting of individual ensemble averages also indicated that during 

particularly turbulent phases of the intake and compression strokes, a difference of ±1 ms' could 
be expected between those averages weighted by the particle transit time and those simply phase 

averaged. This can introduce a large uncertainty where mean velocity values are low. 

5.4.2. Statistical Accuracy of the Mean and RMS Velocity Estimates 
The equations that describe the standard error in the mean and RMS estimates have been given 

previously and their application to LDA engine measurements is given in great detail in Chapter 4. 

Here, the result of applying these techniques to the G-DI data sets is discussed. Generally each 
data set comprises at least 50,000 instantaneous velocity measurements. The data arrival rate is 

not constant and the distribution of data samples within each crank angle interval varies with 
location and position in the cycle. This analysis is therefore limited to the intake and compression 

strokes for the motored operation of the engine. 

Figures 5.32a, b, c and d. show the standard error (standard deviation of the sample) in the 

ensemble-averaged mean and RMS velocity estimates for a typical data set (tumble 03) over the 
four strokes. The mean validated data rate over all engine cycles was approximately 0.4 kHz. The 

total data collected was approximately 52,160 of which 52,150 were validated data points over 

approximately 3284 cycles at 1500 rpm. The standard error, E in each crank angle window is 

plotted along with the ensemble-averaged mean data. The error bars on the mean data are the 

±3E (three times standard error) indicators. The probability of the true value being within these 

error bands is approximately 99.7 %. This applies to all but 6 of the 500 ensemble time bins. For 

clarity, only every second error bar is shown on the ensemble-averaged data. The results show 
that in the region of compression TDC, where the data rate is high and turbulence intensity 

relatively low, there is very good statistical accuracy. 
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The 3E value at TDC is 0.3 ms" in the mean estimate and 0.05 ms 1 in the RMS estimate. 
This compares favourably with Hilton, (1991), who recorded 0.2 ms' for a mean estimate in a 
gasoline, pent-roof combustion system. Elsewhere in less seeded and more turbulent parts of the 

cycle, Hilton, (1991) reported 3C values in the range of 1 ms 1 for a 450,000 data set point. In the 

present study, the highest 3E values were recorded close to maximum inlet valve lift and were of 
the order of 3 ms -1 for the mean and AMS estimate. 

5.4.3. Velocity Histograms 

The velocity probability distribution is often calculated over selected crank angle intervals to identify 

any distributions that may deviate significantly from a Gaussian from. A comparison is made 
between the distributions of the velocity samples at two locations in the engine cycle for tumble 
location 5. 

These are shown in Figure 5.33., for a 10 CA interval centred around 330 and 360 CA. A 

velocity slot width of l ms" was chosen. The two curves show a degree of Gaussianity in the 
distribution of velocity samples. In the 330 CA plot, the distribution is approximately symmetrical 

about the mean. At 360 CA, the curve is asymmetrical and shifted towards the lower velocity 
samples. This is unusual in that velocity bias effects in single position LDA usually skew the 
distribution towards the higher velocities; that is the probability of obtaining a sample is related to 
its magnitude. That said, Hilton (1991) reported non-Gaussian distributions for single position data 

in some regions of low mean velocity. It is therefore likely that this is a particular feature of this 

measurement location. It can however be concluded that from results of single position LDA, 

sampling velocity bias is responsible for the departure from a Gaussian distribution and that the 

effect varies across the engine cycle. A quantitative measure of the degree of Gaussianity (e. g. 

skewness and kurtosis) was not covered in this analysis. 

5.4.4. Crank Angle Broadening 
The effect of crank angle broadening is illustrated in Figure 5.34a and b. for tumble location 3. 

Velocity gradient effects are most pronounced when ensemble averages are computed over large 

crank angle intervals and where the flow velocity is undergoing rapid acceleration. The ensemble- 

averaged mean velocity is plotted for the complete engine cycle. In each case the four stroke 

engine cycle is divided into 25,50,100,250,500 and 1000 time bins. This corresponds to crank 

angle intervals of 28.8,14.4,7.2,2.88,1.44, and 0.72 CA. The ensemble-averaging procedure is 

as presented previously. It is clear from both sets of plots that it is not until at least 250 time bins 

are used, that the mean curve starts to represent a good average and is able to follow some of the 

smaller perturbations. In the highly fluctuating parts of the cycle, the spread between 25 and 1000 

time bins is at a maximum and diminishes towards TDC. Crank angle broadening can be 

approximately quantified by the ratio of the variation in the ensemble-averaged mean velocity to the 
RMS velocity across the averaging window. For an averaging window centred about 100 CA, the 

crank angle broadening for the above crank angle intervals is shown in Table 5.2. The crank angle 

ratio centred at this crank angle generally decreases with decreasing ensemble-averaging crank 

angle interval. 
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The difference in mean velocity difference decreases with a reduction in interval width. The 

smaller intervals follow the RMS fluctuations more readily and are less likely to smooth out peaks 

and troughs as observed in the larger intervals. The ratio is a compromise and it is therefore 

important that these results should be utilised in conjunction with the standard error estimation 
described above. 

5.5. Conclusions of Chapter 5 

The characteristics of the bulk and small-scale air motions in a top-entry, intake geometry, 
gasoline, direct injection engine were studied using LDA. Two methods of optical access to the 

combustion chamber permitted the measurement of the instantaneous gas velocity in the radial 
and axial directions in the mid-cylinder tumble and cross-tumble planes. Radial gas velocities were 
measured along an axis, co-linear with the spark plug axis and inclined at 8° to the vertical cylinder 
axis. The measurements were made in the pent-roof of the chamber and to a depth of 33 mm from 

the apex of the chamber, which extended into the bowl of the piston crown. Axial velocity 
measurements were made across the cylinder bore at a depth of 10 mm from the cylinder head 

gas face. In each case, instantaneous velocity measurements were collected over consecutive 
engine cycles until a statistically significant number of results were achieved within each discrete 

crank angle interval. 

The results show that a large-scale reverse tumble motion is set-up very early in the intake 

period. This was contrary to the Volvo findings, where the forward tumble motion was not 
established until IVC. In the G-DI, the mean velocity and RMS turbulence intensity measurements 
in the tumble plane were of much greater magnitude than those measured in the cross-tumble 

plane. This indicated that the principal bulk flow motion was in the tumble plane and that there 

existed only a relatively small amount of 'out-of plane' motion. The intake phase was dominated by 

a rapid inflow of gas, with mean radial velocities in the tumble plane, in excess of 60 ms'. These 

occurred in the jet flow regions, above and below the intake valve curtains. The intake velocities 

were greater in magnitude than those measured at the same locations in the Volvo study, when 
normalised by mean piston speed. This would suggest that the jet flows were less restricted in the 

upright intake and bowled chamber configuration, despite the fact that for comparable valve lifts, 

the ratio of the intake valve cross-sectional area to the bore cross-sectional area is greater in the 
G-DI case. In the MPI engine, the bore area is 4.5 times greater than the combined valve areas, 

whereas the G-DI bore area is only 3.84 times greater than the two valve areas. This result is also 

observed in the measurements of the axial velocity component, where the curved intake port and 

sharply angled intake valve seat, deflect the flow away from the cylinder wall and into the centre of 
the piston bowl. In both studies, the RMS velocities at these locations were reduced in the strong 
jet flow region 

The persistence of a coherent, reverse tumbling body in the compression stroke was 

recorded by the points distributed along the spark plug axis. The sequential velocity reversal at 
these spatially fixed measurement locations indicated that the tumble was driven up the cylinder by 

the piston motion and experienced a 'spin-up' as the piston approached TDC. The structure was 
first recorded at the lowest measurement point in the piston bowl and was measured up to and 
beyond TDC firing. The motion was then observed to slowly decay until EVO. These 

measurements (excepting one) did not show an increase in turbulence intensity, often used to 

quantify tumble breakdown in MPI chambers or to identify squish flows in Diesel chambers. 
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The turbulence intensity at TDC was estimated at between 20% and 50 % depending upon 
location. Tumble location 5, however, showed an increase in turbulence intensity from 340 CA. At 
this angle, tumble 5 was at the geometrical centre of the piston bowl. If it is assumed that the vortex 
fills all the available area, then the mean and RMS velocities recorded at tumble 5 will have 
instantaneous velocity contributions from both the positive and negative measurement directions. 
In the cross-tumble plane, the instantaneous velocities fluctuated symmetrically about zero velocity; 
with the greatest RMS velocity fluctuations recorded during the jet flow interactions at peak valve 
lift. There was no discernible increase in the measured RMS velocity magnitude during the 
compression stroke. 

A series of logical steps were carried out to assess whether the in-cylinder air motion 
during the late compression strokes could be treated using Taylor's hypothesis for stationary, 
turbulent flow. In the first instance, a tumble vortex ratio (TTVR) was defined in order to establish 
whether a coherent, quasi-steady structure existed at a typical spark ignition timing and at TDC. 
From 340 to 350 CA, the tumble vortex angular momentum approached that of a solid body. From 
350 CA to TDC, the tumble ratio remained constant with a final value of 0.83. Secondly, the rate of 
tumble vortex centre precession along the spark axis relative to the geometrical piston bowl centre 
was calculated using a moving origin approach for a series of crank angles over the same period. 
The results showed that the relationship was linear and that the tumble centre velocity relative to 
the piston position was 0.64 ms' between 320 and 325 CA. In the third analysis, the ensemble- 
averaged RMS velocity fluctuation close to TDC was compared with those measured in the Volvo 

combustion chamber at the same location. In the Volvo engine, there was a marked increase in 
RMS values from 330 CA. In the G-DI, the RMS velocity was approximately constant up to 350 CA. 
The mean velocity over these ranges was between 5 and 10 times greater than the RMS 

contribution close to the spark plug gap. Based upon these results, Taylor's hypothesis was used 
to calculate the integral length scale of turbulence from the integral time scale derived by 
integration of the temporal autocorrelation function. The temporal autocorrelation coefficients were 
calculated at two locations and for 3,1.440 CA intervals at ignition and TDC. The best correlations 
for an exponential curve fit of the autocorrelation coefficient estimates were obtained at tumble 6, 
for 330 CA and tumble 7, for 359 CA. The integral length scales were calculated at a spark ignition 

angle of 330 CA for tumble locations 6 and 7. At tumble location 6,8 mm from the spark plug body, 
the longitudinal integral length scale was estimated at 9.5 mm. At tumble location 7, at the spark 
plug gap, 3 mm from the spark body, the integral scale was estimated at 6.2 mm. This compared 
favourably with other studies that suggested that the integral scale decreased to approximately one 
fifth of the clearance height at TDC. In the G-DI combustion chamber, the clearance height based 

upon the depth of the piston bowl is approximately 30 mm. 
A series of specific tests showed that the ensemble-averaged estimates were repeatable; 

that the sampling rate could only be considered continuous at a few select points in the cycle; that 
the RMS but not the mean velocities scaled with engine speed during the intake stroke and that 
intake throttling introduced two velocity peaks in the intake, altered the magnitude of the radial 
mean velocity at BDC and the direction of the radial component during the compression stroke. 

A quantitative appraisal of velocity bias, crank angle broadening and the standard error in 
the ensemble-average estimates showed very good statistical accuracy in the presented results 
and highlighted the requirement for adequate particle seeding of the airflow in highly turbulent 

regions of the engine cycle. In well-seeded parts of the cycle, the ensemble-average velocity 
estimate always over predicted the weighted velocity estimate. The maximum difference was 1 ms' 
in the range 25-30 ms'. For tumble point 3, all but 6 of the 500 ensemble intervals showed data 
that was outside of the ±3 standard error deviations. These values were 0.3 and 0.05 ms' for the 

mean and RMS velocity estimates respectively. 
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Figure 5.0. Ricardo RCE 161 Top-Entry Direct Injection Gasoline Cylinder Head 

and Combustion Chamber Geometries 

(images courtesy of Ricardo Consulting Engineers) 
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Figure 5.1. Four-stroke Valve Timing Diagram for 

Top-Entry, Direct Injection Gasoline Engine Build 
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Showing Piston Topland and Valve Cut-outs 
Figure 5.2. Complex Spherical Bowl-in-Piston Crown Geometry 
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Figure 5.3. Measured Piston Crown to Cylinder Head Clearances at Top-Dead-Centre 

for the Direct Injection Combustion Chamber 
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Figure 5.5 Specialist Spark LDA Probe Adapter with Two Dantec P 14 mm Right-Angled Viewing 

Sections 
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Figure 5.6a. Engine Dimensions for Spark Plug Optical Access 

for the Dantec Back-scatter LDA FibreFlow Probe 
Through the Mid-cylinder Tumble Plane 
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Figure 5.6b. Three-dimensional Illustration of LDA Probe Volume Intersection and Injector Location 

with the Piston Displaced by 25 mm from the TDC Position 
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Figure 5.6c. Wireframe Images of Spark Plug Optical Access 
for the Dantec Back-scatter LDA FibreFlow Probe In-Cylinder Measurement Locations 
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Figure 5.8. Details of Spark Plug Probe Access 
and Inlet Manifold and Plenum Configuration 
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Figure 5.9a. Quartz Annulus Slice Optical Access Showing Retaining Plate, Piston Crown 

and GS140 Gasket Material 

Figure 5.9b. Quartz Annulus Slice Inserted between Upper Cylinder Barrel 

and Cylinder Head 
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Figure 5.11 a. Front View of Circular Optical Breadboard Positioned around Engine 

Figure 5.11 b. View from above Engine of Circular Optical Breadboard and LDA Optic 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts /32 mm depth / 500 bins 
Repeatability of Results at 1000 rpm 
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Figure 5.15a. Repeatability of Measurement Data between Sets at 1000 rpm 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts /32 mm depth / 500 bins 
Repeatability of Results 
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Figure 5.16a. Repeatability of Measurement Data between Sets at 1500 rpm 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts /32 mm depth / 500 bins 
Repeatability of Results 
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Instantaneous Velocity Against Crank Angle Encoder Counts 
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Figure 5.17. Individual Cycle Measurements at 1500 rpm for Tumble Plane Location 5 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 800 mbar intake /32 mm depth / 500 bins 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 800 mbar intake /32 mm depth / 500 bins 
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Figure 5.19b. Effect of Engine Speed on Ensemble Averaged Mean and RMS Velocity 
Set 2 



245 

Normalised Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 
800 mhar intake /32 mm depth / 500 bins 
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Normalised Ensemble Averaged RMS Velocity Data Against Crank Angle Encoder Counts 
800 mbar intake /32 mm depth / 500 bins 

5 

14 
0 3 

yNý 
W 

3 

h 

el 
"ý z 
L 

a1 
LLI 

0 

IIII 

II R902Elt000 
R904E/1500 

IIII 

III 

IIII 

II ii I 

I9 
11 li 

uII ý' Ih Y 
0 90000 1 80000 270000 360000 450000 540000 630000 720( 

Encoder Counts ('000) 
00 

Normalised Ensemble Averaged RMS Velocity Data Against Engine Speed for Varying Crank Angle /32 mm depth / 500 bins 

s 

5 

a 
ý4 

G3 

ý2 

v 
U ýo 
a 
a m 

., 

Engine Speed (rpm) 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts /32 mm depth 1500 bins 
Effect of Intake Throttling at 1500 rpm 
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Figure 5.21a. Effect of Intake Throttling on Ensemble Averaged Mean and RMS Velocity 
Set 1 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts /32 mm depth / 500 bins 
Effect of Intake Throttling at 1500 rpm 
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Figure 5.21b. Effect of Intake Throttling on Ensemble Averaged Mean and RMS Velocity 
Set 2 
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Figure 5.23a. Spark Plug Measurement Mean Radial Velocity Component 

during the Intake Stroke (picture courtesy of Ricardo Consulting Engineers) 
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Figure 5.23b. Spark Plug Measurement Mean Radial Velocity Component 
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Figure 5.23c. Spark Plug Measurement Mean Radial Velocity Component 

during the Power Stroke 
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Temporal Autocorrelation Coefficient, Rt (CA, phi) 
for Tumble Locations 06 and 07 
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Figure 5.30. Comparison of the Temporal Autocorrelation Coefficient for Indirect Integral Length 

Scale Determination at Tumble Locations 6 and 7, 

about a Typical Ignition Angle and at TDC 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 1500 rpm WOT/Tumble 03 / 500 bins 
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Figure 5.32a. Standard Error in the Mean and RMS Ensemble-Averaged Velocity Estimates 

during the Intake Stroke. 
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Figure 5.32b. Standard Error in the Mean and RMS Ensemble-Averaged Velocity Estimates 

during the Compression Stroke. 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 1500 rpm WOT/Tumble 03 / 500 bins 
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Figure 5.32c. Standard Error in the Mean and RMS Ensemble-Averaged Velocity Estimates 

during the Power Stroke. 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 1500 rpm WOT/Tumble 03 / 500 bins 
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Figure 5.32d. Standard Error in the Mean and RMS Ensemble-Averaged Velocity Estimates 

during the Exhaust Stroke. 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 1500 rpm WOTfrumble 03 / 500 bins 
Effect of Crank Angle Broadening 
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Figure 5.34a. Effect of Crank Angle Broadening on Ensemble Mean and RMS Estimates 

during the Intake and Compression Strokes. 
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Ensemble Averaged Velocity Data Against Crank Angle Encoder Counts 1500 rpm WOT/Tumble 03 / 500 bins 
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Base Engine Ricardo Mk1 Optical Hydra Engine 

Cylinder Head Ricardo RCE1 61,0.325 litre, DOHC, Four- 
stroke, Single, Direct Fuel Injection 

No of Cylinders 
No of Valves 
Bore 
Stroke 
Connecting Rod Length 
Compression Ratio 
Combustion Chamber Geometry 
Piston geometry 

Spark Plug Location 
Injector Location 

Intake System 
Exhaust System 
Direction of Air Motion 
Valve Timing 

Maximum Valve Lift 
Intake Valve Diameter 

Fuel Injector 
Operating Pressure 

One 
Four per cylinder 
74.0 mm 
75.5 mm 
158.0 mm 
12.7: 1 Nominal 
Pent-roof 
Hemispherical, offset bowl in piston with valve 
cut-outs 
Central, inclined 8° to vertical 
Intake side, between valves inclined 36° to 
horizontal 
Curved, top-entry 
Straight, side exit, siamesed port 
Reverse tumble 
IVO 16° BTDC 
IVC 48 ° ABDC 
EVO 46 ° BBDC 
EVC 18 ° ATDC 
Inlet 9.0 mm 
26.7 mm 

Siemens T5-853 
100 bar 

Optical access 'Through-spark plug', quartz annular slice and 
'Three-windowed' cylinder head 

Table 5.0. Direct Injection Engine Specifications 
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Dlpla cement due to ft y race W /n ctlon at Interface 
GDI &iAd A- Unatrouded Cylinder Hood / Spark Rug Optical Access 

Danlec: Fdxe F, 014 mm Probe dy=6.745424 mm 

&uam Soparafiac (mm) 80 0 29 66 32.98827 135 1636 1948827 27 2.86 5.988267 

Ob1ectu Focal Length (mm) 50 0.25 29 61 32.73827 13.75 1611 1923827 27.25 261 5.738267 

0.5 29.36 32.48827 14 15.86 18.98827 27.5 236 5.488267 

tNalr / 293K 1.1700292 0.75 29.11 32.23627 14.25 15,61 18.73827 27.75 2.11 5.238267 

1 495 1 28.86 31.98827 14.5 15.36 18.48827 28 1.86 4.988287 
. 
42 9 1 26 28 61 31.73827 14.75 1511 18.23827 28.25 1.61 4338267 

Thickness, d (mm) . . 
1.5 

. 
28.36 31.48827 15 14.86 17.98827 28.5 1.36 4.488267 

Lens to Shoulder Gearance (mm) 0.08 1.75 28.11 31.23827 15.25 14.61 1773827 28.75 1.11 4238267 

Depth to Window (mm) 90.64 2 27.86 30.98827 15.5 14.36 1748827 29 0.86 3.988267 

Depth to Shoulder (mm) 80 2.25 27.61 30.73827 15.75 14.11 17.23827 29.25 0.61 3738267 

Partial Ray Length (mm) 10.72 2.5 27.36 30.48827 16 13.86 16.98827 29.5 0.36 3.488267 

2.75 27.11 30.23827 16.25 13.61 16.73827 29.75 011 3238267 

Angle of inclination (°) 8° 3 26.86 29.98827 16.5 13.36 16.48827 30 -014 2.988267 
3.25 26.61 29.73827 16.75 13.11 16.23827 30.25 -0.39 2.738267 

Angle of incidence (radwa) 0.07983 3.5 28.36 2948827 17 12.86 15.98827 305 -0.64 2488267 

(°) 4.5739 3.75 26.11 29.23827 17.25 12.61 1573827 30.75 489 2.238267 

4 25.86 28.98827 17.5 12.36 15.48827 31 -1.14 1.988267 

Assume plane and parallel slug surface 4.25 25.61 28.73827 17.75 12.11 15.23827 31.25 -1.39 1.738267 

Ipr ore affects due to change in Temp. 4.5 25.36 26 48827 18 11.86 14,98827 31.5 -1.64 1.488267 
4.75 25.11 2823827 18.25 11.81 14.73827 31.75 -1.89 1.238267 

5 24.86 27.98827 185 11.36 14.48827 32 -2.14 0988267 
5.25 24.61 27.73827 18.75 1111 14.23827 32.25 -2.39 0.738267 

co{a) 
y. y d 1- + 

1 

5.5 
5.75 

6 

24.36 
24.11 

23.86 

27.48827 
2723627 

26.98827 

19 
19.25 

19.5 

10.86 
10.61 

10.36 

13.98627 
1373827 

13.48827 

32.5 
32.75 

33 

-2.64 
-2.89 

-3.14 

0488267 
0.238267 

-0.01173 
6.25 23.61 28.73827 19.75 10.11 13.23827 33.25 -3.39 -0.26173 
6.5 23.36 26.48827 20 9.86 12.986V 33.5 -3.64 -0.51173 

106° 6.75 23.11 26.23827 20.25 9.61 12.73827 33.75 -3.89 -0.76173 "at 
104° 7 22.86 25.98827 20.5 9.36 12.48827 34 4.14 -1.01173 Exhaust 
248 7 25 61 22 25.73827 20.76 9.11 12.23827 34.25 -4.39 -1 26173 

Pmax©l000rpm (bar) 
25 6 75 

. 
36 22 2548827 21 8 86 11 98627 34.5 4.64 -1.51173 Pmax®15(33pm (bar) . 7.75 
. 

22.11 25.23827 21.25 . 8.61 11 73827 34.75 -4.89 -1.78173 
as 8 21 88 24.98827 21.5 8.36 1148827 35 -6.14 -2.01173 To I Tw a ("C) 

8.25 
. 

21.61 2473827 21.75 8.11 1123827 35.25 -539 -226173 
8.5 2136 2448827 22 7.88 1096827 35.5 -5.64 -2.51173 

8.75 21.11 24.23827 22.25 7.61 10 73827 35.75 -589 -2.76173 
9 20.86 2398827 22.5 7.36 10.48827 36 . 6.14 -3.01173 

9.25 20.61 23.73827 22.75 7.11 10.23827 36.25 -6.39 -3.26173 
9.5 20.36 23.48627 23 6.86 9.988287 36.5 -6.64 -151173 

9.75 20.11 23.23827 23.25 6.61 9738267 36.75 -6.89 -3.78173 
10 19.86 22.98827 23.5 8.38 9.488267 37 -714 -4.01173 

10.25 19.61 22.73827 2375 6.11 9.239267 37.25 -7.39 -4.26173 
10.5 19.36 22.48627 24 5.86 8.999267 37.5 -7.64 -451173 
10.75 19.11 22.23827 24.25 5.61 8738267 3775 -789 -4 76173 

11 18.86 21.98827 24.5 5.36 8488267 38 -8 14 -5 01173 

11.25 18.81 21.73827 24.75 511 6.238267 38.25 -8 39 -5.26173 

11.5 18.38 21 48827 26 4.86 7.988287 38.5 -8.64 -5 51173 

11.75 18.11 21.23827 25.25 4.61 7738267 38.75 -8.89 5.76173 

12 17.86 20.98827 25.5 4.36 7488267 39 -9.14 -8.01173 

12.25 17.61 20 73827 25.75 4.11 7238267 39.25 -9.39 -6.26173 
12.5 17.36 2048827 26 3.86 6.988267 39.5 -9.64 -6 51173 

12.75 17 11 20 23827 28.25 3.61 6.738267 39.75 -9.69 -0.76173 

13 16.86 19.98827 28.5 3.36 6488267 40 -10.14 -701173 
13.25 16.61 19.73827 26.75 3.11 6.238267 40.25 -10.39 -7.28173 

Table 5.1. Calculations for LDA Probe Position in the 

Combustion Chamber along Spark Plug Axis 



Bin Number Centre Angle Interval 0U Du' Ratio 

25 100 85.6-114.4 1.8 0.7 2.6 

50 100 92.8-107.2 1.1 0.25 4.4 

100 100 96.4-103.6 0.9 0.5 1.8 

250 100 98.56-101.44 0.5 0.55 0.91 

500 100 99.28-100.72 0.2 0.8 0.25 

1000 100 99.64-100.36 0.35 0.5 0.7 

Table 5.2. Effect of Crank Angle Broadening about 100 CA at Tumble Location 3 
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6.0. The Characteristics of a High-Pressure Fuel Spray for a Gasoline Direct 

Injection Engine: A Quasi-Steady State and Dynamic Fuel Spray Study 

6.1. Introduction to Chapter 6 

Chapter 6 investigates the influence of the air motion on the turbulent fuel spray jet break-up and 

trajectory, geometrical form, penetration, air entrainment and evaporation and the spatial and 

temporal distribution of droplet diameters and velocities and their role in fuel-air mixing. More 

efficient air-fuel mixing can be achieved through increased injection pressures (better atomisation); 

through the control of injection scheduling and duration and through the introduction of controlled 

and structured air motions within the combustion chamber. The short time period available for 

injection, mixing and evaporation in a direct injection strategy, highlights the additional role of such 

injectors over more standard MPI types. The aforementioned relationships may be determined 

through a comparative study of the fundamental spray properties under ambient, quiescent 

conditions with those observed during motored, dynamic engine conditions. In a direct fuel injection 

strategy, the need for such control is twofold; a fuel spray strategy is required that can 

accommodate both homogeneous and stratified charge engine operation and the inherently 

different elements that comprise the air flows; swirl, tumble and turbulence intensity, encountered 

within each case. 

In Chapter 5, the airflow characteristics in a direct injection, pent-roof, gasoline engine 

were analysed in detail. The combustion strategies utilised in such an engine require careful 

consideration of the interaction between the in-cylinder flowfield and the injected fuel spray 

properties. Typically, air motion and fuel spray characteristics are investigated separately due to 

the difficulty in achieving such measures. The fuel spray is often characterised in an atmospheric or 

low-pressure chamber with good optical access but in the absence of any air motion. In-cylinder 

fuel spray measurements, when compared with quiescent chamber results, provide insight into the 

influence of the complex interactions that take place throughout the intake and compression 

strokes. The correct preparation of the air and fuel mixture in a repeatable, stable process is central 

to obtaining combustion stability in G-DI concepts operating at the lean limits. In addition, it should 

be possible to relate the instabilities in the combustion processes to properties of the air-fuel spray 

mixture. In practical terms, the interactions are far more complex, containing many more variables, 

but nonetheless, in-situ measures of air and fuel sprays serve to establish the criteria for 

subsequent analyses. 

Chapter 1 reviewed the literature pertinent to the research concerned with the selection 

criteria and properties of fuel injectors and fuel sprays for numerous direct injection gasoline engine 

concepts. Much of the empirical and theoretical data utilised in these approaches was gathered 

from extensive studies involving high-pressure sprays applied to direct injection Diesel combustion 

systems. In these studies, the conical spray structure is observed to form over a short distance 

termed the 'atomisation break-up regime'. The spray structure is not formed instantaneously from 

the issuing liquid at injection but requires a finite time to establish a coherent, 'quasi-steady state' 

regime. Any variations in this break-up process are manifested as shot-to-shot variations in the 

spray shape and penetration length. 
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In a PDA study of fuel spray characteristics, the penetration length of a spray can only be 

considered in terms of the distance travelled by atomised fuel droplets. Photographic 

shadowgraphs or illuminated high-speed film can reveal penetration of contiguous ligaments or 

cords of fuel that would otherwise pass unrecorded by the PDA validation criteria. However, these 

methods depend largely upon an ambiguous intensity threshold limit that can distinguish between 

the liquid spray and the background light level and as such, can only be utilised subjectively. 
As a means to achieving these aims, the physical properties of a high-pressure, direct 

injection, single fluid, pressure-swirl atomiser were studied under varying conditions. An initial 

series of tests were performed in a low-pressure, quiescent air chamber to establish the range and 

characteristics of the measurable parameters required. In addition, this ensured that the PDA 

system could be set-up, assessed for sensitivity to operating parameters and 'tuned' in a simple 

and familiar environment. The injector was then placed into the engine configuration fitted with the 

quartz annulus as described in Chapter 5. PDA measurements of the fuel spray droplet diameters 

and velocities were made along the same plane and at the same locations as those relating to air 

motion described in Chapter 5. The tests were repeated with the engine at rest and then under 

motored operation. The large-scale structure of the spray under static and motored engine 

conditions was photographed using LASER light sheet illumination and shadowgraphy, under the 

same test conditions. In all cases, injection characteristics were matched to real engine conditions 

at low speed, full and part load operating points. 

6.2. Fuel Spray Measurements in an Ambient Pressure, Quiescent Fuel 

Spray Chamber 

6.2.1. Fuel Injector Properties 

The fuel injector used in these studies was manufactured by Siemens Automotive. It is a high- 

pressure, swirl injector, type T5-853. The nominal operating injection pressure is 100 bar. 

Unleaded pump grade 95 RON gasoline fuel was utilised in all tests. The injector was triggered by 

a TTL rising edge input to a Siemens Automotive ECU/Driver Unit. The ECU supplies a conditioned 

signal to the injector solenoid at 12V and up to a maximum of 10A. The width of the TTL pulse 

determines the injection duration. In these studies, the injection timings (SOI) and durations (PW) 

were chosen to match representative fired engine injection timings for WOT, homogeneous and 

stratified charge operation at a range of engine speeds applicable to the optical engine. A full 

description of the injector required measurement of the orifice size and fuel mass delivery rate. 

6.2.1.1. Determination of Inlector Orifice Diameter 

The injector orifice diameter was determined by examination of the injector tip using a compound 

microscope instrumented with a television camera. This was performed at the University of 

Brighton, Electron Microscopy Unit (EMU). The camera was linked to measurement software that 

allowed the superimposition of simple geometrical shapes onto the magnified image. Once 

calibrated, the dimensions of the shapes were output as an ASCII file and a TV camera captured 

colour stills of viewable images. 
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Three overlay regions were selected from the video images of the injector orifice hole. 

Outer, middle and inner rings were superimposed such that: 

(a). The outer ring circle interpreted by eye to 'best fit' all features on outer most rim of nozzle 
orifice as perceived on nozzle surface. 

(b). The middle circle circle interpreted by eye to 'best fit' observed narrowing of orifice from 

outer to inner at 'some' depth of focus within the orifice. 
(c). The inner circle circle that 'just touched' an apparent deformation or fouling deposit evident 

deep within the orifice. 
The results of geometry overlaying are presented in Table 6.0. and Figure 6.0. along with 

the captured images that clearly show an inner surface deformation or fouling deposit. The middle 

ring was considered as the best approximation to the orifice diameter at 270 pm. 

6.2.1.2. Infector Fuel Mass Flow Rate 

Measurement of the fuel injection mass flow rate was required to ensure that fired and motored 

engine air-to-fuel ratios were correctly replicated. The dynamic flow performance of a direct 

injection fuel injector plays a more critical role than that of an MPI injector due to the significantly 

shorter injection periods and higher fuel mass flow rates. The injector manufacturers' mass flow 

data was available for a fuel pressure of 68.97 bar and therefore tests were carried out as close as 

possible to this pressure to ensure validity in the method. Further tests were then carried out at the 

nominal injection pressure of 100 bar to determine the mass of fuel per injection. Additionally, the 

high-pressure fuel spray rig required calibration. Therefore, both the fuel rig and injector were 

tested together and the results compared to several other sources of injector data. The method 

involved the use of the Engine Simulator and Cycle Resolver and Timing Unit. This enabled the 

simulation of all the signals necessary to trigger the injector driver unit and user-defined injection 

duty cycles. The same timing unit was also used during engine operation and input with an encoder 

pulse train and crank and cam reference markers. A simulated engine speed of 500 rpm was 

selected with an arbitrary SOI crank angle and injection pulse width range as summarised in Table 

6.1. Injection pressures were chosen at 70 bar, 85 bar and 100 bar for best comparison with 

available data. For all tests the injector was clamped into a machined plate and injected fuel was 

collected in a lightweight, sealed metal container. This minimised errors due to splashing and 

escaping vapour that led to uncertainties in injected masses. 

The first set of tests was conducted at 100 bar fuel pressure utilising the measuring 

burettes provided on the side of the Fuel Spray Rig. The time taken for the injection of a known 

volume of fuel was recorded once the pumps and low/high pressure circuits were primed. The 

second set of tests were based on fuel injection recorded over a known time interval recorded with 

a stop-watch. The resultant fuel mass was recorded to a precision of t0.1g using calibrated 0-200g 

optical scales. The scales were re-calibrated before each set of measurements. The measurement 

container was weighed before and after the tests to eliminate errors due to fuel resting in any small 

crevices. After each series of injections the container was left to settle for 1 minute to ensure the 

vapour had condensed before the plate was removed. A preliminary test was used to ascertain the 

significance of the timing interval duration on mass per injection. For injection pressures of 70 bar, 

mass flow rates for fixed time intervals of 150 s, 300 s, and 600 s were recorded. 
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These are plotted with the other results for comparison. It was considered that 300 s (1250 

injections at 500 rpm) was sufficient within the accuracy of the experiment to provide good data for 

the comparison. The available comparison data is summarised in Table 6.2. The available data 

sources for comparison were as follows: 

(a). Siemens Automotive Manufacturers Dynamic Flow Test Data. 11/15/94. Stoddard Test Fluid 

injected at 68.97 bar and pulse width range of 0.20 - 4.5 ms. Siemens identified a linearity region 

from between 0.5 ms to 3 ms (within ± 5%). 

(b). Ricardo T5-853 G-DI Load Range Curves at 1500 rpm. 12/09/96.95 RON SURGE injected at 

100 bar. MBT with varying BMEP range from 1.5 - 8.32 bar. 

Table 6.3. summarises the series of timed injection tests performed. Figure 6.1. shows the 

plots for all measured dynamic flow rates with those used for comparison. The timed mass 

experiments at 70 bar showed good agreement with the manufacturers data for short pulse widths. 

At 85 bar, a similar mass flow rate is observed over the full range of pulse widths investigated. At 

100 bar, the data recorded at Brighton matches that provided by Ricardo. With an increase in 

pressure, the results show that for a typical injection pulse of 1.9 ms, there is a difference of 

approximately 0.8 mg of fuel injected (10% of the total duty) between that recorded by the Ricardo 

and University of Brighton at 100 bar, and the data supplied by Siemens at 68.97 bar. Therefore, 

for the purposes of the work carried out in this study, the 100 bar timed mass flow rates were 

utilised for injection timing purposes. 

6.2.2. Experimental Fuel Spray Test Chamber 

An atmospheric pressure and temperature chamber was constructed for the investigation of the 

fuel spray characteristics of the pressure-swirl injector and to enable off-engine set-up of the PDA 

system. The test rig is shown schematically in Figure 6.2. and photographically in Figures 6.3a, and 

b. The chamber is comprised of a rigid steel frame that holds four Perspex sheets that make up the 

walls of the chamber. A 50 mm thick steel plate on top of the chamber was machined to allow the 

injector to be clamped into a vertical position. The injector tip protruded 2 mm into the chamber. A 

second steel plate was used as the base of the chamber and was machined to allow liquid fuel to 

drain to the centre. A small tap underneath the base plate allowed fuel to be drained off to a 

beaker. The frame and metal plates were held together by the use of four threaded bars that ran 

the height of the rig and allowed the assembly to be clamped in position. A cork gasket was utilised 

between the frame and plates to ensure that fuel vapour did not leak from the chamber. 

Preliminary injection tests revealed that the chamber filled rapidly with fuel vapour for even 

relatively low injection rates. A low-speed purge system was then utilised to remove spent fuel 

vapour from the chamber without altering the injected fuel spray formation. Fine wire gauze was 

inserted into the bottom of the chamber in several layers. The top layer of gauze was the coarsest, 

with subsequent layers becoming much finer. When the fuel was injected, the plume passed 

through the layers of gauze breaking up the droplets but without splashing liquid throughout the 

chamber. The lower part of the chamber then became filled with fuel vapour. 
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Part of the injected liquid stayed within the gauzes and dripped to the bottom of the 

chamber to be collected. A small air jet was positioned between the gauzes and an extraction pipe 

fitted to the other side of the chamber. The extraction pipe was attached to the cyclone filtration 

system. A throttle valve regulated the airflow rate through the cyclone. Air from the small jet was 

then utilised to move the spray vapour below the gauze towards the extraction side of the chamber. 

The modification to the chamber allowed PDA measurements to be made at injection rates of up to 

1 Hz without significant signal deterioration. 

The complete chamber was mounted upon a rectilinear, automated traverse fixed to an 

optical, air-cushioned, breadboard. This was used to position the chamber relative to the PDA 

transmission and collection optics. A CNC software routine allowed probe volume referencing in 

the x-y plane of the surface of the optical breadboard, relative to the injector orifice. The z-height 

adjustment of the transmission and collection optics was manual. At a given height, the traverse 

was utilised to move the spray through the probe volume intersection in fixed increments. 

6.2.3. Assessment of Spatial Measurement Location In Fuel Spray Chamber 
An important criterion in the optical configuration for measuring sprays is the avoidance of multiple 
droplet occupancy in the probe volume. The effect is most pronounced in dense regions of the 

spray where the incident beams are obscured by droplets. Ruff and Faeth (1995) report that 

current signal processors are capable of rejecting these signals based upon inferior signal quality. 

They suggest that in such cases, a high data rate must be maintained to ensure valid signals. In 

addition, they noted that attempts to eliminate spurious signals through reducing the PMT gain 

would only serve to bias the measurements towards the larger droplets. Ren at al., (1998) 

performed ensemble-averaged PDA measurements on a pressure swirl gasoline injector at 70 bar 

into atmospheric conditions. The closest distance to the nozzle that they considered was 15 mm. 

With their PDA set-up, working distances nearer to the nozzle resulted in validation rates of less 

than 50 %. 

Three axial measurement distances from the injector tip were chosen in a single vertical 

plane that bisected the plane of the injector nozzle orifice. A preliminary study was conducted to 

determine the minimum centre-line distance from the nozzle at which valid PDA measurements of 

the droplet sizes could be recorded. At distances of less than 8 mm from the injector tip, the PDA 

validated data rate fell to below 30% and the signal processor consistency error check exceeded 

25%. Generally good working practice should ensure that this value is always less than 100/0. This 

suggested that for this particular PDA configuration, the confidence in measurements performed for 

distances of less than 8 mm from the nozzle would be low. Measurements were thus performed at 

three axial distances from the nozzle exit: 8,12 and 20 mm. These are approximately equivalent to 

30,45 and 75 nozzle diameters downstream of the orifice respectively. The maximum distance 

presented within these results was 20 mm. This was comparable to the limiting thickness of the 

optical annulus of the engine. 
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6.2.4. PDA System Set-up 

The PDA system set-up was initially carried out in the manner extensively covered in Chapter 3. In 

addition, several other tests were carried out to further optimise the rate of acquisition of valid data. 

These tests served to provide a check of the system set-up when poor data rates were recorded in 

the dense, near nozzle regions of the fuel spray. These were performed on a monodisperse water 

spray (refractive index of 1.334) injected into free air. The spray was continuously generated by a 

pharmaceutical nebuliser. The characteristics of the water spray are well known and as such, the 

nebuliser is often reported in the literature as a reliable means by which a PDA system can be 

'tuned' to minimise measurement errors and return signal validation rates that tend towards 100 % 

(e. g. Koo and Martin, (1991)). The experimental set-up for the PDA sensitivity tests is shown in 

Figure 6.4. In each case, the beam polarities and intensities were verified as well as the Bragg cell 
drive signal and PMT high-voltage balance levels. The PMT signal quality and balance were 

checked on a four-channel digital storage oscilloscope. The data acceptance rate and error checks 

were verified by using the internal trigger burst detector mode at 0.8 or 26 kHz. The method of PMT 

'high-voltage plateau', as described in Chapter 3, was used to determine the droplet diameter 

measuring sensitivity. A study of the effect of spherical and SNR validation was also conducted. In 

all cases the PDA is operated initially as a 1-D, forward scatter LDA system. The validation rate is 

maximised in this mode, before the droplet sizing is turned on. 

6.2.4.1. Determination of Optimum System Configuration 

(a) LASER and Phase Doppler Validity Checks 

The water spray generated by the pharmaceutical nebuliser was utilised to compare the mean 

droplet velocities obtained using forward scatter LDA and PDA. A transmission lens with a focal 

length of 400 mm and a beam separation of 32 mm was selected. The probe volume was placed 

close to the nebuliser orifice and the PDA collection optic aligned to and focused upon the beam 

intersection. The diameter diagnostic dialogue in the PC software was then utilised to fine tune the 

focus, measurement angle and height alignment of the instrument. The first test was performed 

using 1-D LDA, optimised to give the highest possible data validation rate with a low level of PMT 

voltage. 
The PDA mode was then selected and the PMT balance set using a four-channel digital 

storage oscilloscope. A comparison of the two data sets is presented in Figure 6.5. for 15000 

validated measurements. The data was sorted into 200 equi-spaced velocity bins over the total 

measured velocity range of ± 3.862 ms'. The results were then plotted over a smaller velocity 

range of -0.3 to 1.0 ms". The mean value and t3 standard deviations from the mean are denoted 

by the dotted lines. Generally, all but a few of the measured and validated droplets fell outside the 

significance levels. For the LDA measurements, the data validation was 100 % and the data rate 

was 0.712 kHz. The total time for acquisition was 21 seconds. With the PDA turned on, the 

attempted recorded sample size was 24557, of which 91% were validated. However, only 15000 

size measurements where validated within the relatively high 15% sphericity band. Hence, 7440 

validated velocity measurements were not recorded as 'valid' diameters. The data rate in the PDA 

experiment was 0.523 kHz and the elapsed time, 47 seconds. The mean velocity recorded by the 

LDA was 0.3691 ms' compared to 0.3416 ms' measured with the droplet sizing included. 
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This equates to a 7.45% reduction in mean velocity. All further measurements reported 

were taken by the LDA and PDA separately, except for the size-velocity correlation plots. 

(b) Effect of Probe Volume Dimensions 

A series of tests were performed on the water spray using three different transmission lenses with 

focal lengths of 50,160 and 400 mm and beam separations of 8,32 and 32 mm respectively. The 

160 and 400 mm lens had a4 times beam expansion. The aim of the study was to assess the 

effect of the probe volume size and fringe spacing upon the measured droplet diameters and 

velocity profiles. Preliminary tests confirmed that the Nebuliser spray velocity and droplet diameters 

could be measured repeatably with a high degree of confidence with a single lens set. Velocity and 

diameter measurements were carried out independently using the LDA and then the PDA until 

50,000 measurements had been collected. For each measurement set, the probe volume was 

focused at the same location by the method of anode current peaking using a small pin probe. 

All PDA parameters were kept identical excepting the spherical validation that was varied 
from between 10 and 15% to observe the effects. The results are plotted in Figure 6.6. for 

measured mean values against increasing probe volume fringe spacing. In the first instance, the 

mean droplet velocities as measured by the LDA and PDA show good agreement and only a small 

variation between the probe volumes. In contrast, the PDA mean droplet diameter is observed to 

fall markedly for the 32/400 setting. Additionally, there is a fall in the percentage of validated 

droplets to the total attempted. The validated data rate however increases with fringe spacing. The 

data rate for the 32/400 probe volume is approximately twice that of the 8/50 and three times that 

of the 32/160. The probe volume length of the 32/400 is approximately four times that of the 8/50 

and six times that of the 32/160. 

The significant drop in mean diameter observed with the 32/400 lens was investigated by 

studying the distribution of the droplets for all sets, sorted into equi-spaced diameter bins. The 

32/400 lens data set showed a significant number of counts below 2 pm that had skewed the 

distribution towards a lower mean value. These amounted to approximately 5000 droplets or 10% 

of the total validated population. In the 8/50 and the 32/160 data sets, there was a distinct absence 

of droplets below this level. The droplet diameter distribution statistics were then recalculated with 

all droplets below 2 pm removed. The resulting resorted mean droplet diameter is plotted for 

reference and falls within 4% of the 32/160 measurement and 12 % of the 8/50 measurement. All 

measurement sets appear insensitive to the change in spherical validation from 10 to 15% for this 

spray. 
The results suggest that the complex interaction between the mean droplet diameter 

distribution, fringe pattern construction, probe volume length and validated data rate and 

percentage is as much a function of the characteristics of the fuel spray than the system settings. 

The 8/50 and 32/160 lens showed the best agreement between the droplet size and velocity 

measurements. The 8/50 lens was physically constrained in its attainable measurement sweep 

across the cylinder bore. The 32/400 lens has a long probe volume length and is most likely to 

generate spurious signals in dense regions of a spray. It also produced a larger maximum diameter 

range (at least twice that of the other two sets) and therefore was liable to increased uncertainty in 

the phase angle determination. 
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The 32/160 lens was thus selected for the fuel spray work based upon the above study and 

the expected droplet diameter distributions in the fuel spray estimated from the literature. 

6.2.5. Experimental Method for Fuel Spray Chamber 

The characteristics of the fuel spray were recorded at each of the three axial distances from the 

injector orifice. The traverse was used to move the spray relative to the fixed PDA measurement 

location. The spray was not assumed symmetrical and an initial starting reference point was 

chosen close to the wall of the chamber, far from the spray plume and input to the computer 

software. The traverse was then jogged towards the spray in 1 and 2 mm increments until PMT 

activity was detected on the Doppler processor monitor channel. The increments were varied 

depending upon the axial distance and the width of the spray and were chosen as follows: at z=-8, 

18 steps of 1 mm; at z=-12,14 steps of 2 mm and at z=-20 mm, 16 steps of 2 mm. This gave an 

approximate spray coverage of 17 mm at z=-8 mm, 26 mm at z=-12 mm and 30mm at z=-20 mm. 

At each measurement location, the PMT high-voltage levels, high-voltage balance, system gain 

and bandwidth were chosen to ensure that the complete droplet velocity range was included; the 

PMT voltage was high enough to detect the smallest droplets; the PMT voltage was as low as 

possible for this condition so as not to accentuate signal noise and to ensure that the mean droplet 

diameter was insensitive to small changes in PMT voltage at this level. The optimum settings for 

signal validation were as follows: the SNR was set in the range of -3dB to -6dB and the system 

gain to 'high'. The maximum closed-loop phase error was set to 15 degrees and the maximum 

spherical deviation was set at 5% in this initial study. The PDA settings used are given in Table 6.4. 

A signal generator was used to supply the fuel injection driver circuit with a simulated 

injection pulse. The rate of pulses and the rising edge pulse duration could be varied. In this way, 

simulated skip injection was utilised to eliminate vapour build-up within the chamber. A 

simultaneous TTL signal was supplied to the Dantec PDA processor to indicate the start of the 

internal arrival time clock. The mode of triggering was selected so that the arrival clock did not 

reset at each trigger interval allowing absolute (total time-averaged) data to be collected. No burst 

inhibit gating of the burst detection mode was used. 
The fuel pressure was regulated at 100 bar and in the temperature range of 23 ±1 °C. The 

ambient pressure and temperature within the spray chamber were approximately 762 mmHg and 

22 t1 °C respectively. At each measurement location 15,000 validated Doppler data events were 

collected. This ensured that all measurements were within t3 standard deviations of the mean 

value. The number of injections required to meet these criteria varied with measurement location 

within the spray and the validated data rates achieved. In addition, the velocity measurements were 

repeated using LDA to investigate the effects of spherical validation upon the temporally-averaged 

results. Finally, the repeatability of the traverse positioning and data acquisition was verified at two 

adjacent radial locations in the z=-8 axial plane. 
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6.3. Fuel Spray Measurements in a Stationary and Motored Direct 
Injection Engine. 

6.3.1. Experimental Test Procedure 

High-pressure gasoline fuel spray droplet diameters and velocities were measured in a top-entry, 

wall-guided, direct injection gasoline engine. For briefness, the principal differences in the 

experimental approach with that utilised in the ambient pressure chamber are summarised in Table 

6.5. The first set of measurements was performed with the engine at rest and the piston positioned 

late in the exhaust stroke. The cyclone filtration system was used to extract spent vapour from the 

chamber through the exhaust ports. The second set of measurements were carried out with the 

engine motored by the dynamometer. The SOI and pulse duration of the fuel injection event were 

varied using the Engine Timing Resolver Unit. 

6.3.2. Optical Engine Configuration 

Two different optical engine configurations were utilised for the PDA and photographic studies. The 

geometry of the cylinder head and combustion chamber in each case remained unchanged. The 

injector was angled at 36° to the horizontal (cylinder head gas face) and the spark axis, at 8° to the 

vertical cylinder axis. Both of the cylinder heads were instrumented with a Kistler type 6121 

piezoelectric pressure transducer and type 5001 charge amplifier. These instruments were 

calibrated every 100 engine hours to give a linear 10 mechanical units (bar) per volt output. The 

transducer sensitivity was 16 pC per mechanical unit. The Low pass filter was set at 30 kHz and 

the time constant (high-pass filter) was set at 100 seconds (medium setting). The transducer and 

charge amplifier were powered up for a minimum of two hours prior to each test and reset between 

each set to eliminate instrument drift. Both optical engine configurations were instrumented with a 

Kistler piezoresistive absolute pressure transducer and a thermocouple within the intake plenum. 

The transducer was calibrated to give a linear response of 0.5 bar per volt over a0 to 5 bar 

absolute range. The intake thermocouple recorded a hot, motored intake temperature of 30 'C t 

1'C. The ambient laboratory temperature increased from 22 'C to 25 'C over the duration of the 

testing. 
The PDA transmission and collection optics were positioned around the engine cylinder 

head observing the forward scattering angle of 70°. The system installation is shown in Figures 

6.7a. and b. A preliminary digital image of the spray plume within the chamber relative to the 

vertical beam pair is shown in Figure 6.8. The Sony Digital Video camera was utilised to capture 

the injection event with the aim to providing a 'sense' for global spray structure and plume position 

with respect to the beam measurement locations. The engine was stationary and the exhaust 

valves opened to provide extraction of the vapour by the cyclone filtration system. In Figure 6.9. the 

digital camera was utilised to provide a series of images over consecutive cycles. In this case, the 

spray was injected at 290 CA and clearly shows impingement upon the piston crown and reverse 

flow from the edge of the bowl. At this beam location, the PDA would record post-impingement 

droplets deflected from the piston crown that collide with the injected flow. The velocity direction 

would be opposed to that of the main spray. 
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A second elongated optical cylinder head was available for the photographic studies. 
These were performed in the 'Three-windowed' cylinder head as shown in Figure 6.10. The design 

of the cylinder head allowed optical access to the pent-roof combustion chamber through two 

opposed windows. The two parallel windows were mounted in the front and rear of the cylinder 

head. A third window was positioned in place of one of the exhaust ports. 
The inside surface of the window formed part of the pent-roof chamber. The location of this 

window uniquely permitted a view of the piston crown, intake valves and the injector hole in the 

cylinder head. 

6.3.3. Definition of Measurement Locations. 

The PDA measurement locations were replicated from the 'Annulus' LDA measurements presented 

in Chapter 5. These are shown in Figure 6.11. superimposed upon a photograph of the engine 

cylinder head, annulus and injected spray. Under static engine conditions and at 10 mm below the 

gas face, the approximate spray width across the bore is from mid-cylinder (0 mm displacement) to 

-22 mm from the axis towards the intake side of the chamber. The results recorded at z=-10 mm 

are presented over the radial range of +5 mm to -35 mm about the vertical cylinder axis. This 

represented the maximum attainable range due to clipping of the beam pair by the cylinder head 

castings. At z=-9 mm and z=-14 mm, the obstruction of the beam pair with fixed separation did not 

permit measurements to be made across the same range. 

6.3.4. Experimental Method: PDA Measurements 

The experimental determination of the best operating settings for the PDA was carried out as 

described previously for the nebuliser and spray chamber measurements. In addition, an air-cooled 

mechanical shutter and phase-locked shutter driver/timing module (UniBlitz, model SD-1000 

Shutter Drive/ Timer) were utilised to attenuate the LASER beams when the piston intersected with 

the probe volume. Preliminary tests revealed that the PMT overload protection resulted in large 

sets of spurious data generated by optical flare and background reflections. These were 

manifested as zero droplet diameters with spurious velocities spread across the entire 

measurement range. The PDA PMT voltage settings and balance were then determined at each 

measurement location in-situ. This produced a PMT working voltage range that was chosen such 

that measured droplet diameter distribution did not alter across the range. Generally, the PMT 

operating voltage for the motored engine studies was of the order of 100 to 200 volts less than that 

utilised in the spray chamber to avoid optical flare effects and signal saturation. However, this 

resulted in reduced data rates and longer test runs. In part, the reduced data rates were also due to 

the optical vignetting of the PDA collection aperture due to the 20 mm height of the annulus. 

Injection conditions were chosen to match fired engine studies undertaken by Ricardo 

Consulting Engineers using a similar non-optical engine. The homogeneous charge, fired engine 

conditions were for WOT and MBT timing at 1500 rpm and 2.5 bar IMEP. The injection duration 

was 61 CA with a SOI angle varied from 0 to 180 CA ATDC non-firing. For stratified operation, 

injection was much later in the cycle. At 1500 rpm, the SOI was in the range of 280 to 301 CA for a 

duration of 17 CA. For stratified operation, this was equivalent to an injection duration of 1.889 ms 

at 1500 rpm, which corresponds to a measured mass flow rate of 8.18 mg/inj from Figure 6.1. 
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For the static engine tests, the TTL injector trigger was used to mark and reset the arrival 

time clock in the Doppler Processor. For the motored tests, the engine timing and cycle resolver 

was used to send a marker trigger at TDC NF (0 CA) in the four-stroke cycle. The encoder input on 

the Doppler processor was set to count and reset for each marker signal. In this way, time from 

SOI to first Doppler measurement across all the measurement locations gave an indication of the 

spray tip velocity in the radial direction. 

6.3.5. Experimental Method: High-Speed Photography 
The two EPSRC loan pool, high-speed photographic camera systems were described in detail in 

Chapter 3. The individual merits of each camera system were utilised to study particular 

characteristics of the spray structure and airflow interaction. The Kodak system has a slower frame 

rate and reduced resolution but is capable of transferring many consecutive images to the digital 

storage buffer. In contrast, the Imacon 468 camera can capture up to only eight images at a time, 

but the image resolution is much higher and the inter-frame time can be as short as 10 ns. It was 

therefore necessary to take consecutive photo series with the Imacon camera to capture the entire 

injection event at the higher frame rates. Both cameras captured images of the fuel injection events 

using the 'Three-windowed' cylinder head and a combination of LASER light sheet illumination and 

halogen flash and halogen continuous, diffuse backlighting. 

The Kodak and Imacon cameras were initially set-up to view the injection event through the 

plane window mounted in the front of the cylinder head. The Imacon camera was also positioned 

above the exhaust port window. This is shown in Figure 6.12. along with the Spectra-Physics 

Argon Ion LASER used as a light source for the light sheet experiments. A set of cylindrical lenses 

were utilised to generate a thin light sheet of approximately 0.5 mm in thickness. The alignment of 

the light sheet, focus of the cameras and flash trigger and camera/injection trigger tests were 

achieved by the use of a spark plug mounted target plate. The small target comprised of a copy of 

a spark plug body with a thin, narrow plate attached in the position of the electrode. The plate was 

inserted through the spark plug hole and rotated until it was parallel to the tumble plane of the 

engine. The plate was machined with a square slot of precise dimensions that allowed calibration 

of the final image dimensions. In addition, the plate was angled at 8° to the vertical to ensure that 

the final image of the target edges through the camera were parallel to the bore of the cylinder 

liner. The camera systems were then focused onto the slot in the target plate as shown in Figure 

6.13. The light sheet was aligned at low LASER energy by observing the reflection of the beam 

against the thin edge of the target. The camera trigger, injection timing, spray location and 

instrument settings were verified by capturing a series of test shots with the target in place. A single 

sequence of shots is shown in Figure 6.14. In the exhaust port study, the LASER light sheet was 

rotated into plane of the injector axis at 36° to the horizontal plane of the gas face. This was 

achieved by rotating the cylindrical lens through 54°. The subsequent illumination allowed the 

camera to capture images through the exhaust port window and in the direction of spray 

propagation. 

The backlit photography was performed by using halogen lamps positioned behind the rear 

cylinder head window. For the Kodak study, two relatively low power spot lamps were focused onto 

the window that was masked with 1 mm graph paper. 
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The lamps were positioned in such a way as to project a homogeneous distribution of light 

across the paper as shown in Figure 6.15. The Imacon study utilised the two, high power halogen 

flash lamps integrated with the Imacon triggering system. The lamps were positioned in the same 

manner behind the rear window. The timing of the flash lamps was input by the user in the software 

and was temporally positioned to ensure that each of the captured images had equal brightness 

and contrast. This required the independent control (timing, exposure, gain etc. ) of each of the 

eight CCD units within Imacon unit. The set-up tests were performed in the static engine. For both 

camera systems, it was found beneficial to use some additional front lighting. Both camera systems 

were triggered to record image capture by the injector TTL rising edge pulse. The engine speeds 

and injection timings were duplicated from the PDA droplet and LDA airflow measurements for 500, 

1000 and 1500 rpm. Both early and late injection events were captured. The full set of engine test 

conditions and camera settings are presented in Appendices I and J. for the Kodak and Imacon 

cameras respectively. A subset of the total result set is presented in the following sections. 
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6.4. Experimental Results and Discussion 

6.4.1. Spatial Distribution of Temporaliv-Averaged Characteristics of 
Instantaneous Velocity and Droplet Diameter. 

The spatial distribution of the temporally-averaged (absolute) gasoline fuel spray measurements of 

velocity and droplet arithmetic mean diameter (AMD or D10) are presented in Figure 6.16. for the 

three vertical, axial, displacements from the nozzle exit. The velocity measurements were taken 

using the LDA and the diameter distributions collected using the PDA. At 8 mm (30 orifice 

diameters downstream) from the nozzle, the velocity profile across the spray rises to a sharp peak 

either side of the central region of the jet and mean velocities of 50 to 60 ms" are observed. The 

droplet diameters are relatively small, with the largest diameters located either side of the nozzle 

axis. The same pattern is exhibited at the 12 and 20 mm planes, approximately 45 and 75 

diameters downstream of the nozzle respectively. The results indicate that the greatest liquid mass 

flux is distributed in an annular ring that propagates along the axis of the spray plume. With 

increasing distance from the nozzle, the mean velocity distribution becomes more uniform and the 

mean velocities are reduced to 10 to 20 ms" at 20 mm from the nozzle. Nevertheless, the 

characteristic form of the mean velocity profile across the spray is comparable, with the low 

momentum, smaller diameter droplets concentrated about the injection nozzle axis. 

An important result is presented graphically in Figures 6.17a and b. for the 

measured droplet arithmetic mean diameters. The range of the mean droplet diameters is between 

6 and 20 gm. Both plots illustrate the increase in measured mean droplet diameter between the 8 

mm and 12 mm planes and a reduction at 20 mm. The magnitudes of the mean droplet diameters 

are approximately comparable in the cone wall regions between the 8 mm and 20 mm planes. In 

the same region of the spray cone, the diameters are seen to increase by in excess of 50% 

between the 8 and 12 mm cases. This is contrary to the temporally-averaged absolute mean 

diameter results published by some other research groups, at similar locations in pressure-swirl 

atomiser sprays, such as Park et at., (1998). 

These groups have reported that rapid break-up and atomisation of the liquid occurs after a 

short distance from the nozzle and that the mean droplet diameters then decrease with increasing 

displacement from the orifice. The low mean droplet diameters observed at 8 mm from the nozzle 

were investigated by examining the spatial distribution of the mean data rates and signal validation 

percentages obtained for the PDA and LDA measurements as shown in Figures 6.18a and b. and 

Figures 6.19a, b, c, d and e. respectively. The mean validated data rates in both the LDA and PDA 

measurements show the greatest magnitude at 20 mm from the nozzle. In the PDA results, the 

data rate is at a maximum in all planes at a point approximately along the nozzle axis. The mean 

data rate drops away towards the periphery of the spray. The data rates for the 8 and 20 mm 

planes show a comparable peak magnitude whereas the peak value along the nozzle axis for the 

12 mm plane is only approximately 25% of these values. 

The width of the spray at the three measurement locations can be defined at the radial 

position where the PDA mean data rate tends to a minimum. Although the choice of an acceptable 

mean data rate is considered ambiguous, the validation of measured droplets can be used to give 

an approximation to the steady state spray periphery width over the total injection event. 
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These were approximately 12 mm at z=-8 mm, 16 mm at z=-12 mm and 30mm at z=-20 

mm. The mean data rates obtained by the LDA measurements of droplet velocity show again that 

the 20 mm plane yielded the highest rates and greatest degree of fluctuation. The periphery of the 

spray yielded higher rates than the core. Outside of the periphery, the data rates were seen to 

sharply decrease. The mean validated data rates at 8 and 12 mm from the nozzle were very low in 

comparison, with the 8mm plane marginally higher in the core of the spray. The results would 

suggest that the droplet concentration within these planes was high enough to produce a poor 

signal to noise ratio and high measurement rejection rates. It should be noted that SNR validation 

is required for velocity validation and subsequent diameter validation. 

The presentation of validation data to describe the differences between measurement 

planes close to the nozzle in automotive fuel sprays is rarely described in the literature or is 

generally reserved for high-pressure, Diesel sprays. In port-injection gasoline studies, the size and 

velocity validation criteria have been used to compare the proportion of spherical to non-spherical 

drops in the total drop population (e. g. Vannobel, (1996)). Figures 6.19a, b, and c. show the 

comparison between the droplet mean velocities measured with the LDA and PDA and the velocity 

and size percentage validation achieved using the PDA system at 8,12 and 20 mm from the 

nozzle. In this way, the observed effects of all validation criteria are presented. The velocity 

percentage validation rate using LDA is shown in Figure 6.19d. for reference purposes. At 8 mm 

from the nozzle, the LDA mean velocity profiles across the spray plume are of the order of four 

times greater in magnitude than those measured using PDA. The difference in magnitudes 

measured reduces with increasing distance from the nozzle. At all three planes, the forms of the 

profiles are similar between LDA and PDA and characteristic twin peaks are observed. At 8 mm the 

first LDA velocity peak is measured at approximately 1 mm from the nozzle axis and the second 

opposing, smaller, peak, at approximately 3 mm from the nozzle axis. This gives an approximation 

to the steady state, hollow cone ring diameter, measured from the injection axis of 4 mm. Following 

the same order, at 12 and 20 mm, the second peak is larger than the first. The change in 

distribution of the peaks is caused by the asymmetry of the spray induced by the rotational motion 

of the liquid fuel as it exits the swirl injector and passes through the measurement plane. At 12 mm 

from the nozzle, the first peak is observed at approximately 3 mm from the axis and the second, at 

4 mm. The hollow cone ring diameter is then approximately 7 mm. At 20 mm, the peaks are 

approximately symmetrically placed at 4 mm on either side of the axis. This would suggest a ring 

diameter of approximately 8 mm. These results can be used to determine a quasi-steady state 

inner cone angle for the fuel spray as illustrated in Figure 6.19e. The outer bounds of the spray 

were determined using the PDA validation rates as described in the previous section. The inner 

cone angle is estimated at 28° when determined at the 8 mm depth. The central cone value is 

however of the order of 50°. The cone angle evolves with injection and is dependent upon the 

temporal and spatial reference. It is interesting to note, that at 20 mm edge locations, the PDA 

measured negative velocities at the periphery of the spray of up to 0.25 ms 1. This reveals the 

generation of a vortical structure along the spray periphery at this depth. These structures are not 

however evident in the mean LDA data due to the method of temporal averaging and the high peak 

velocities recorded. 
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In contrast to the velocity profiles, the PDA spherical and velocity percentage validation 

rates, defined as the ratio of 'attempted' to validated signals measured, are highest at the periphery 

of the spray and sharply decrease towards the axis in the 8 mm plane. However at 12 and 20 mm 

from the nozzle exit, the lowest spherical data validation rates are observed at the same locations 

as the peak velocities and largest droplet diameters. The central core of the spray shows an 

increase in percentage spherical validation but a marked decrease in velocity validation using the 

PDA. 

The results suggest that the densest regions of the spray are close to the nozzle. In 

addition, they confirm the presence of the dense region in the spray, named above as the hollow 

cone ring. In these regions, the concentration of droplets must not exceed the maximum particle 

concentration for the instrument. For the Dantec Classic PDA 57x10 collection optic, the maximum 

particle concentration was calculated to be 1X106 particles per CM -3 using the formula provided in 

the Sizeware software based upon the calculated mean droplet diameter at that point. 

The temporally-averaged droplet mean velocities and turbulence intensity distributions 

across the spray radius for each of the displacement locations as measured with the LDA are 

shown in Figures 6.20a, b and c. The mean droplet velocity profile is as described previously. In 

Figure 6.20b. the decrease in mean droplet velocity is plotted in the spray direction for the different 

radial locations. The central regions about the spray core exhibit the highest levels of droplet 

deceleration observed over the total injection event. The gradient of the curves are the steepest at 

the axis and t2 mm either side Those points located towards the periphery of the spray exhibit 

lower levels of velocity retardation and the relationship between these three planes becomes closer 

to linear than those at the core. These results also highlight the asymmetry of the spray properties. 

At each location, two velocity peaks are observed on either side of the injection axis in the jet 

regions of the cone structure. The peaks correspond to two local minima in the turbulence 

intensities at 8 and 12 mm (and a slight indication at 20 mm) from the nozzle as shown Figure 

6.20c. Either side of the troughs, the turbulence intensity increases sharply towards the turbulent 

edges of the spray periphery between the liquid/air interface. 

However, there is no increase at 20 mm from the nozzle in these regions. The central 

region of the cone is marked by an important increase in turbulence intensity of approximately 50 

% of the minimum value in each case at 8,12 and 20 mm locations. Excepting, the 20 mm plane, 

these central peak values generally do not attain the same magnitude as those observed towards 

edges. These results suggest that a more ordered jet flow is found in the cone wall regions of the 

spray and that central core and edges are subjected to an increased level of velocity fluctuation. 

The profile of the turbulent intensity distribution across the spray cannot be explained by 

the validation data rates presented previously in Figure 6.19d. In LDA and PDA systems, dense 

regions of sprays yield low data rates but high PMT activity. This is often manifested as PMT 

overloading, high range and consistency errors, spurious velocity values and the reported 

turbulence intensity increases dramatically in error. 

The three-dimensional plot shown in Figure 6.21. shows the radial and axial distribution of 

the droplet arithmetic mean diameter across the injection plane investigated under quasi-steady 

state conditions. The interpolated surface plot was generated using a fine mesh superimposed 

upon the measurement locations. 
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The method of interpolation between the measured adjacent mean droplet diameters 

projected onto the mesh was as described in Chapter 4. The contour plot clearly illustrates the 

migration of the larger diameter droplets to form a cone region, asymmetrically placed about the 

injector nozzle axis as measured in this particular plane. The arrows indicate an approximate, 

hollow cone, steady-state, spray angle for this injector fuel spray. 

6.4.2. Mass Flux Estimates 

An investigative study was performed to compare the liquid mass flux estimated by the PDA in 

each plane with that measured by the method described in Section 6.2.1. Two approaches were 

considered with the available PDA measurements. The first involved using the volume flux 

estimated by the PDA software based upon the cross-sectional area of the probe volume (normal 

to the spray axis) projected onto the collection optic. The selection of a correct, cross-sectional 

area is a topic of much current research and discussion. 

In this case, however, the effective cross-sectional area used in the Dantec calculations is 

based upon a particle size and trajectory dependant detection area and based upon signals of a 

certain minimum burst length. The second approach used the measured mean droplet diameters 

from the PDA system to provide a size-dependent cross-sectional area. The droplet velocity 

chosen was that due to the 1-D, LDA measurements. The mass flux was then obtained in each 

plane by the summation of the flux at each measurement point. 

In the size-dependent mass flux estimation, an assumption is made that all droplets have 

passed through at least one of the measurement points and that the main droplet velocity 

component is in the direction of the spray axis and that the rotational, tangential velocity 

component is comparatively small. This is a poor assumption in a swirling spray of this nature. In 

both approaches, the mass flux calculations are based upon the total validated data set. The 

results therefore do not include droplets rejected on non-spherical criteria that were most apparent 

in the denser regions of the spray. These oblate or prolate spheroids are most likely to be large in 

diameter and travelling at high velocities. These contain a significant proportion of the liquid mass 

and momentum. In addition, smaller droplets may often be rejected for scattering insufficient light 

intensity to validate the SNR criteria. 

The earlier studies of research groups such as Hoffman at al., (1997) reported that mass 

flux estimates for a pressure-swirl atomiser using PDA measurements did not compare favourably 

with those taken using a spray patternator. Chen at al., (1996) using the same commercial PDA 

system estimated that the combined error in droplet diameter and the size-dependent cross- 

sectional area used to calculate the mass flux was of the order of t 35%. In the two PDA 

approaches investigated in this study, the order of the differences in the mass flux estimations with 

that measured by the weighing method (and corroborated by several sources) suggested that this 

PDA system could not be used in anyway to provide an accurate mass flux estimate within this 

spray. In contrast to the above remarks, the measured mass fluxes from both approaches were at 

least an order of magnitude smaller than that obtained by the timed mass experiments, suggesting 

that the error was considerably greater than 35% for this PDA configuration and spray. 
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In a comprehensive review of spray diagnostics, Bachalo, (2000) highlights the error 

associated with the incorrect choice of projected sampling volume area. The paper states that for 

research applications, PDA flux data must always include biasing corrections to minimise this 

experimental uncertainty. 

6.4.3. Comparison of Time-Resolved Droplet Characteristics in a Static 

Eine. 

In the static engine measurements, the injected fuel spray transfers momentum to the surrounding 

air at rest within the combustion chamber. The acceleration of the surrounding air results in a local 

pressure drop around the plume and air flows towards the spray. For a pressure-swirl fuel spray, 

this effect is required to entrain air into centre of the spray, thus forming the hollow cone shape. In 

motored studies, early injection occurs under atmospheric pressure conditions. As the in-cylinder 

pressure is increased, as in the case of late injection where the motored pressure was measured to 

be in excess of 7 barg, the gas density and droplet drag force are increased. The injected droplets 

are decelerated at a greater rate and momentum transfer between the phases is reduced. The 

resulting spray structure shows less of the hollow cone characteristics of the early injection spray 

plume. 
Under motored conditions, the airflow jet velocity below the valve seats into the chamber 

can attain peak values that are comparable and generally in the same direction as the fuel droplet 

velocities. In Chapter 5, the ensemble-averaged mean airflow velocity at 500 rpm, in the direction 

of the cylinder axis, at a typical early SOI timing of 60 CA were measured at 10 mm below the gas 

face and 20,25 and 30 mm from the cylinder axis to be approximately 20 ms". A local mean 

velocity maxima was observed at approximately 90 CA and a turbulence intensity of 200%. The 

highly, turbulent and re-circulating flows below the valve curtains act directly upon the uppermost 

surfaces of the plume. The location of the injector between and below the two intake valves means 

that for early injection, the fuel spray is subjected to two competing jet flows. The complex 

processes of momentum transfer during this period alters the shape of spray plume and the axis of 

injection from cycle-to-cycle. The effects become more pronounced with increasing engine speeds. 
The interpretation of time-resolved PDA droplet diameter and velocity measurements of 

fuel sprays of this nature is complex and in most reported cases, requires the temporal 

decomposition of the data into specific phases of the injection event. The initial phase of fuel 

injection that originates from the early needle lift period imparts momentum to the gas phase 

resulting in a local acceleration surrounding the spray. Droplets originating later in the injection 

event experience less drag force and arrive behind those injected previously. These droplets will 

either coalesce with those travelling at a slower rate in front of them, collide and break-up or pass 

straight through. Droplet collision and coalescence results in a droplet being recorded by the PDA 

measurement whose temporal origin cannot be resolved. 

The instantaneous droplet velocities and diameters measured by the PDA system through 

the optical annulus under static engine conditions are presented in Figures 6.22a to i for the in- 

cylinder locations from mid-cylinder (filename: DOOs001) to the edge of the bore (filename: 

D35s001), described in Figure 6.11. at 10 mm below the gas face, in increments of 5 mm. 
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The positive velocity vector is parallel to the cylinder axis and in the direction away from 

the spark plug. The in-cylinder air pressure was approximately atmospheric. A low-pressure 

extraction was applied to the exhaust port with the valves opened by 2-3 mm to aid evacuation of 

the chamber. The results are presented over the time interval from SOI to 0.05 s after the rising 

edge of the injection pulse. Fuel injection was simulated for 10 skip injections at 1500 rpm and 

stratified charge conditions, with an injection duration of 17CA which equates to 1.89 ms fuel 

injection duration. The end of the injection pulse (EOI) is indicated on the plots. The piston position 

was close to BDC. At all measurement locations, the greatest density of measurements were 

recorded in the range of 0 ms (SOI trigger less the inherent electronic and electrical delay) to 

approximately 10 ms. Droplet velocities after this period tended towards zero and were considered 

as inter-injection droplet measurements; i. e. droplets from the tail of a previous injection suspended 

in the chamber prior to evacuation. The instantaneous droplet velocity profiles change considerably 

across the chamber from mid-cylinder to the cylinder bore. The photographic studies suggested 

that the mid-cylinder location, (DOOS001) and those at the bore edge, (D35S001), plotted in 

Figures 6.22a, g and h. respectively were situated on the periphery of the spray and that the 

location at 20 mm from mid-cylinder, (D20S00), (Figure 6.22e. ), lies approximately along the spray 

injection axis, under quiescent air conditions. Simple geometric calculations based upon an injector 

inclination of 36° to the horizontal places the injector axis at 20.5 mm from the cylinder axis at 10 

mm below the gas face. This assumes that the nozzle exit is recessed by 2 mm into the cylinder 

head. 
The PDA results show that the data density at the outer locations, shortly after the end of 

injection, is less than that for all other locations along the measurement line. The maximum 

instantaneous droplet velocities were also amongst the lowest recorded. At the mid-cylinder 

location (furthermost from the nozzle), droplets are recorded at approximately 3ms after SOI. At 

this point, a broad spread in droplet velocities and diameters is observed. The velocity-diameter, 

cross-correlation plots are presented in a following section. The same characteristics are observed 

at 5,10 and 15 mm from the mid-cylinder axis. However, the magnitude of the early droplet 

velocities increases greatly as the measurement locations move towards the apparent spray axis. 

Little or no data is recorded in the period of 0 to 3 ms at these locations. At 20 mm from the mid- 

cylinder axis, however, data is recorded at approximately 0.5 ms after SOI. Instantaneous droplet 

velocities were measured in the range of 5 to 95 ms' with diameters between 2 to 70 Nm. The 

duration of this short 'pulse' of data was of the order of three tenths of a millisecond. This 'pulse' 

was then followed by a period void of data (estimated at 2 ms) until approximately 3 ms from SOI, 

when the main injection event occurred. The measurements at this point were repeated at least ten 

times and in each case the observed data void remained. One of the repeat tests is shown in 

Figure 6.22i for the same location. The scale is adjusted to show the 'early pulse, data void and 

main injection event. In this plot, the scatter symbol size represents the individual droplet diameter. 

The plot reveals that the 'early pulse' or 'initial slug' of fuel delivered contains relatively few droplets 

in comparison with the main injection event. 

The first phase starts with the injection of several droplets of approximately 30 Nm in 

diameter that exit the nozzle with velocities in excess of 90 ms'. These are followed by a series of 

much larger droplets with significant momentum. 
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In addition, there is a scatter of smaller droplets with velocities in the range of between 20 

and 80 ms''. From approximately 8 ms to 2.8 ms after the SOI trigger there is an absence of 

droplet measurements. From this point onwards, a large spread in droplet diameters and velocities 

is observed, with the larger droplets having the highest velocity. 

There are other instances of these phenomena reported in the literature (e. g. Zhao et al., 

(1997)). For example, Comer at al., (1998) also show similar ensemble-averaged velocity and 

diameter characteristics along the injection axis at 20 mm from the nozzle of a Simplex swirl 

injector with fuel pressure of 100 bar and an injection pulse of 1.5 ms. The experiments were 

performed under atmospheric pressure and temperature conditions. An initial 'slug' of mean droplet 

diameter of 10 p, m and velocity of 50 to 60 ms" is observed at 0.75 ms after SOI. There then 

follows a data void until approximately 1.75 ms after SOI. In this study, the void observed in the 

transient data from 2 to 25 mm from the nozzle is interpreted as the formation and subsequent 

collapse of the hollow cone structure. These findings are corroborated by measurements 

performed at 50 bar, which do not exhibit a complete data void behind the leading edge pulse. At 

the reduced pressure, it is less likely that a fully developed hollow cone had been produced. 

Gasoline fuel spray PDA experiments performed by Preussner et al., (1998) showed the same 

characteristic pulse in fuel delivery for a pressure-swirl injector. They observed an early injection 

phase, comprising large droplet diameters with relatively high velocities. It was concluded that 

these droplets originated in the primary phase of injection where a small amount of 'swirless' fluid 

was injected. This was described as an initial period after SOI where the internal flow upstream of 

the orifice is unsteady and had not attained a swirling annular flow. The main velocity component is 

therefore axial and the injector is assumed to behave as a simple orifice. 

At 25 mm from the mid-cylinder axis the measurement location has moved closer towards 

the nozzle. A similar 'early pulse' was measured with a similarly broad range of droplet diameters 

and velocities. However, at this location, the 'pulse' of data does not precede a void of data and 

droplets are present until the main injection event arrives at approximately 3 ms from SOI. At 30 

mm from the mid-cylinder axis, a few individual droplets follow the same behaviour as that 

observed at 25 mm. The majority of droplets, however, arrive shortly after injection but with a 

velocity that is recorded in the negative direction. A maximum negative velocity component of 

approximately 8 ms' was recorded at EOI timing in the direction parallel to the axis of the cylinder, 

i. e. towards the cylinder head. At 35 mm from the axis, the instantaneous velocity characteristics 

after SOI are similar again to those observed at 30 mm with all instantaneous droplet velocities 

accelerated to a peak, negative velocity of 6 to 7 ms' at approximately EOI timing. At both the 30 

and 35 mm locations, the mean droplet diameters and spread about that mean value are 

significantly lower than at all other regions in the measurement plane. 
The mean droplet velocity characteristics at all the in-cylinder locations along one 

horizontal line are summarised in the Figure 6.23. This shows the ensemble-averaged mean 

droplet velocities at 10 mm below the gas face. The ensemble averaging was performed by 

dividing the period from 0.5 ms (post 'early pulse') to 50 ms into 50 equal time bins, each of 1 ms. 

The results are plotted for the initial period of between 0.5 and 15 ms from SOI. For clarity, every 

second symbol is plotted on the graph. 
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The 20 mm location exhibits the highest peak mean velocity component parallel to the 

cylinder axis. Both the 20 and 25 mm locations show rapid deceleration of the droplet velocities up 

to approximately 5 ms from SOI. Conversely, the 0,5,10 and 15 mm locations experience an 
increase in ensemble-averaged mean droplet velocities over the same period. The mean velocities 

at the 30 and 35 mm extremities of the spray exhibit an increase in negative velocity suggesting the 

presence of a vortex structure within the spray, close to the cylinder wall. In all cases, the mean 
droplet velocities tend towards zero (excepting the 10 mm location) 

Pitcher et al., (1990b) and Pitcher and Wigley (1991a) studied the size and velocity 
distributions in a Diesel spray under ambient and high-pressure conditions using a Dantec 

LDA/PDA system. The injection pressure was up to 400 bar and the injection duration was 1.67 

ms. Two conclusions were drawn from this study. The velocity profiles exhibited a wavy structure 

superimposed upon the main profile with four main peaks. Within these fluctuations, the droplet 

size distributions showed a broad range of droplet concentrations (arrival times) centred about 

these wavy peaks. Their study also highlighted a region behind the leading edge of the spray of 

approximately 2 CA in duration (for a simulated 500 rpm, ambient pressure test) that was void of 
droplet measurements. The data void became less pronounced with increasing distance from the 

nozzle and from the injection centreline. Under motored, pressurised, engine conditions, the spray 
leading edge was dramatically reduced and the data void lengthened close to the nozzle. The 

amplitude of the longitudinal wavy structures was suppressed by the elevated in-cylinder air density 

and turbulence. However, during this void, the instrument PMT activity was described as intense. 

Pitcher and Wigley (1991 a) concluded that the period void of data could be attributed to the lack of 
discrete droplet parcels and that is was more consistent with the presence of a liquid jet. They 

stated that the dense spray region extended approximately 75 to 100 nozzle diameters 

downstream of the orifice of diameter, 270 Nm. They do not however include an analysis of the 

data validation rates at these locations. 

The characteristics measured in the series of static annulus tests carried out in this work 

can be attributed to a combination of effects; that is, physical phenomena related to the injection 

process and the spray formation and a consequence of the measurement limitations of the PDA 

system. These observations of the spray development are summarised in Figure 6.24. with respect 

to four radial PDA measurement locations, A, B, C and D. Position A is located on the injection axis 

and will therefore record droplet data that will be different to those locations further from the axis. 

Initially, the swirless fuel 'slug' from the injector sac volume is interpreted as the spray leading 

edge. The spray at this stage has a narrow cone and little or no data is recorded at locations B, C 

and D. In the second sketch, a liquid sheet is formed as the fuel gathers rotational momentum. The 

PDA detection criteria will reject signals at position A. Position B however may record relatively 

small amounts of discrete droplets along the asymmetric periphery of the sheet. 
Primary break-up of the sheet occurs in the third stage followed by the transition to a 

hollow cone structure through interaction with the gas phase. At this point, all droplet velocities are 

recorded as positive in the direction of injection. By the end of this secondary break-up stage, PDA 

measurements are recorded at A, B, C and D. The mean velocity and droplet statistics will however 

be strongly correlated with their physical location due to collisions, coalescence and flow reversal. 
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The greatest data rate is likely to be recorded at location C, situated near the cone wall. The 

transition from position C to A occurs at location B, situated along the inner wall of the cone. 
Positions A and B show individual droplets with relatively small diameters of opposing 

velocity direction due to air entrainment into the hollow cone. The hollow cone structure is achieved 

at approximately EOI timing. Secondary airflow into the cone entrains smaller drops adding 
thickness to the walls and begins to fill in the hollow cone. This process was termed 'spray 

contraction' by Preussner et al., (1998). At some point later, the top part of the cone, concentrated 

about the centre-line, reaches those droplets previously injected. The lower droplets have imparted 

momentum to the surrounding gas and thus those droplets at the top of the cone experience less 

drag force and are less readily decelerated. As both groups reach the same distance from the 

nozzle, a toirodal ring is formed around the lower part of the cone as shown in the final sketch. The 

ring size increases as the spray moves further from the orifice until finally, the droplets are 
dispersed. At this point, the mean droplet velocities at A, B, C and D tend to zero in the absence of 

gas motion and the tail of the injection comprises predominantly small droplets. 

6.5. Fuel Spray Characteristics in a Motored Engine 

6.5.1. Comparison of the Spatial Distribution of Mean Droplet Diameters 

during Static and Motored Engine Operation: Early and Late Fuel Injection 
Strateales 

The distribution of droplet diameters for five in-cylinder measurement locations are presented in 

Figures 6.25a, b, c, d and e. for the mid-cylinder axis and for distances of 5,10,15 and 20mm from 

the axis. These positions were chosen to highlight the differences in droplet populations for 

locations considered to be within the hollow cone; those along the injection axis and those on the 

spray periphery nearest to the point of piston crown impingement. The position of each measure 

was chosen from photographic evidence and from the static analysis performed in the preceding 

section. 
Probability density functions of the droplet populations under static and motored conditions 

are presented for 1pm diameter bins over the total measured range. For motored conditions, both 

early and late injection cases are included. At certain measurement locations the piston intersected 

the probe volume and measurements were not possible. In these cases, the start of injection timing 

was altered to allow measurements. The mean diameter Is shown on the plots along with a table of 
diameter statistics. 

At each of the measurement points, the droplet diameter distribution for the static tests is 

much broader than for those performed under motored conditions. The distributions are positively 

skewed towards the larger droplet diameters. However, in all but one instance, the mean droplet 

diameters were less than those observed under motored conditions. In contrast, the motored 
droplet distributions, excepting the early injections in Figures 6.25d and e., show less flatness and 

more symmetry about the mean values. The late injection cases show a trend for a small 

percentage of over-sized droplets that are in excess of 70 pm. These droplets do not constitute a 

significant proportion of the droplet population during early injection. 
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Under late injection, the mean droplet diameter is always greater than for the static cases 

and generally greater than for injection close to piston BDC. The two exceptions for early injection 

are illustrated in the Figure 6.25d and e. where insufficient data has been collected to generate 

statistically significant values. 

These findings are similar to those reported by Yamauchi et al., (1996) who made PDA 

measurements in a gasoline, high-pressure, swirl injector at 70 bar injection pressure into ambient 

gas pressure and temperature conditions. They reported a 'coarse droplet phenomenon' within 

their results. Large droplets were observed along the injection axis 0.4 ms after SOI and then 

distributed at two radial points either side of the axis from 0.6 ms after SOI. These two separated 

regions were reported as being located in the walls of the hollow cone. In such studies, many 

research groups have utilised the DvO. 9 diameter value in preference to the AMD or SMD to 

highlight the significance of these 'coarser' droplets in the total liquid mass distribution. Glaspie et 

al., (1999), reported that the DvO. 9 diameter might illustrate those droplets that were of origin in the 

opening and closing phases of the injection and that the parameter was a measure of the 'degree 

of preparedness' of the injected fuel. In an extensive G-Dl injector study, Glaspie et al., (1999) has, 

importantly, shown that for a narrow cone injector of approximatey 25-30°, the DvO. 9 diameter was 

relatively less reduced with increasing injection pressure when compared with medium and wide 

cone types. They conclude that for narrow cone injectors of this type, the initial pulse of fuel made 

up of the larger diameter droplets has a greater relative effect upon the total spray diameter 

distribution. The review of Zhao et al., (1997) suggests that this parameter may provide a better 

correlation for uBHC emissions in direct injection engines. 

The previous LDA air motion studies presented in Chapter 5 showed that the bulk in- 

cylinder air motion at piston intake BDC was relatively low compared to that during the latter stages 

of the compression stroke. It can therefore be surmised that the difference in mean droplet 

diameters observed between static, early and late injection scenarios is due to the dispersion of the 

smaller droplets by the gas phase. For late injection, only the larger droplets will possess sufficient 

momentum to penetrate the bulk air motion, at elevated pressures, to reach the probe volume. 

Indeed, the mean droplet diameter at 5 mm from the mid-cylinder axis (furthest from the injector) 

yielded the greatest mean droplet diameter. Those smaller diameter droplets are retarded, collide 

and coalesce and are transported away by the air motion. The early injection cases show a mean 

droplet diameter that is also generally greater than the static tests. This may in part be due to the 

dispersion of small droplets away from the probe volume by the turbulent gas flow exiting from 

behind the valve curtains and persisting until the final stages of the stroke. These droplet 

distributions will also then be biased towards the larger droplet diameters. 

Figure 6.26a. and b., show a summary of the droplet diameter statistics for all locations 

and for each injection scenario. The two early injection cases described above have not been 

included in the linear fit and therefore this curve is a best fit of a limited set of points and must be 

treated as inconclusive. Both of the static and late injection cases show the same trend in mean 

diameter with increasing distance from the injector nozzle. The mean droplet diameters are seen to 

increase in an approximately linear manner to a local maximum at 5 mm from the cylinder axis. 
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It is likely that the reduction in droplet diameter beyond this point; i. e. from the mid-cylinder 

axis, is due to the interception at the probe volume of post-impinged droplets rebounding through 

splashing from the piston surface. 

Figure 6.26b. shows the coefficient of variation in the diameter statistics across the 

chamber. This is equivalent to the ratio of the standard deviation to the mean droplet diameter and 

gives an indication of the 'stability' of the droplet distributions. For each of the cases, the coefficient 

of variation appears to be unrelated to in-cylinder position. The greatest value of 50% is observed 

for the static engine tests, whilst those performed at early and late, motored conditions are 

approximately equal at 40%. The results show that the 'stability' of the droplet distributions, 

whether along the injection axis or in the hollow parts of the cone, is approximately constant. The 

high percentage values however suggest that the repeatability from injection cycle-to-cycle is poor. 
This is in part due to the physical location of the fuel spray structures (core and cone) relative to the 

measurement locations. This relationship changes as the air motion and density changes act to 

retard or deflect the spray depending upon injection scenario. This is illustrated in Figure 6.27. for a 
hollow cone spray. Under static conditions, the injection axis is uninterrupted and the PDA 

measurements are a complex function of measurement position. The points encounter a wide 

range of spray conditions that vary with distance from the nozzle exit. These include droplet and 

velocity distributions along the injection axis, within the cone walls and along the spray periphery. 

The nearside of the fuel spray is bounded by the cylinder wall and a vortex is formed where smaller 

droplets are entrained within the local gas flow recirculation zones. As the engine is motored, the 

incoming gas flow deflects the spray downwards and strips away the smaller drops. The 

measurement points will therefore observe different features of the spray structure. In particular, 

the position of the jet flows in the hollow cone will be directed downwards. The variation in the 

stability of the distributions measured at the same locations for static and motored operation cannot 

be readily compared. They will differ as a function of position in the spray in addition to cycle-to- 

cycle fluctuations. However, it would be expected that the coefficient of variation between the early 

and late injection events differ greatly. The intake air charge is responsible for perturbing the upper 

edge of the fuel spray and inducing flapping instabilities in the cone structure. Under late injection 

conditions, the spray cone angle is much narrower and points upon the periphery of the spray are 

less likely to return valid data. These features are reported in the following section where high- 

speed photographic techniques have been utilised. 

6.5.2. Comcarison of the Spatial Distribution of the Droplet Velocity-Size 
Cross-Correlation r 
Late Fuel Infection Strateales 

The effect of the fuel injection timing upon the droplet velocity-size cross-correlations for static and 

motored engine operation are shown in Figures 6.28a, b, c, d, and e., for the in-cylinder 

measurement locations described in the previous section. The static engine operation plots show 

for each of the in-cylinder locations, excepting 20 mm from the mid-cylinder axis, little or no 

significant correlation between the droplet sizes and droplet velocity. The scatter of instantaneous 

measures is distributed in a narrow, horizontal band positioned above the zero velocity level and 

extending across the droplet size range. 
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The shape of the distribution broadens in the velocity direction as the location is moved 

towards the injector axis. For the early injection cases, there is a significant difference in the 

correlation. Each of the plots clearly show a positive velocity-size correlation as the in-cylinder, 

intake generated gas flow accelerates the liquid phase. 
Stanglmaier et al., (1998) reported the presence of the pre-slug from a hollow cone swirl 

injector using high-speed LLS photographic studies performed in an optical engine with a 

transparent cylinder liner. The slug was present in a static test and at 750 rpm. However, at 1500 

rpm, evidence of the pre-slug was less pronounced as the intake airflow became more dominant. 

At the mid-cylinder location, a small proportion of the droplets show a negative velocity trend. The 

spread in droplet diameters is greatly reduced in comparison with the static test at the same 

position and with all the other motored tests. There are far fewer negative velocity droplets of size 

greater than 20 Nm than shown within any of the other plots. These droplets are smaller in diameter 

and have a velocity component in the upward direction. The change in distribution is due to the 

presence of the strong tumble air vortex that has been established within the chamber. The air 

motion has the greatest effect upon the smaller droplets and disperses them in airflow where they 

are carried towards the cylinder head. It is also clear at this location, that the turbulent air motion 

has assisted the spray break-up process as the injected droplet diameter range is greatly reduced. 
The late injection plots clearly show a retardation in velocity magnitudes and less of a 

spread in droplet diameter, although some of the larger droplets have still managed to 'break- 

through'. At 5 and 10 mm from the cylinder axis, there does not appear to be a strong correlation 

between diameter and velocity. However, closer to the spray axis, at 15 and 20 mm, the correlation 

is positive with a steep gradient. The gradient is greatest at 20 mm and twice that of the early 

injection cases. Figures 6.28d and e. however show the incomplete data collected for the early 

injections at these points, which precludes them from any statistical analysis. 

6.5.3. Temporal Evolution of Ensemble-Averaged Droplet Velocities and 
Diameters. 

Vannobel (1996) summarises the contribution of the gas flowfield upon the fuel spray dynamics. 

Two terms are described; turbulence generation and droplet dispersion. The first relates to the 

generation of turbulence by the distortion of the gas flowfield due to the wakes of the particles 

passing through the flow. Droplets travelling within wakes may overtake leading drops, collide and 

coalesce. Droplet surface tension and viscous forces are overcome and droplet break-up is 

increased. The second mechanism relates to the dispersion of the droplets throughout the local 

flowfield according to their density. The fuel spray droplets are re-distributed due to differences in 

their momentum and drag forces and through interaction with the flowfield structures. The droplet- 

eddy interaction is complex and is related to the eddy size, motion and lifetime. The rate of droplet 

dispersion is then estimated from the droplet relaxation time or 'eddy residence' time. The 

dispersion rates are usually not constant due to the range of droplet and eddy size distributions. A 

more complete description of three currently proposed stochastic droplet dispersion models can be 

found in the experimental and numerical study of Chen et al., (1996). 

In a PDA study of port injection, gasoline fuel sprays, Vannobel, (1996) showed how the 

relative liquid/air velocity influenced the droplet size distribution. 
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For relatively low, steady state, air volume flow rates, the AMD was seen to increase when 

compared to static air measurements. This was also observed in this work as reported in the 

previous section. Drop sizes in this regime were governed by the injection pressure and orifice 

size. With increasing flow rates, the AMD decreased and secondary atomisation through interaction 

with the flowfield was reported as becoming a more dominant mechanism in droplet sizing. 
The analysis of the results in the previous sections showed a subset of the total droplet 

population that exhibited relatively high velocities and large diameters. These droplets play a 

significant role in the momentum exchange between the liquid and gas phases. A measure of the 

individual contribution of a droplet to the total liquid spray momentum is a product of the droplet 

velocity and volume where all droplet densities are equal and constant. An ensemble-averaged, 

volume-weighted, mean velocity was then calculated for the total number of droplet measures 

within one crank angle interval over many consecutive injections. These are plotted at three in- 

cylinder locations in Figures 6.29a, b, and c and for early and late injection conditions. These 

positions are chosen to illustrate the differences in the temporal spray development for injection at 

two early injections of 120 and 180 CA and two late injections of 280 and 290 CA. The number of 

droplet counts per crank angle interval is also plotted. The droplet data was not considered for 

counts of less than 50 per CA averaging window. A volume mean diameter (Dr) was then 

calculated from the ensemble-averaged, volume-weighted, mean velocity within the interval. These 

are plotted against crank angle. A linear curve fit was used as an approximation to the droplet 

scatter plots for only those points above the 50 counts confidence limit. In Figure 6.29b. the 

acceptable counts band was reduced to 30 counts per 1 CA interval due to the relatively small size 

of the total data set. This was in part due to the physical location of the measurement point during 

late fuel injection at 290 CA. At this instant, the piston comes close to the probe volume and the 

reflected light intensity is high. In addition, the spray structure (confirmed by the high-speed 

photographic studies) is very narrow and hence the probability of recording a discrete droplet at a 

more distant point is greatly reduced. 

Figures 6.29a. and b. show the instantaneous and volume-weighted, mean velocities and 

volume mean diameters for the in-cylinder radial location at 5 mm from the mid-cylinder axis 

towards the injector. The results show the comparison between Sol at 120 CA and 290 CA. At a 

Sol of 120 CA, both the volume-weighted, mean velocity and volume mean diameters show a 

positive linear increase over the confidence crank angle range. The greatest liquid momentum is 

observed at the tail of the injection. In this interval, the volume mean diameter increases by 

approximately 0.3 pm per CA. The ensemble-averaged, volume-weighted, mean droplet velocity 

increases at a rate of approximately 0.5 ms' per CA. At a SOl of 290 CA, the in-cylinder gas 

pressure was approximately 8 bar absolute and the spread in individual droplet velocities is much 

reduced. There is no discernible increase in the volume-weighted characteristics. The trailing 

droplet volume mean diameters are however approximately 10 pm smaller in size. 
In all plots, the ensemble-averaged, mean gas velocity obtained from the LDA study in 

Chapter 5 is included for comparison. It should be noted that these measurements were performed 

separately to the PDA measures and in the absence of injected fuel. They therefore serve to 

illustrate the characteristics of the gas phase prior to the injection event. 
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In Figure 6.29a., the ensemble-averaged mean airflow velocity component at SO[ is 

approximately 18 ms" in the direction of the measured injected fuel velocity component. The 

injected droplets are retarded less by the gas phase due to their relative velocity component when 

compared to the late injection event. In Figure 6.29b., the smaller droplets are dispersed by the gas 

motion but the larger droplets are unperturbed and pass with little deviation to the probe volume. 

These measurements must therefore be considered as biased towards those droplets that are 

capable of attaining the probe volume location. Under the late injection conditions presented in 

Figure 6.29b., the gas velocity component opposes the measured fuel velocity component. At the 

SOI, the ensemble-averaged, mean air velocity is approximately -7 ms' at this location and the 

ensemble-averaged, volume-weighted, mean droplet velocity is retarded by approximately 1 ms" in 

the crank angle interval, 306 to 312.2 CA. The absence of any change in the volume mean 

diameter within the interval highlights the difference in droplet break-up compared to the early 

injection case. It should be noted that at 318 CA, the probe volume was obscured by the piston 

topland. 

In these cases, it is the relative air/droplet velocity that determines the droplet diameter 

distribution. For relatively large positive velocities, the droplet distribution is seen to increase in 

size. For large negative velocities, the droplet distributions are little changed. If the magnitude of 

the air velocity is large, the smaller droplets are more readily accelerated towards the probe 

volume, leaving the larger volume droplets in the tail of the injection. In Figure 6.29c., the SOI was 

advanced to 180 CA and measurements were recorded at 10 mm from the mid-cylinder axis and 

10 mm below the cylinder gas face. At this point in the cycle, the in-cylinder air motion results from 

the previous chapter confirmed the presence of an established bulk, reverse tumble air motion. The 

measured velocity component at SOI was approximately 3.5 ms' in the downward direction. During 

the early compression stroke, the mean velocity direction is reversed with an ensemble-averaged 

mean value of approximately -5ms". The ensemble-averaged, volume-weighted, mean droplet 

velocity is reduced over the confidence range of crank angles at a rate of approximately 0.2 ms" 

per CA. The volume mean diameter remained approximately constant at 24 Nm. 
Figure 6.29d. shows measurements recorded for late injection (SOI 280 CA) for the in- 

cylinder location at 15 mm from the mid-cylinder axis. The momentum exchange between the 

phases is greatest at this location and under these conditions. The droplet ensemble-averaged, 

volume-weighted, velocity decreases at approximately 0.5 ms' per CA. The volume mean droplet 

diameters are approximately 3-4 pm smaller over the crank angle range than those recorded in the 

early injection cases. In addition, the variation in these mean diameters is small across the range; 

of the order of 0.1 Nm per CA. At this location, a significant proportion of the smaller diameter 

droplets are recorded with a negative value velocity component. In contrast to the static PDA tests, 

the piston position is close to the cylinder head under motored injection timings. Smaller post- 

impinged droplets are recorded with a negative velocity of up to -15 ms'' as they splash from the 

piston surface. The droplet impingement process is governed by the droplet Weber number, the 

angle of incidence, the piston temperature and the air velocity and turbulence characteristics. In 

simpler terms, droplets impinging upon the piston surface will either'bounce', 'stick' or 'splash'. 
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Post-impinged droplets represent a subset of the total droplet population that can 

separated using the droplet arrival times or by some comparison with a static test measured at the 

same location in the spray. In the motored tests, the smaller droplets are deflected after 

impingement with the piston crown towards the spark plug region. They are assisted by a mean 

airflow velocity component of approximately -5ms'. The greatest droplet momentum transfer 

occurs shortly after SOI. This is in contrast to the local minima observed at a SOI of 120 CA in 

Figure 6.29a. 

6.5.4. High-Speed Photography in a Motored Engine. 
The high-speed photographic studies were used to provide insight into the spray geometry and 

location within the chamber and to observe the influence of the piston and air interaction under 

motoring engine operation. The LASER light-sheet (LLS) illumination technique produced a global 

view of the large-scale structures at the spray tip and along the spray periphery during the injection 

event. The backlit shadowgraphs revealed the internal structures of the plume and showed the high 

levels of cyclic variation due to the airflow interaction beneath the intake valves. 
A selection of the results are presented that are specific to enhancing the description of the 

fuel spray characteristics observed by the PDA studies. In each case, still images were captured 

from high-speed sequences. Interpretation of the finer structures observed in the spray movies are 

therefore much more difficult to identify from a series of still images. 

6.5.4.1. Early and Late Fuel Inlection: Effect of Inlection Timing uaon 
Spray Structure and Piston Crown Impingement 

Figures 6.30. and 6.31. show a typical sequence of images recorded by the Imacon 468 camera. 

The images are read from top to bottom and left to right across the page. The individual image 

delays from the SOI trigger are recorded with each image. The timings were chosen to ensure that 

the piston crown impingement was captured. In both the early and late injection cases, the fuel 

delivery pulse width was kept constant at 20 CA. This is equivalent to a fuel injection duration of 6.7 

ms at 500 rpm. In Figure 6.30. early injection, occurs with the intake valves open and the piston 

crown in view for SOI's of 40 and 50 CA. The fuel spray rapidly forms a broad cone structure with a 

hollow cone and a sinuous, flapping periphery. The upper edge of the plume is more distorted due 

to the intake air interaction. At SDI's of 40 and 50 CA, the spray impinges upon piston crown 

shortly after the onset of fuel injection. In the full-sized images, some fuel is observed exiting the 

piston bowl on the exhaust side of the chamber. For later injection timings, the fuel spray 'chases' 

the piston downwards. The results suggest that an optimum SOI timing for this configuration 

chosen to best avoid piston wetting and significant levels of uBHC in the exhaust, yet provide 

adequate time for evaporation and homogeneous mixing, would be from 60 CA. Under cold, 

motored conditions, these results are best representative of cold, start transient engine operation. 
In Figure 6.31., fuel is injected late into the compression stroke. The start of injection timing 

(piston position) and the time taken to impingement will govern the mixture stratification 

(preparation time) and the transport of the fuel to the spark plug. The images show a much 

narrower injection plume and evidence of a small spray tip vortex. As the SOI is retarded, the fuel 

impingement upon the piston crown occurs earlier. 
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At SOI 290 CA, impingement occurs approximately between 0.65 and 0.70 ms following 

SOI. At 300 and 310 CA, this occurs between 0.55 and 0.60 ms. At 320 CA the spray impinges 

upon the piston at approximately 0.50 ms after SOI. 

The contrast in spray structure between early and late injection scenarios can also be 

observed through the exhaust port window. Figure 6.32a and b. show the differences in fuel spray 

behaviour at 500 and 1000 rpm respectively for the initial injection phase from 0.4 ms after SOI to 

0.75 ms in equal time steps of 0.05 ms. In this plane, the early injected fuel spray attains a broad 

cone shape that extends outwards close to the raised intake valves. During late injection, the liquid 

jet is narrow and sinuous in appearance with clear distortions along the periphery. The difference in 

spray geometry's extends up to the EOI phase as illustrated in Figures 6.32c. and d. at 1000 and 

1500 rpm respectively for time steps of 0.05 ms from 2.35 ms to 2.70 ms after SOI. In the late 

injection cases, the piston crown with bowl geometry moves into the image. 

The magnified photographic images recorded through the exhaust window showed the 

asymmetry in the spray structure during the early, transient phase of fuel injection. The developing 

spray asymmetry in the exhaust window plane is shown in Figure 6.33. for a late fuel injection 

strategy at 1000 rpm. The images were recorded at 0.5 ms after SOI for two identical test runs. A 

developing conical sheet that penetrates in a spiralling manner follows the initial slug of swirless 

fuel. The maximum spray penetration at this point is approximately along the fuel injector axis, 

coincident with the mid-cylinder plane and the PDA measurement grid. The photographic evidence 

of asymmetry under such conditions corroborates the conclusions presented in the ambient 

chamber and motored PDA spray studies. 

The fuel spray impingement upon the cylinder wall is shown in Figures 6.34a, b and c. for a 

static engine test simulating early injection at 9000 fps using LLS illumination and the optical 

annulus engine build with the Kodak 4540 camera. The camera was triggered using the SOI signal. 

The piston was positioned near to BDC to allow observation of the spray across the complete 

chamber for an injector angle of 36°. The engine cylinder liner was heated to 80 °C but the quartz 

annulus had no external heating. The image sequences are read from left to right and top to 

bottom. In Figure 6.34a. a pointed jet of fuel is seen to exit from the injector in the third image. By 

the end of the first sequence, a spray cone is developed. In Figure 6.34b. the injected fuel is seen 

to impinge upon the cylinder wall and a wall-bounded vortex is formed in the lower right-hand 

corner of the later images. In the final series of images presented in Figure 6.34c., the injection 

period finishes and the spray collapses. However, in the absence of any bulk air motion or high 

cylinder wall temperatures, there exists a significant amount of liquid fuel deposited upon the 

exhaust side of the chamber well after EOI. The same test was performed under motored operation 

at 500 rpm for a SOI at 60CA for 20 CA. Figure 6.35. shows that at low engine speeds, during the 

mid-injection period, the spray is deflected across the surfaces of the piston. A significant 

proportion of the fuel is carried over towards the exhaust side of the chamber as observed in the 

static tests. At 1500 rpm however, the spray impinges within the piston bowl but does not appear to 

be carried over to the exhaust side as shown in Figure 6.36. 
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6.5.4.2. Early and Late Fuel Infection: Effect of Engine Speed upon 

Spray Structure 

The spray structure and location within the cylinder chamber is shown in Figures 6.37a, b, c and d. 

for early injection conditions at 500,1000 and 1500 rpm. The Imacon image series are read in the 

same manner as described previously. The image series was chosen such that the total fuel 

injection event is separated into four periods. The first period is from 0.4 ms from SOI to 0.7 ms in 

equal time steps of 0.05 ms. Period 2 ranges from 0.75 ms to 2.25 ms after SOI in steps of 0.25 

ms. The third period is from 2.75 ms to 5.75 ms in steps of 0.5 ms. The final period was captured 

over the interval of 6.5 ms to 11 ms after SOI in time steps of 0.75 ms. 

In each case, the exposures were matched to the temporal delays an maintained constant 

at each engine speed. The fuel injection scheduling was scaled with engine speed based upon a 

stoichometric fuelling of 61 CA pulse duration at 100 bar and 1500 rpm with WOT. The SOI trigger 

was at 60 CA in each case. In the first period of fuel injection, the liquid is observed to leave the 

injector as a narrow jet. The effect is most pronounced at 1500 rpm, where the intake jet flows 

around the intake valves strip away the smaller droplets that are present at the lower engine 

speeds. At 500 rpm, the cone shape starts to form earliest and impingement upon the piston 

surface occurs. By period 2, a cone had developed at all engine speeds. The hollow cone form was 

most prevalent at 1500 rpm. This is clearly observed as two liquid cords issuing from the injector. 

This is shown in Figure 6.38. for a sequence captured at 1500 rpm using the Kodak camera at 

18000 fps during the initial phase of early injection. An approximate inner cone angle under these 

conditions was estimated at 100. 

At 1500 rpm, the upper portion of the fuel spray appears distressed in Figure 6.37d. and 

the spray injection angle is steeper in comparison with the lower engine speeds. By period 3, a 

hollow-like cone is observed at all engine speeds. Again, the 1500 rpm image series is more 

influenced by the incoming air charge as peak valve lift is approached. In certain images, the cone 

structure is momentarily detached and flapping of the plume is observed as the spray is deflected 

downwards. The fourth period covers the end of injection and highlights the difference in spray 

angles due to increasing engine speed. The 500 rpm series shows the spray to be much denser 

than those recorded at the higher speeds. 

The change is spray angle associated with increasing volume flow rate through the intake 

valves was simplistically analysed using a greyscale threshold technique. Individual images 

captured at the same instance in time at each engine speed were extracted from the image series 

during mid-injection. A bisecting line was placed upon the image such that the spray plume either 

side of the line was approximately symmetrical. This was verified by plotting the intensity of the 

greyscale image along a line through the spray that was perpendicular to the bisector. The angle 

between the bisector and horizontal window reference was taken as the spray injection angle. A 

static engine injection test was conducted to ensure that the method yielded the geometric injection 

angle of 36°. The results are plotted for static, 500,1000 and 1500 rpm engine tests in Figure 6.39. 

The images show that as the engine speed is increased, the spray injection angle is increased. The 

angles can only be approximated by this method, but they serve to highlight the significant increase 

in spray angle between 500 and 1500 rpm of between 38° and 45° at these relatively low engine 

speeds. 
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These results show one of the effects of the intake airflow upon a side-entry injection 

system. At higher engine speeds the fuel spray is directed down the chamber after the piston and 

increased homogeneity of the charge is achieved with less wall-wetting. In Figures 6.40a, b, and c., 

the effect of engine speed upon late injection is presented in the same manner. The shorter 

injection event is divided into three periods. Period 1 ranges from 0.4 ms after SOl to 0.75 ms in 

steps of 0.05 ms. Period 2 occurs during mid-injection from 1.55 ms to 1.9 ms in steps of 0.05 ms. 

The final period is from 2.75 ms after SOI to 3.1 ms in equal steps of 0.05 ms. Once again, the fuel 

injection scheduling was matched to the engine speed. In each case the SOI was at 301 CA. In 

contrast to the early injection series, all the images show that the injected fuel spray takes the form 

of a narrow, solid jet. At all of the engine speeds, the form of the spray remains similar in the first 

period. Throughout the second period, the 500 rpm spray has a larger cone angle than those at the 

higher engine speeds and in-cylinder pressures. In all cases, the spray injection angle does not 

appear to be altered. 

6.6. Assessment of Errors 

6.6.1. Experimental Uncertainty 

The sources of error and experimental uncertainties associated within LDA and PDA 

measurements in engines were covered extensively in Chapter 3. The statistical accuracy of the 

mean and RMS velocities were estimated in Chapters 4 and 5 for the in-cylinder air flow 

measurements using the standard error for a sample of a population. In PDA measurements, an 

additional error is attributed to non-linearity's in the droplet size and phase relationship. These can 

be minimised by careful alignment of the transmission and receiving optics and measurement of 

the optical parameters. Pitcher et al., (1990b) state that errors of less than 1% in the scattering 

geometry were achievable by following good experimental practice. They suggested that signal 

processing errors were more significant at low SNR's measured over the full electronic bandwidth. 

Nevertheless, they estimated errors in individual velocity and phase measurements of less than 3% 

and 5% respectively. 

The greatest source of error is therefore due to the correct interpretation of the mean 

values from a limited data set. For the droplet diameter distributions, data was collected where 

possible until all droplets were within t3 standard deviations of the mean value. These plots have 

been shown in the previous section. In the cases where this was not possible, due to nozzle or 

piston proximity or within regions of high optical glare, a reference has been made in the text. Also, 

some of the diameter distributions show large droplets generated in the initial injection phase that 

are not within these limits. These droplets diameters are however included due to their importance 

in gaining knowledge of the spray process. 

The validity of the PDA measurement procedure was assessed by various methods, which 

have been discussed in the previous sections. In addition, the repeatability of the process and the 

standard error in the motored, mean gasoline droplet velocities were analysed. 
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6.6.1.1. Repeatability of Measurements in the Spray Chamber 

The repeatability of the droplet size measurements and traverse positioning performed in the 

ambient spray chamber were assessed at several locations within the spray plume. Figures 6.41a 

and b. show the frequency plots for two measurement locations in the near nozzle region at an 

axial distance of 8 mm from the nozzle orifice. These locations were chosen due to the tendency 

for PMT overload and low data validation rates in this plane about the injector axis. The two points 

were located at 3 and 4 mm from the injector orifice axis and exhibited approximately the same 

data validation rate. In each case, 15,000 validated data points were collected. The tendency for 

the PMT to overload in this region is highlighted by the asymmetry in droplet frequency distribution. 

Both of the populations are skewed towards the smaller droplet sizes and there are a considerably 

large number of 'zero' diameter readings which suggests spurious signals were gathered from PMT 

overload. However, both locations show good correlation between the independent measurements 

despite the observed difficulties at these locations and the biasing of the droplet sizes. 

6.6.1.2. Standard Error In the Mean Droplet Velocity: Motored Engine 

Conditions. 

The standard error, C, in the fuel spray mean droplet velocity per crank angle interval under 

motored conditions was plotted for three in-cylinder locations and for both early and late injection 

conditions. These are presented in Figures 6.42a, b, c and d. as error bars superimposed upon the 

ensemble-averaged mean values against engine crank angle. The standard error was calculated 

from the ensemble-averaged mean velocity and not the volume-weighted, ensemble-averaged 

mean velocity. The error bars chosen here represent t1 standard error about the mean value. 

These error margins are significantly narrower than the ± 3E bars presented in Chapter 4 for the 

LDA airflow measurements. As such, the probability of the true mean droplet velocity value being 

within these error bands is approximately 67%. The high statistical uncertainty is not wholly due to 

a low data density within each crank angle window as commented previously. It is instead a 

product of the fuel spray/air and piston interactions and the method of temporal averaging of the 

data. During a fixed-point measurement technique employed in this manner, the output data relates 

to a proportion of fuel droplets of indeterminable temporal (and spatial) origin. If the proportion of 

these droplets becomes significant, then large fluctuations within the mean velocity profiles are 

observed despite the relatively large data sets collected. The proportion of these droplets will vary 

from location to location and with the type of injection scenario imposed. In the literature reviewed 

in Chapter 4, experimental values for *36 standard errors are quoted for seeded LDA airflow 

studies without fuel injection. However, none of the studies reviewed have approached the analysis 

of standard errors within crank angle intervals for fuel spray droplets directly or indirectly injected 

into a motored engine. 

The measurement position at 5 mm from the mid-cylinder axis during early injection (Figure 

6.42a. ) shows a lower standard error than that of the late injection case at 290 CA in Figure 6.42b. 

In the early injection case, the standard error across the complete recording window is 

approximately within the range of t 1.0-1.5 ms'. Under late injection conditions, the data density is 

reduced, piston crown impingement occurs and the standard error is increased to ± 2ms' following 

the end of injection. 
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In the advanced injection case presented in Figure 6.42c., with SOI at 180 CA, the 

standard error is also increased when compared to the 120 CA case. The maximum standard error 

is approximately ±4 ms'. At 15 mm from the mid-cylinder axis, the standard error presented in 

Figure 6.42d. is also of the order of ± 3.0 -4.0 ms'. for a late SOI of 280 CA. The increase within 

these cases is most likely due to two particular effects. The first relates to the nature of the in- 

cylinder airflow and the second; to the proximity of the piston crown surface to the measurement 

location during late injection. For a SOI of 180,280 and 290 CA, the measured in-cylinder airflow 

component prior to injection opposes that of the fuel spray injection. This is greatest at a SOI of 

180 CA. 

The fuel spray and air interaction is therefore most turbulent and the measured RMS 

fluctuations in the fuel droplet ensemble-averaged, mean velocity reach a maximum. In the late 

injection cases, the location of the measurement probe relative to the instantaneous piston position 

(injector-piston-stroke geometry) relates to the amount of injected fuel that is 'splashed' backwards. 

This is observed to a greater extent for fuel injection at 280 CA and 15 mm from the mid-cylinder 

axis towards the injector side. It is therefore expected that measurements within these locations 

would result in a greater degree of statistical uncertainty. 

6.7. Conclusions of Chapter 6. 

A detailed experimental study of a high-pressure, gasoline injector for a direct injection engine was 

undertaken. PDA and High-speed photographic techniques were utilised to describe the fuel spray 

under quasi-steady and dynamic flow conditions, within a special fuel chamber and within the 

stationary and motoring engine. The injector nozzle orifice and fuel mass flow rates were 

measured. 

A series of different types of measurements were performed using water and fuel sprays, 
to establish the best operating parameters for a PDA system and to explore the inherent link 

between the technique and the interpretation and analysis of the measured data. It was concluded 

that the velocity measurements were best performed using the LDA and the droplet diameter, using 
PDA, excepting the size-velocity correlations. A study of the effect of the probe volume dimensions 

concluded that the 32/160 lens was the best compromise, based upon these findings and a 
knowledge of the expected droplet diameter distributions found in the literature. The fuel spray was 

then measured under three conditions. 
The first experiments were performed in an ambient temperature and pressure, quiescent 

chamber. These series of tests established the fuel spray droplet diameter and spraywise velocity 

component over many injections. A dense spray region was shown to exist from the injector tip to 

approximately 8 mm along the spray axis. Measurements were therefore performed at 30,45 and 

75 nozzle diameters downstream of the nozzle. These locations were representative of values that 

could be viewed in the combustion chamber of the engine through the optical annulus. 
The measurements across the fuel spray showed an asymmetry in the droplet velocity 

profile about the nozzle axis. The velocity profile revealed two sharp peaks positioned either side of 

the injection axis. The magnitudes of the peaks were not equal and the largest droplet diameters 

(and greatest droplet numbers) were observed in these two regions. 
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The droplet AMD was measured in the range of 6 to 20 Nm. The asymmetric shape and 
droplet and velocity distribution characteristics were continued at increasing distances from the 

nozzle. However, the distribution of the magnitude of the two peaks was inversed between 12 and 
20 mm. The change in distribution was due to the asymmetry in the spray induced by the rotational 

motion of the liquid jet exiting the swirl injector. Between the 8,12 to 20 mm planes from the 

nozzle, the velocity magnitudes were reduced. The mean droplet diameters however were seen to 
increase from 8 mm to 12 mm and then decrease between 12 and 20 mm. The increase in droplet 

diameter was due to the low validation rate of measured data in the 8 mm plane using the current 

spherical and signal validation criteria. As a result, the measured droplet diameter distributions did 

not contain those larger diameter, high velocity, droplets rejected for non-sphericity. The 

subsequent statistical populations were skewed towards the smaller droplets. The highest data 

rates were recorded in each plane along the injector axis. The highest of all mean data rates was 

recorded at 20 mm from the nozzle. A quasi-steady state spray width was then determined using 
the mean, validated PDA data rate at each measurement plane. Negative velocity values were 
recorded along the periphery of the spray indicating the generation of re-circulating vortices 
between the gas and liquid phases. The LDA velocity distribution peaks were used to estimate an 

approximate inner cone angle of 28° at 8 mm from the nozzle and 50° for the other two planes. An 

estimation of the mass flux through these planes proved inconclusive for this PDA configuration. It 

was concluded that for this configuration, the validated LDA and PDA data rates were an additional 

parameter required for a complete description of the fuel spray. 
In-cylinder PDA measurements were performed at the same in-cylinder positions as the 

'Through Annulus' LDA air motion experiments presented in Chapter 5. In the static engine 

measurements, the injected fuel spray transferred momentum to the surrounding air at rest within 
the combustion chamber. The acceleration of the surrounding air resulted in a local pressure drop 

around the plume and the air flowed towards the spray and was entrained into the centre of the 

spray, thus forming a hollow cone shape. As the measurement position was traversed from the 

mid-cylinder axis towards the intake side, the measured mean, vertical velocity component 
increased and the delay to the first recorded droplet was reduced. At the spray axis, a pulse of data 

was observed that was immediately followed by a period of approximately 2 ms, which was devoid 

of data. This phenomenon was only observed in the time-resolved PDA measurements and was 
interpreted as an initial slug of fuel whose origin was in the primary phase of injection. A small 

amount of swirless fuel held in the injector sac volume was injected with a predominantly axial 

velocity component. Relatively few droplets were recorded during this phase. The droplet sizes and 

velocities were generally greater than those recorded in the main injection event. The same pulse 

of early data was observed at locations either side of the spray axis, but these did not precede a 
data void. More evidence was available from the photographic studies performed through the 

exhaust window. The image sequences clearly showed an initial slug of fuel that was followed by 

an asymmetrical, developing annular sheet. 

Droplet measurements at the intake side cylinder wall showed relatively high negative 
velocities, indicating the presence of a wall-bounded vortex. This vortex was not observed in the 

early injection, motored studies, suggesting that the intake jet flows suppressed its formation. 
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A summary of the spray development was presented to show the relationship between the 
temporal development of the spray structure and its relationship with the spatial distribution of the 
PDA measurement locations. 

In the motored studies, early injection occurred under atmospheric pressure conditions. 
The location of the injector, below and between the intake valves meant that the fuel spray was 

subjected to two competing jet flows in arguably the most turbulent part of the engine cycle. The 

photographic studies showed that the shape of the spray plume was altered; the upper edge was 

shown to become agitated and the axis of injection deflected downwards. For a SOI of 40 and 50 

CA, the fuel spray was seen to impinge upon the piston crown and the exhaust side of the 

chamber. The spray shape was that of a broad, hollow cone. The outline of the cone in the backlit 

photographs became clearer with increased engine speed as the smaller droplets were more 

effectively dispersed by the gas phase. In certain image sequences, detachment of the fuel spray 

and flapping of the cone edges was observed. As the in-cylinder pressure was increased for the 

case of late injection, the gas density and droplet drag force were increased. The injected droplets 

were decelerated at a greater rate and momentum transfer between the phases was reduced. The 

resulting spray structure showed less of the hollow cone characteristics of the early injection spray 

plume. A narrow spray jet was seen to impinge upon the piston crown. 
The droplet diameter probability density functions differed significantly between the static 

and motored and early and late injection scenarios. The static distribution was broad and positively 

skewed towards the larger droplets but the mean droplet diameter, in all but one location, was less 

than in the other two cases. The motored droplet distributions were more symmetrical and showed 
less flatness. For late injection, a small percentage of droplets were recorded with diameters in 

excess of 70 pm. These large diameter droplets did not however constitute a significant proportion 

of the droplet population during the early injection cases. For late injection, the mean droplet 

diameter was always greater than those recorded during the intake stroke which were generally 

greater than those recorded during the static tests. It was concluded that the difference in the mean 
droplet diameters was due to the nature of the in-cylinder gas motion at the point of Injection. 

During early injection, the turbulent gas motion assisted the spray break-up and the smaller 
droplets were dispersed in the gas phase. These droplets are carried away from the PDA probe 

volume by the downward intake air motion. In the late injection case, it was only the larger droplets 

that possessed sufficient momentum to reach the probe volume through the in-cylinder tumble 

motion and increasing gas density. The smaller droplets were most likely to be stripped away and 

carried around the chamber. 

The effect of fuel injection timing upon the droplet velocity-size cross-correlation was 

investigated. Under static conditions, there was no significant correlation. Under early Injection, the 

intake gas accelerated the liquid droplets and a positive correlation was observed. During late 

injection, the diameter range was reduced and close to the spray axis, a steep positive gradient 

correlation was observed. The gradient in this region was twice that of the early injection case. 
From these studies, it was concluded that the secondary liquid fuel atomisation, through the 

interaction with the gaseous flowfield, had become the dominant mechanism in droplet sizing and 

not the injection pressure and orifice size. 
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The temporal evolution of the ensemble-averaged droplet diameters and velocities were 

compared with the LDA air motion results presented in Chapter 5 at the exact same in-cylinder 

locations, prior to the injection event. An ensemble-averaged, volume-weighted, mean velocity for 

the total number of droplet measures within each crank angle interval was calculated as a measure 

of the individual contribution of a droplet to the total liquid spray momentum. In this way, the 

significant role played by a small subset of large (and relatively high velocity) droplets in the 

momentum exchange between the liquid and gas phases, could be assessed. A volume mean 

diameter within each crank angle interval was then calculated from the ensemble-averaged, 

volume-weighted, mean velocity. For early injection at 120 CA, the predominant air motion was in 

the direction of the fuel injection and the volume-weighted velocity and volume mean diameters 

both increased with increasing crank angle at a rate of 0.5 ms'' per CA and 0.3pm per CA 

respectively. For late injection at 290 CA and 5 mm from the cylinder axis, the air motion opposed 

the spray direction and there was no discernible variation in the volume-weighted characteristics. 

For a SOI at 280 CA at 15 mm from the mid-cylinder location, the volume weighted droplet velocity 

decreased by approximately 0.5 ms' per CA. The volume mean diameters were approximately 3-4 

pm smaller over the crank angle range than those recorded during the early injection cases. For an 

intermediate injection at SOI of 180 CA, the small opposing airflow led to a reduction of 0.2 ms' per 

CA in the volume-weighted velocity. The volume diameter did not change. For the late injection, 

small diameter, post-impinged droplets, identified by their negative velocity values and temporal 

location, were identified. 

The interpretation of time-resolved PDA droplet diameter and velocity measurements of 

fuel sprays of this nature is complex and in most reported cases, requires the temporal 

decomposition of the data into specific phases of the injection event. The analysis does not provide 

a complete description of the fuel spray characteristics. The initial phase of fuel injection that 

originates from the early needle lift period imparts momentum to the gas phase resulting in a local 

acceleration surrounding the spray. Droplets originating later in the injection event experience less 

drag force and arrive behind those injected previously. These droplets will coalesce with those 

traveling at a slower rate in front of them, collide and break-up or pass straight through. Droplet 

collision and coalescence results in a droplet being recorded by the PDA measurement whose 

temporal origin cannot be resolved. The reference time frame is set relative to an arbitrary instant 

in time such as the injection trigger. The temporal measurement record however, can only log the 

events that occur at the PDA probe volume's fixed spatial location in chronological order. 

The greatest source of potential error in the motored engine studies was that due to the 

correct estimation of the mean values from a limited data set. The measurements showed good 

repeatability. The standard error in the droplet mean velocity during early injection was t 1.0-1.5 

ms'. For late injection, the standard error was t2 ms'. The statistical uncertainty in the PDA 

measurements was due to low data density within each crank angle interval. This was a product of 

the short injection duration, spray and air interactions and the piston proximity to the probe volume. 

The droplets were of an indeterminable temporal and spatial origin. For these reasons, the analysis 

of the PDA data differs from that of the LDA data presented in Chapter 5. 
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Figure 6.0. Overlayed Circles to Determine Injector Orifice Diameter 
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Figure 6.2. Ambient Pressure and Temperature, Quiescent Fuel Spray Chamber 
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Figure 6.3a. Ambient Pressure and Temperature, Quiescent Fuel Spray Chamber 
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Figure 6.3b. Ambient Pressure and Temperature, Quiescent Fuel Spray Chamber 
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Figure 6.4. PDA System Set-up using a Water Spray Generated 

from a Pharmaceutical Nebuliser in Free Air 
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Effect of the Probe Volume Dimensions upon the Measuring Characteristics 

of the PDA System using a Water Spray Generated In Free Air 
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Figure 6.6. Evaluation of Measured Droplet Characteristics in A Pharmaceutical Nebuliser 
By Varying the Phase Doppler Anemometer Fringe Spacing 
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Figure 6.7a. PDA Set-up on Optical Engine- View from Engine Front 
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Figure 6.7b. PDA Set-up on Optical Engine- View from Engine Side and Rear 
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Figure 6.8. Position of PDA Beam Intersection Before and During Injection for Approximate 

Spray Location. (note exhaust valve open to aid evacuation of spray vapour) 
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Figure 6.9. Position of PDA Beam Intersection During Injection for Approximate 

Spray Location with Piston Impingement for Late SOl 290 CA over Consecutive Engine Cycles. 

Digital Video Shutter Speed 1/10000. 
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Figure 6.10. Three-Windowed Optical Cylinder Head 
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Figure 6.11. PDA Spray Measurement Locations in Optical Annulus Engine Build 

for Static and Motored Investigations 



325 

Figure 6.12. High-Speed Photography of the Fuel Spray 

using LASER Light Sheet Spray. lmacon 468 Camera Positioned at 
the Exhaust Port Window in the Three-windowed' Cylinder Head Build. 
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Figure 6.13. Camera Focus and LASER Light Sheet Alignment by Use of 

a Spark Plug Mounted Target Plate. 
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Figure 6.15. Camera Focus and Backlighting Homogeneity 

Using the Parallel Plane Windows 
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Figure 6.17a. Temporally-Averaged Mean Droplet Diameter in the Plane of the Injector Nozzle 

using Phase Doppler Anemometry 
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Figure 6.17b. Spatial Distribution of Temporally Averaged Mean Droplet Diameter 

in the Plane of the Injector Nozzle using Phase Doppler Anemometry 
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Figure 6.18a. Distribution of Mean Data Rate for Validated Droplet Velocity and Diameter 

Measurements in the Plane of the Injector Nozzle using Phase Doppler Anemometry 
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Figure 6.19a. Comparison of Temporally-Averaged Mean Droplet Velocity in the Plane of the 

Injector Nozzle using LASER and Phase Doppler Anemometry at 8 mm from the Orifice with 

respect to the Phase Doppler Validation Rates for Velocity and Sphericity. 
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Figure 6.19b. Comparison of Temporally-Averaged Mean Droplet Velocity in the Plane of the 

Injector Nozzle using LASER and Phase Doppler Anemometry at 12 mm from the Orifice with 

respect to the Phase Doppler Validation Rates for Velocity and Sphericity. 
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Figure 6.19c. Comparison of Temporally-Averaged Mean Droplet Velocity in the Plane of the 

Injector Nozzle using LASER and Phase Doppler Anemometry at 20 mm from the Orifice with 

respect to the Phase Doppler Validation Rates for Velocity and Sphericity. 
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Figure 6.20a. Temporally-Averaged Mean Droplet Velocity in the Plane of the Injector Nozzle using 
LASER Doppler Anemometry 
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Start of Injection in a Static Engine using an Optical Quartz Annulus at Mid-Cylinder Axis 
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Figure 6.22e. Instantaneous Droplet Velocity and Droplet Diameters Measured from 
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Mean Median Variance Standard Deviation 
00 static 18.91 17.35 78.58 8.864 
00_120 13.84 13.31 27.24 5.219 

Figure 6.25a. Comparison of Droplet Diameter Probability Density Functions 
for Static and Motored Engine Operation: Mid-Cylinder Axis 
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Mean Median Variance Standard Deviation 
05 static 15.46 14.14 74 8.602 

05_120 20.83 18.98 85.92 9.27 
05_200 18.85 17.89 50.3 7.092 
05_290 21.41 20.51 75.01 8.661 
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Figure 6.25b. Comparison of Droplet Diameter Probability Density Functions 

for Static and Motored Engine Operation: 5 mm from Mid-Cylinder Axis 
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Mean Median Variance Standard Deviation 
17.25 15.21 96.94 9.846 A 
16.97 16.15 45.82 6.769 
20.13 19.2 89.1 9.439 

Figure 6.25c. Comparison of Droplet Diameter Probability Density Functions 
for Static and Motored Engine Operation: 10 mm from Mid-Cylinder Axis 
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Roan Median Variance Standard Deviation 
17.31 15.85 77.85 8.82 
26.15 23.57 170.60 13.06 

18.01 17.24 45.50 6.75 

Figure 6.25d. Comparison of Droplet Diameter Probability Density Functions 
for Static and Motored Engine Operation: 15 mm from Mid-Cylinder Axis 
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Droplet Diameter Distribution for 20 mm from Mid-Cylinder Axis 
at z=-10 mm, Engine Static Conditions 
Probability Density Function 

I:. 

can Median variance Standard Deviation 
C 4.31 13.07 58.07 7.621 
7 5.02 24.22 43.13 6.567 

0.51 19.42 85.82 9.264 

Probability Density Functions 
for Static and Motored Engine Operation: 20 mm from Mid-Cylinder Axis 

Droplet Diameter Distribution for 20 mm from Mid-Cylinder Axis 
at z=-10 mm. 1000rpm, Early injection at 180 CA 
Probability Density Function 

Droplet Diameter Distribution for 20 mm from Mid-Cylinder Axis 
at z=-10 mm, 1000rpm, Late Injection at 280 CA 
probability Density Function 
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Comparison of Spatial Distribution of Mean Droplet Diameters for Static, 
and Motored Engine Conditions; Early versus Late Injection 
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Figure 6.26a. Variation of Mean Droplet Diameter with In-cylinder Measurement Location 

Comparison of Spatial Distribution of Coefficient of Variation in 
Mean Droplet Diameters for Static, and Motored Engine Conditions; Early versus Late Injection 
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Figure 6.26b. Coefficient of Variation in Droplet Diameter Statistics 
with In-cylinder Measurement Location 



357 

Deflected Injection Axis: Static Injection Axis 
Motored Conditions 

Figure 6.27. Schematic to Illustrate the Influence of Chamber Geometry and Air Motion 

upon PDA Droplet Measurements: Spray Structures Relative to Measurement Positions 
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Comparison of Static and Motored Engine Conditions 

at Mid-Cylinder Location 

Figure 6.28a. Velocity-Size Cross-Correlation Plots: 
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Figure 6.28c. Velocity-Size Cross-Correlation Plots: Comparison of Static and Motored Engine 
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Instantaneous Gasoline Droplet Velocity against CA 1000 rpm 
Motored Annulus Test: PO5F120/10 mm depth/Tf-293K/100 Bar/l`5853 
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Figure 6.29a. Instantaneous and Ensemble-Averaged Volume Weighted Plots of 

Droplet Velocity and Diameter versus Air Velocity 

5 mm from Mid-Cylinder Location, Early Injection at 1000 rpm 
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Instantaneous Gasoline Droplet Velocity against CA 1000 rpm 
Motored Annulus Test: P05F290�10 mm depth/Tf-293W100 Bar/T5 853 
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Figure 6.29b. Instantaneous and Ensemble-Averaged Volume Weighted Plots of 
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5 mm from Mid-Cylinder Location, Late Injection at 1000 rpm 
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Instantaneous Gasoline Droplet Velocity against CA 1000 rpm 
Motored Annulus Test: P15F280/10 mm depth/Tf-293K/100 Bar/T5 853 
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Figure 6.29d. Instantaneous and Ensemble-Averaged Volume Weighted Plots of 

Droplet Velocity and Diameter versus Air Velocity 
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11-1 

___________ 

° v 
C) 



ýz ý_ýýý. ýý... -. ý. 

Ö 
OO 

0 
Cl) 



ý.: ý< 

0 N_ 

O 
co 

Ö 
q) 



0 

0 

E 
B 
0 0 

E 

0 
U 

0 U) 
Q- 
Cj 
C, 

O 
O 

vi 
0) 

E 

Ö 

0) 

O 

2 

Oý 
IL 

0 M 



3 

U 

D 
n 

y E 
n 

0 

E 

E 
B 
0 

m 

0 

Q) ro 

v 
C M 

0 

ro 

ro 

Q6 
Q) 



4 
t 

5 

I 

Co 
Co 
e 
cu 

0 

Q) 

ö ýI. 

4 a, z. 





1 

0 

y 

N 

UJ 

0 

y 

N 
N 

E 

E 
B 

1n 

b M 

aý 
v, 
U- 



375 

Figure 6.33. Spray Asymmetry during Early Injection Phase at 1000 rpm for Late Injection 

at 310 CA for 11.5 CA - Developing Swirling Flow. 
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Figure 6.34a. Static Engine with LLS Illumination- Early Injection Period 
Selection from frames at 9000 fps. 
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Figure 6.34b. Static Engine with LLS Illumination- Mid-Injection Period 
Selection from frames at 9000 fps. 

377 



378 

Figure 6.34c. Static Engine with LLS Illumination- Final Injection Period 

Selection from frames at 9000 fps. 
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Figure 6.35. Motored Engine at 500 rpm with LLS Illumination- Mid-Injection Period 
Selection from frames at 27000 fps. 



Figure 6.36. Motored Engine at 1500 rpm with LLS Illumination- Early Injection Period 

Selection from frames at 27000 fps. 
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Figure 6.37a. Comparison of Early injection at Three Engine Speeds 

for 0.4 ms to 0.7 ms: Period I 
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Figure 6.37b. Comparison of Early Injection at Three Engine Speeds 

for 0.75 ms to 2.25 ms: Period 2 

392 
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Figure 6.37c. Comparison of Early Injection at Three Engine Speeds 

for 2.75 ms to 5.75 ms: Period 3 

191 
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Figure 6.37d. Comparison of Early Injection at Three Engine Speeds 

for 6.5 ms to 11 .0 ms: Period 4 

184 
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Figure 6.38. Kodak Images at 1500 rpm using Backlighting Illumination- Early Injection Period 

Selection from frames at 18000 fps. 
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1500 rpm (apps , -ir, i 

Figure 6.39. Comparison of Early Injection at Three Engine Speeds for 0.75 ms after SOt 

Spray Deflection at Mid-Injection Point and Approaching Maximum Valve Lift 
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Figure 6.40a. Comparison of Late injection at Three Engine Speeds 

for 0.4 ms to 0.75 ms: Period 1 
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Figure 6.40b. Comparison of Late Injection at Three Engine Speeds 

for 1.55 ms to 1.9 ms: Period 2 
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Figure 6.40c. Comparison of Late Injection at Three Engine Speeds 

for 2.75 ms to 3.1 ms: Period 3 
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Figure 6.41 a. Repeatability of Droplet Sizing in Near Nozzle Region at an Axial Distance 

of z=-8mm and a Radial Distance of 3 mm from Injector Axis. 
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Figure 6.4 lb. Repeatability of Droplet Sizing in Near Nozzle Region at an Axial Distance 

of z=-8mm and a Radial Distance of 4 mm from Injector Axis. 
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Ensemble-Averaged Mean Gasoline Droplet Velocity against CA 
Motored Annulus Test: P05F120/10 mm depthlTf-293K/100 Bar/T5 853 
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Figure 6.42a. Ensemble-Averaged Droplet Velocity against Crank Angle 

5 mm from Mid-Cylinder Location, Early Injection at 1000 rpm: Standard Error 
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Figure 6.42b. Ensemble-Averaged Droplet Velocity against Crank Angle 

5 mm from Mid-Cylinder Location, Late Injection at 1000 rpm: Standard Error 
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Figure 6.42c. Ensemble-Averaged Droplet Velocity against Crank Angle 

10 mm from Mid-Cylinder Location, Early Injection at 1000 rpm: Standard Error 
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Figure 6.42d. Ensemble-Averaged Droplet Velocity against Crank Angle 

15 mm from Mid-Cylinder Location, Late Injection at 1000 rpm: Standard Error 
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Outer ring 
(a) 

_ 

Middle ring Inner ring 
(b) (c) 

_ MEASURE1 um 327.5 Not active Not active 
MEASURE2 um 327.5 269.86 Not active 
MEASURE3 um 327.5 269.86 Not active 
MEASURE4 um 327.5 269.86 Not active 
MEASURE5 um 327.5 269.86 Not active 
MEASURE6 um 327.5 269.86 Not active 
MEASURE7 um 327.5 269.86 208.18 

Table 6.0. Overlayed Circles to Determine Injector Orifice Diameter 
(all measurements in Nm) 

Pulse Width (CA) Pulse Width (ms) 
2 0.666666 
3 0.999999 
4 1.333332 
6 1.999998 
8 2.666664 
10 3.33333 
12 3.999996 
14 4.666662 
16 5.333328 

Table 6.1. Summary of Selected Crank Angle 

and Pulse Width Durations for Simulated 500 rpm 

Pulse duration Siemens UOB Ricardo Ricardo 
Dynamic rig 

(ms) (mg/inj) 
Burette 
(mg/inj) 

BurnCycles 
(mg/inj) 

uncorrected BMEP 
(bar) 

0.8 3.52 
1 4.13 

1.556 6.48 1.5 
1.889 8.18 2.5 
2.611 10.95 4.01 
3.444 13.9 5.5 

4 18 6.97 
6.667 29.67 8.32 

2 7.36 18.622 
3 10.75 

4.5 15.67 
6.666 33.2078 

Table 6.2: Summary of Dynamic Mass Flow Rate data 

(Ricardo fired data provided as reference only) 
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PDA Parameter 
Transmission 

Wavelength 514.5 nm 
Gaussian Beam Diameter 0.27 mm 
Beam Collimator Exp. 1 
Beam Expansion Ratio 4 
Beam Separation 32 mm 
Lens Focal Length 160 mm 

Fringe Spacing 
Number of Fringes 
Probe Volume, Ax 
Probe Volume, Ay 
Probe Volume, Az 
Transmission Polarisation 

2.5853Nm 
38 
0.0975 mm 
0.0970 mm 
0.9753 mm 
Parallel (0 0 

Collection 

Principle Scattering Mode 1st Order Refraction 
Phase Factor, U1-2 10.327 0/Nm 
Phase Factor, U 1-3 5.1638 °/pm 
Maximum Diameter 130.89 pm 
Angle Adjustment 2 mm 
Effective Scattering Angle 70 ° 
Lens Focal Length 310 mm 
Ratio of RI Particle/Medium 1.46/1 
Brewster's Angle 68.816 ° 
Max Refraction Scattering Angle 93.539 ° 

Table 6.4. Summary of the PDA Operating Parameters 

for the Fuel Spray Chamber 
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Quiescent Spray Chamber at RTP Static and Motored In-Cylinder Measurements 

Spraywise instantaneous and RMS Cylinder Axial instantaneous and RMS velocity 
velocity components components 

Droplet diameter distribution Droplet diameter distribution 

Experimental calibration and Limitations due to optical and geometrical constraints 
establish measurement uncertainties in the engine and synchronisation with injection 

timing, LASER shuttering and engine speeds 

Complete spray plume traverse Limited to a series of point measurements along a 
'line of sight' radius of the annulus 

Theoretically an infinite number of Skip injection for fear of excessive bore wetting and 
injection cycles with only small window contamination 
recovery periods required 

No impingement Wall and crown impingement of fuel spray and 
interaction of piston with probe volume causing PMT 
overload 

Table 6.5. Comparison of the PDA Operating Conditions between the Spray Chamber 

and the In-Cylinder Studies. 
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7.0. Summary of Conclusions and Achievements 

Two comprehensive in-cylinder airflow studies have shown the contrast between the temporal and 
spatial distributions of the mean and turbulent gas motions, in the mid-cylinder tumble (and cross- 
tumble) plane, between a conventional, side-entry MPI engine and a top-entry G-DI engine. Airflow 
measurements were performed using LDA in the axial (MPI) and axial and radial (G-DI) directions. 
In the MPI engine, the principal air motion can be described as a forward tumble pattern, generated 
late in the intake stroke and which breaks down into turbulence close to the end of the compression 
stroke. In the G-DI engine, a strong, reverse tumble motion is rapidly formed early in the intake 
stroke. This motion persists throughout the compression stroke and up to TDC without an increase 
in turbulence intensity. 

In the direct injection engine, the characteristics of the mean and small-scale air motions 
were measured through a horizontal plane across the bore and along an axis co-linear with the 
spark plug axis, which extended into the piston bowl. Special attention was given to the mean and 
turbulent components of the airflows prior to injection of fuel and spark ignition. During the early 
injection phase the airflow exhibited the requirements for a homogeneous charge mixture. Steep 

velocity gradients and the highest levels of turbulence enhance the air-fuel mixing. For late 
injection, the persistent coherent tumble structure produced flow stability for a stratified mixture 
approach. 

The longitudinal integral length scale of turbulence was determined at two locations near 
the spark plug gap at ignition timings and TDC conditions. The indirect method and Taylor's 
hypothesis was used to determine the length scale from the temporal autocorrelation function 

estimate. The criteria for Taylor's hypothesis for stationary turbulent flow were validated for the 

coherent, tumbling vortex present in the late compression stroke. At crank angles close to TDC, the 

vortex observed a solid body rotation with minimal vortex centre precession relative to the piston 
crown. The turbulence intensity over the same interval showed no increase and was markedly 
lower in comparison with the MPI engine at the same locations. At 3 and 8 mm from the spark plug 
body and 330 CA, the length scale was estimated at 6.2 and 9.5 mm respectively. The longitudinal 
integral length scale at TDC was approximately 1/5`h of the clearance height. 

In-cylinder PDA measurements were performed under stationary and motored conditions, 
at the same locations across the mid-cylinder plane, as described for the LDA air motion study. The 
PDA measurements and high-speed photography showed that the fuel spray exhibited a swirling, 
hollow cone structure that was most evident at high engine speeds. A quasi-steady inner cone 
angle for the spray was estimated at 28° close to the nozzle and 50° further downstream. The in- 

cylinder time-resolved analyses highlighted the presence of a swirless 'slug' of liquid fuel that 

preceded the main injection and asymmetrical cone development and that contained large 
diameter droplets with high axial velocities. A dense spray region was identified over 8 mm from 
the nozzle along the spray axis. In-cylinder static PDA measurements showed the presence of a 
wall-bounded vortex on the intake side of the chamber below the injector that was suppressed 
during the motored studies. For late injection, the mean droplet diameters were larger than those of 
the early injection and static tests and the fuel spray formed a narrow jet. The difference in the 

mean properties was due to the nature of the in-cylinder gas properties; either assisting spray 
break-up and dispersion or impeding spray penetration. The static PDA droplet probability density 
functions were much broader and less symmetrical than those for motored conditions. An 

ensemble-averaged, volume-weighted mean velocity was used to describe the individual 

contribution of a droplet to the total spray momentum exchanged between the gas and liquid 

phases. It was concluded from the comparative studies of early and late fuel injection, that the 
droplet size distribution was dominated by secondary atomisation through interaction with the 

gaseous flowfield when the fuel spray was injected into high gas velocities in the spray-wise 
direction. The gradient of the size-velocity cross-correlations during late injection were 
approximately twice those observed during early injection. 
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The fuel spray injection axis was deflected downwards towards the piston by as much as 
10° at 1500 rpm due to the momentum of the incoming air charge. Furthermore, the uppermost 
periphery of the fuel spray was subjected to flapping instabilities and partial detachment. 

7.1. Recommendations for Future Work 

Future work can be divided into two categories. The first category is drawn from a review of the 
results presented within this thesis and includes suggestions where the current work could be 

extended or further validated (the analysis of air motion in Chapter 5 is used to validate a CFD 

model in Faure et al., (1998)). In the first instance, the current study could be extended to include 

an investigation of differing types of fuel injector, alternative combustion chamber geometry's and 
further investigation and development of the optical techniques employed with an aim to improving 
data acquisition rates and measurement in two or more simultaneous directions. 

The indirect determination of the integral length scale of turbulence based upon Taylor's 
hypothesis used the method of single point LDA and an evaluation of the temporal autocorrelation 
function. Further work must include validation of such a hypothesis by the direct estimation of the 
integral scale using two-point LDA and integration of the spatial autocorrelation function. In 

addition, an evaluation of the effects of lag range and data filtering, implicit in the method, should 
be reviewed. In some reported cases, the deviation of the autocorrelation estimate from unity has 
been attributed to a slow, time-varying contribution from the cycle-to-cycle variation in the mean 
flow (tumble vortex centre jitter) that is manifested as an apparent turbulent contribution. Further 

analysis of the results is required to determine the frequency content of the turbulence fluctuations 

and hence derive that attributable to cycle-to cycle variations. The data acquisition rate should be 
improved to enable an in-cycle data analysis comparison with the ensemble-averaging procedure. 
A similar data analysis can be performed in the cross-tumble plane. 

Further analysis of the spray data under motored engine conditions would allow the 

extraction of useful data about the post-impinged droplet diameters and velocities required to 

validate spray impingement models. These subsets of the total droplet population could be 

separated by comparison of the fuel spray statistics measured at elevated pressures in conditions 
where impingement did not occur. The impingement study could also be extended to include 
impingement upon realistic (hot) surfaces to investigate the effects of evaporation upon the post- 
impinged droplet population. In addition, there exists evidence to suggest that the magnitude of the 
tumble motion is significantly decreased during the compression stroke when fuel is centrally 
injected into the chamber of a forward tumble, side-entry, direct injection engine (e. g. Stanglmaier 

et al., (1998)). As such, the in-cylinder LDA airflow study could be extended to include an analysis 
of the momentum exchange effects induced by the direct injection of fuel. 

In the current study, no quantitative analysis of the higher order statistical moments was 
undertaken. The static and motored droplet distribution statistics (e. g. skewness and kurtosis) 

could be used to enable suitable curve fits of common statistical distributions that would be 

applicable to computational modelling. In addition, a further research area is in the validation of 
droplet dispersion models. 

The second category involves the next step in the characterisation of a suitable operating 

strategy for G-DI. At present, the fundamental properties of the in-cylinder air motion, throughout 

the engine cycle and prior to injection and ignition, as well as the characteristics of a fuel spray 
under these conditions, have been quantified. The next stage is to apply measurement techniques, 

such as LIF, that can provide knowledge of the interaction between the air and fuel; the fuel liquid 

and vapour distribution in the combustion chamber, its cyclic stability, homogeneity or degree of 
stratification. This in turn must be related to an appropriate measure of combustion stability. A 

combustion study would include analysis of the rate of flame propagation and flame geometry 
(flame photography); the nature of the airflow ahead of the flame front (fired LDA); an identification 

of the chemical species distributed within the flame (LIF/Spectroscopy); pressure-related 
combustion parameters such as IMEP and combustion stability and engine-out emissions 
sampling. 
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Appendix B: Temporal Characteristics of Instantaneous Velocity, Ensemble- 

Averaged Mean and RMS Velocity across the Engine Cycle for the SP Measurement 

Point Series 
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Appendix C: Temporal Characteristics of Instantaneous Velocity, Ensemble- 

Averaged Mean and RMS Velocity across the Engine Cycle for the T-Measurement 

Point Series 
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Instantaneous Velocity against Crank Angle in a Four-stroke, Pent-roof Gasoline Engine 
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Instantaneous Velocity against Crank Angle In a Four-stroke, Pont rod Gasoline Engine 
Position TN30POO 
Ensemble Averaged Mean Velocity against Crank Angle 

6 
N 

75 

4 
m r 
c3 

W 

ý 
I 

8moothod EA 

- _ 

I ý 

Z--30 mm 

90 180 270 360 450 540 630 720 
Crank Angles 

Ens. mbl. -Averaged RMS Tuwbu. nu VNoc4 Zß-30 mm 
s 

ä 

m 

2 

H 
N 

d' 

1 

Q 
2 
a 
E 

W 
n 

II 

Smoothed EA 

fI 

90 180 270 360 450 540 630 
Crank Angles 

Figure C8. LDA Data Set TN30POO 

IGV 



C-9 
Instantanww Velocity against Crank Angle In a Fourstraka, Pant-roof Gasoline EngIne 
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Instantaneous Velocity against Crank Angle In a Four-stroke, Pant-rod Gasoline Engine 
Position TPISPOO 
Ensemble Averaged Mean VabcIty against Crank Angle 
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Instantaneous Velocity against Crank Angle in a Four-stroke, Pant-rod Gasoline Engine 
Position TPOOPOO 
Ensemble Averaged Mean Velocity against Crank Angle 
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Instantaneous Velocity against Crank Angle In a Four-stroke, Pant roof Gasoline Engine 
Position TN15P00 
Ensemble Averaged Mean Velocity against Crank Angle 
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Instantaneous Vsbclty against Crank Angie Ma Four-stroke, Pentqo&Gaso*w Engine 
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Instantaneous Velocity against Crank Angle In a Four-stroke, Pent-rod Gasoline Engine 
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Instantaneous Velocity against Crank Angle In a Four-stroke, Pent4oofGasomns Engine 
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Instantaneous Velocity against Crank Angle In a Four-stroke, Pent-rod Gasoline Engine 
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Appendix D: Interpolation Scheme Generated Contour Plots for the Horizontal 

Mean Velocity Component in the Intake and Compression Strokes 
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Ensemble Averaged Mean Velocity at 18OCA at 1000 rpm 
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Ensemble Averaged Mean Velocity at 220CA at 1000 rpm 
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Appendix E: Interpolation Scheme Generated Extracted Velocity Scalar Plots for 

the Horizontal Mean Velocity Component in the Intake and Compression Strokes 
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based upon Interpolated Velocity Field 
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figure E6. Extracted Velocity Horizontal Scalars 
based upon Interpolated Velocity Field 
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figure E7. Extracted Velocity Horizontal Scalars 
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Appendix F: Instantaneous and Ensemble-Averaged Mean and RMS Velocities in 

the Tumble Plane along the Spark Plug Axis in a Top-Entry, Gasoline, Direct 

Injection Combustion Chamber 
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Figure Fl. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 01, Tumble Plane 
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Figure F2. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 02, Tumble Plane 
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Figure F3. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 03, Tumble Plane 
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Figure F4. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 04, Tumble Plane 
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Instantaneous Velocity Against Crank Angle Encoder Counts 
1500 rpm WOT/Tumble 06 /8 mm Depth 
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Figure F6. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 06, Tumble Plane 
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Appendix G: Instantaneous and Ensemble-Averaged Mean and RMS Velocities in 

the Cross-Tumble Plane along the Spark Plug Axis in a Top-Entry, Gasoline, Direct 

Injection Combustion Chamber 

Instantaneous Velocity Against Crank Angle Encoder Counts 
1500 rpm WOT/Cross-Tumble 01 / 33 mm Depth 
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Figure G 1. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 01, Cross-Tumble Plane 
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Figure G2. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 02, Cross-Tumble Plane 
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Figure G3. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 03, Cross-Tumble Plane 
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Figure G4. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 04, Cross-Tumble Plane 
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Figure G5. LDA Results for Direct Injection Gasoline Engine 
Spark Plug Location 05, Cross-Tumble Plane 
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Figure G6. LDA Results for Direct Injection Gasoline Engine 
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Figure G7. LDA Results for Direct Injection Gasoline Engine 
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Appendix H: Instantaneous and Ensemble-Averaged Mean and RMS Axial 

Velocities In the Mid-Cylinder Plane at z -10 mm in a Top-Entry, Gasoline, Direct 

Injection Combustion Chamber 
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Figure HI. Velocity Measurements at z10 mm, Location RO5FOO 
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Figure H2. Velocity Measurements at z=-10 mm, Location ROOFOO 
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Figure H3. Velocity Measurements at r 10 mm, Location NO5FOO 
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Figure H4. Velocity measurements at z=-7 u mm, Location rn urw 
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Figure H5. Velocity Measurements at r--10 mm, Location N15FOO 
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Figure H6. Ve/oclty Measurements at r--10 mm. 
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Figure H7. Velocity Measurements at z--10 mm, Location N25F00 
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Figure H8. Velocity Measurements at z=-10 mm, Location N3UF00 
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Figure H9. Velocity Measurements at r 10 mm, Location N35F00 
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Appendix J: Camera Settings and Operating Conditions for the Imacon 468 Digital 
Imaging System 

Ile Imacon Mode I/PW Trigger Source Ing Multi la Comments htin Platon 
Format I Ima a to 

Uacklit lestl 
backlit test2 

N 
N 

Static 
Static 

N/A 
N/A 

N/A 
WA 

Flab equi pri 
Flat e ul prf 

Y 
N 

Backflash I 
Backflash 1 

BDC 
BOC _4 4 

pack 
-early 

N Static 6020 trigger rising ein . puts( Flat early A Y Backflash 1 BDC 4 

back earl1 N Static 6020 trigger rising inj pUs( Flat earlA N Image I of back_parly Bac*flash 1 
- 

BDC 4 
bade earl 2 N 

_, - 
Static 80/20 td r Mai ng edge nj puls Flal ead A N Image 2 of Wck earl Backflash 1 BOC 4 

back eary2l_ N Static 60/20 tri er rising edge IJ puls Flal earl. A N Image 3 of back early Backflash 1 BDC 4 
bade earl 4 N Static 60/20 trigger rising edge ind puls Flat 

_early prf N 
___ 

mage 4d back fly Backflash 1 BDC 4 
back sari 5 N Static 60/20 trigger rising in j. ul Flat early A N Image 5 of bads ear Badeflash 1 BDC 4 
bade earl N Static 60/20 trigger rising n. puts( Flat early A N Image 6 of back early Backflash 1 BDC 4 
back arl7 N Static 60/20 tri risi edge . pul Flat 

_early 
pA N mage 7 of back early Backflash 1 BDC 4 

back arl8 N Static 60/20 tri rising edle nl puls Flat eady. pA N mage Bat beds early Backflash 1 BDC 4 
lit early N Static 60/5 trigger rlsi edge inj_puts( Flat early 

___ 
Y Backflash 1 BDC 4 

lit late N Static 60/20 trigger rising edge in uls Flat ate. Y Backflash 1 BDC _ 4 

lit later N Static 80/20 in r rising in uls Flat later. prf Y Badeflash 1 BDC 4 
back earl 50 N 500 60/00 trigger rising n puts at sad A V Backflash 1 WA 4 

lit late 500 N 500 60/20 trigger rising edge j_puls Flatlate. prf V Backflash 1 WA 4 
lit late 500 2 N 500 60/20 trigger rise e eins Flat ate. V Backflash I WA 4 

lit later 500 N 500 60/20 ! rigger rising edge ilpul Flat laler. pA Y Backcash 1 WA 4 
pt later 500 2 N 500 60/20 trigger rising edge ire. 1 Flat later. V Bad flash 1 WA 4 
Gt later 500 290 N 500 290/20 trigger rising edge . Is Flat later. prf V Backflash I WA 4 
lit later 500 300 N 500 300/20 trigger rising edge i L. puls Flat Iater. prf V Backflash 1 WA 4 
lit later 500 310 N 500 310/20 trigger risingedge inj puls Flat_later. prf V Backflash 1 WA 4 
lit late 500 310 N 500 310/20 trigger rising edge nt. pul Flat late if V Backflash I WA 4 
lit late 500 300 N 500 300/20 trigger risinein. ul Flat late. Backflash1 WA 4 
lit late 500 290 N 500 200/20 trigger rising n. uls Flat tale. Backflash 1 WA 4 
bads earl 500 290 N 500 290/20 Ire errisin re. Flat early A Backflash 1 WA 4 
boric earl500 300 N 500 300/20 

, 
pul lri 

_r 
rising edge Flat_early. pA 

_ 
Backflash 1 WA 4 

bade earl 500 310 N 500 310/20 to r rising edge inJ pul Flat 
_early. 

pA Backflash 1 WA 4 
back earl 500 290 40 N 500 290/40 cri r rising edge it i puls Flat sadYp. 

_ 
Bactiflash 1 WA 4 

boric early 500 320 40 N 500 320/40 In er nsinged e lnt. Is Flat earl .A 
- __ Backflash 1 WA 4 

back earl 500 310 40 N 500 310/40 tn er nein edge n in. uls Flat earl A Backflash 1 WA 4 
lit later 500 60 N 500 60/20 e cri r rising edge inj puls FlalIeter. pA Backflash 1 WA 4 
lit later 500 50 N 500 50/20 Ire risirre ed ge nf__puls Flat IaterPA Backflash 1 WA 4 

lit later 500 40 N 500 40/20 lri gger _ ggoar rising edge nj puts Flat_laler. pj Backflash I t WA 4 
lit later 500 70 N 500 7020 trigger rising in Is Flat later pA 

-ý _Bad_dlash 
1 

- 
WA 4 

lit late 800 70 N 500 70/20 trigger rising edge in is Flal late. Backflash I WA 4 
eil tale 500 50 N 500 50/20 trigger rising edge ire puts( Flat late. prf B__adcflash t WA 4 

eil late 500 40 N 500 40/20 M rnsl in ul nfl ad 1P Flat late. 
ýPý--- 

y Backflash 1 WA 4 
back earl 500 80 61 N 500 60/61 cri r risingedge i91 puls Flat_early. pi Backflash 1 WA 4 
lit late 500 60 81 

it later 500 80 81 
N 
N 

500 
500 

60/81 
60/81 

trigger rising edge n pulst 
re rising i nj 

Flat late. 
Flat later. 

grddlath I 
Backflash I 

WA 
WA 

4 
4 

it latest 500 80 81 N 500 60/61 trigger rising in'. Is at latest. Backflash I WA 4 
8 81 In Iatesta 500 N 500 60/61 trigger rising Ir'. ptAm Flat latest. Backflash 1 WA 4 _ 

it lalestb 500 80 20 N 500 60/20 cri r rising edge iry. puls _ Flat latest. Backflash I WA 4 

b aA 80 20 
lit late 60 20 

N 
N 

Static 
Static 

60/20 
80/20 

trigger rising i 
trigger rising edge n pulst 

Flat earl. pirt 
Flat late 

Bad flash 1 
Backlash 1 

80 
80 

4 
4 

T later 60 20 N Static 60/20 M rnsin2 n'. Is Flat Ialer. pA Baddlash 1 Bp 4 
lit tales, e0 20 N_ 

_Static _8020 
trigger rising inj. puls Flat tatest. pA 

__ _ 
_ Backflash 1 80 _ 4 

lit later 80 20 20 

eil later e0 20 6 
N 
N 

Static 
Static 

60/20 
60/20 

trigger rising edge i. I 
td rising ' pLA 

Flat_Ialer. p t 
Flat later. 

Packflash j 
Backflash 1 

Bg 
80 

2 
5.8 

20 bdh sad 60 20 N Static 6020 trigger rise n is Flat ead . Back Ia ha12 eao 2 

both late 80 20 20 N Static 60/20 Ire rising edge in. Is Flat late. Back 1+ha12 ew 2 
both later 60 20 20 N Static 60/20 trigger rising edge i-n1puls Flat late Backte halt evo 2 
both latest 80 20 20 N Static 8020 trigger risiinjpulst Flat latest_ Backt. ha12 ew 2 
both earl 80 20 20a N Static 8020 trigger rising n puls( Flat ear . rf Back 1+ha12 evo 2 

both earl 80 20 20b N Static 80/20 trigger rising nk puls Flat 
_early 

prf Badr1. ha12 80 2 
both late 60 20 20b N Static 80/20 trigger rise edge inj puls Flat ate: rf Backt+he12 60 2 
both later 60 20 20b N Static 80/20 trigger rising inj puls Flat later. Back l. hal2 BO 2 
both latest 60 20 20b N Static 8020 trigger rising n pulst Flat latest Backt. hal2 60 2 

both earldose 450 tue N Static 80/20 trigger rising in 
e 

arl dose 450 1usP Back I. hal2 80 p 

_ bptry earl dr 780 20 2 N Static 60120 trigger rise nk puls -- flat earlydrop7 PRIF - tt Bad +hal2 60 Z 
both middle dr 780 20 2 N Stelle 8020 cri unser g inf puls flat middle drop7 PRF BackI*hal2 BO y 
both end dr 780 20 2 

760 20 2 
N 
N 

Static 
StaÖC 

80/20 
8020 

In 
g: 

rise in j. put 
A rrisi i 

' 

flat end dr 7 PRF 
flat over drop7. PRF 

Back 1 Me12 
Beck 1+hs12 

80 
80 

2 
2 

both early 7 500 80 20 2 N 500 80/20 trigger risin I flat earl d 7. PRF Back 1Nw12 WA 2 

(1/3) 
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301 N StWc WA V%W rmm edge Wo. @M WN. PRF Ism 86dc1HW2 301 2 
301 17 N Stak 301/17 bigow ruft edge kt Sb$LPRF 1600 PW l6dNMN2 301 2 

301 17 N 91YUe 301/17 wkKw!! NrM edge wt f M. PRF 1500 PW 80*14402 301 Z 
301 17 N SWIG 301/17 Vigm fting edge kt 

M 

nwW WsLPRF 1000 PW 96dt1Nr12 301 2 
301 17 N 9btlo 301/17 ' Wit PRF 1600 111 PW 80dc1+lma 301 2 

301 17 N Sh6C 301/17 am PRF 1500 PW 8odt1 301 2 
t1ýIfC 301 17 N Stobt 301/17 W%W rwm edge ". 

E 
over I ULPRF 1600 PW BMdt1MN2 301 2 

301 6 N 91atlo 301/6 btM MM. d. W WN PRF v sc ow 08di 41i. 12 301 2 
S01 6 N Stobt 301/6 IT d sM PRF seem em*i4fwa 301 2 

301 6 N 9dbo 301/6 V_%M e4kv edge kt *sLPRF am w Brdt1MN2 301 2 
WYC 301 6 N steft 301/6 VJMW rMft edge kt PIS SOW 9ookt+hM2 301 2 

301 6 N shoe 30116 ovv tbstPRF 301 2 
301 6 N 846c 301A ov PRF 9t>w14d t 301 2 

3 301 6 N static 301/6 Ow 3 . 
PRF scow Bw*i+hN2 301 2 

N 9htlc 301/8 tat. PRF some n mid toms 9aki+IW2 301 2 

60p 3O1 6 N 600 301/6 "mwromm edge h4. WM. PRF BýCkt+11NZ WA 2 
topp 301 b N 600 301A mid WaLPRF ftclct+lrl2 WA 2 

600 301 6 N 600 301/6 nsnd-WOLPRF WA 
topp 30t b N 500 301A WWK FWM edge Wt WaLPRF Btok1MiN2 WA 2 

600 30/ 6 N 600 301/8 ovM WVLPRF BýdcI "we WA 2 
topp 301 6 N 600 301/8 av . PRF 9ik1MN2 WA 2 

3 topp 301 6 N 500 301/6 aw S . 
PRF Beckl4fMl2 WA 2 

Q00 301 8 N 500 301/8 MUt. PRF 1+h12 WA 2 
1000 301 11 6 N 1000 301111.6 WNXW AWO edge ht itraLPRF i4hW WA 2 

1000 301 11 b N 1000 301111.5 W49W edge wt Rid 9rat. PFF B6CIt14f6P1 WA 2 
1000 301 11 6 N 1000 301111.6 VJww rbft *do* WA. nand WOLPRF Be*14hr12 NM 2 

1000 301 11 6 N 1000 301111.6 WWw rWm edge kt MmLPRF 8mdc14trl2 WA 
1000 301 11 6 N 1000 301111.6 ww N*LPRF 90dt10N2 WA 2 

1000 301 11 5 N 1000 301/11.6 Wimw dsft edge kt ow PRF Býok1MN2 WA 2 
3 1000 301 11 6 N 1000 301/11.5 Owr S PIS WA 
1600 301 17 N 1600 301/17 WA 2 

1i 3o1 17 N 1600 301117 P 61edc1MW2 WA T 
16A0 301 7 N law 301/17 bimw r%ft edge IN. NfsLPRF IsdNNW2 WA 2 

1000 SOt 17 N 1600 301/17 nnnd PRF 6101N+hN2 WA 2 
1D00 3D1 17 N tä00 301/17 Mm fWW odo kt overWLPRF C6gc141N2 WA 2 

1666 301 /7 N tapp 301/17 ovM . 
PRF ßýCIt1+11N2 NVl1 2 

3 1600 301 17 N 1600 301117 am 3 sM PRF WA 2 
1600 301 17 N 1600 301/17 Wkw rWft edge lit ISSLPRF / WA 2 

pyK N 8dtla 8(m blow fWa edge Wt sldo em wkwoýw lm bJbakt WA 2 
N Stole ON20 Mow deft odw iriL SMC BSdc1MN2 NIA 2 

pý 3 N 8dtle 60V20 Wk 80*1 WA 2 
4 N awk 6W20 NWc WA 2 
6 N 8460 6WZ0 WA 

pyK 6 N 9Mtlc 60120 WiYc n 1MN2 NM 2 
T N Stak 60/20 Womwftftedoebt swft lýdc1 WA 2 

w N Stak 60/20 d" I irks tad. fah 1 W 
3Nh orM 3 Not N 9atlo 6020 WM 3i PRF ver" dad HMKs Nds Pdmh 1 ! OC 4 

S N Sisk 6Q20 Wkw ova 3 PRF s ds ftwhlo" 
Wh ow 9 Ns S N SWk OW2O ftmrwosdoekl. aw 3 stst. PRF Vw" NISSI W WJ Nde F lnhl#LLS 800 2.6 
bnh No N 91Nk em 'mm rww Odom kt - 

pts. PRF V~ *" h4ske sft Fbm 1 2 
"St 17 N 914tle 6W20 *M. PRF MNM FINh1 ý 2 
Is4k kid j N SINk 60120 $st. PRF WW*Wd d" wNh F inh 141. L8 ace 2 

kid 2 N stow 04)120 VJUM rWg edge Wt WSI. PRF I ' M" NNN stm 1 sac 2 
WO 3 

_Wo 
N sm e 20 . PRF vft 1 2 

oaC kid 4 N SINk 6W20 Pftf vý_ 
nand bid N $Is C 6QýZ0 nwid. Mnt. PRF I 'M MNM wih .p 1mb SOC 2 

We kid 60 N 8dbo 6W20 nM1d. Mrtl. Plý WxMrwd MMM wNh 60 2 

301 17 fl, N 81160 301/17 Wkw rWm wo WA. . 
PRF fta& p 301 

301 17 modooty-2 N &ýtlo 301/17 w4mw fwkm 000 wt . PRF 2 301 2 
301 171usd N 91WC 3 11/17 IMd. PRF 1 
301 17 N 91MIo 301/17 trimm dwm ad= bt IMd . 

PRF kdUod 2- 
land.! 7 N 81MIO 301/17 3. PRF 301 2 

301 17 Mad 4 N 9Imk 301/17 4. PIF t 
301 17 6 N 8Mk 301/17 N%W rl@Mo Wo kt aPRF kýeWiW 301 2 

Li$ 301 17 hod 6 N star 301/17 6. PRF NidkNd 301 2 
301 17 IMd 7 N Srbc 301/17 7. PRF Indmed 
301 t7 Ned 4 N BhtlC 301117 PRF 1 
301 17 IMd horiz 4 N 91ýtlC 301/17 . 
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600 60 hoftz N 5m 60/20 ht- rWM odge Wd. ssA str t. PRF sdhwM wUWow Flach 2+118 WA 2 
Q00 50 holz N 600 60J20 rid stratPRF e»Ima vAndow Flach 2+U. 8 WA 2 

20 horiz 500 60 N 500 8020 nOn omt. PRF add" window Flach 2KLS WA 2 
500 AL LO haiz N 600 60120 nsnd * EPRF s#1s1at window FIMh 2+118 WA 2 

OVIK b00 60 20 hortz N 600 6020 over sbstPRF exhaust w ndow Fleh 2+119 WA 2 
500 60 holz N 500 60120 c Nor stral. PRF exhaust window Flach 2 WA 2 

pyrr 3600 60 Rortz N 500 6080 MM edc» kt over 3 $PSLPRF 9it" window FINK 2+U. 81 WA 2 
4 60060 hortz N 500 60120 over 4 sVat. PRF sd«M window Flach 2+11$ WA 2 
5 500 60 horiz N 500 60120 ovu ti strt. PRF Wgwt wUWow Flach 2*iLLSI WA 2 
0 ö00 60 holz N b00 6080 ovu 6*t. PRF sxlWwlwUWOw 2+LLSI WA 2 
500 301 6 110AZ N 500 301/0 tigwfflodw *KPRF eidwim wkxlow Flach 2 WA 2 

500 301 6 horiz N 500 301/6 mid Wat. PRF . aast wkldow Flach 2+LIM WA 2 
500 901 6 hMz N 509 30116 n«bd slrsLPRF e9. usl window Flach 2+LLS WA 2 

500 301 6 holz N 500 30116 nand 2 spat. PRF ao act wlndtlw FINK 24118 WA 2 
pyrº 500 301 6 hcnz N 500 301/6 ovs strstPRF ad%"vMndow FINK 2H. LS WA 2 
pyý 600 301 6 haiz N 500 30118 wiem Mm ados kt ovN sipt. PRF @Qwusl vAndow Flach 2KL8 WA 2 

3 500 301 Ahoft N 610 30118 vbwrwmedgekt own 38 bst. PRF sdýswt window Flach 2+iL$ WA 2 
4 600 301 6 holz N 50 0 3018 MM odso ht 4 8im. PRF ow "window Flach 2+lt8 WA 2 
600 301 6 hortz N 500 301/6 rww NW. PRF emh" hidWwr Flach 2+'118 NIA 2 

500 301 6 holz N 500 301/6 Nmd . PRF extmäst wlndav Flach 2+118 WA 2 
3 600 301 6 hafz N 500 30116 kW 3. PRF sgwist wwWow Flach 2+118 WA 2 
4 500 301 6 holz N 500 301/6 Nsd 4. PRF ad" window Flach 2+118 WA 2 
6 600 301 6 holz N 500 30116 6 PRF sudlwrt wlrMow Fleh 2+113 WA 2 
6 500 301 6 holz N 600 30116 Iwd 6. PRf sdwW Wndow Flach 2KLS WA 2 
7 600 301 6 honz N 500 301/6 7. PRF sWºnwl window Flach 2+118 WA 

holz 500 60 N 500 00f20 Nsd. PRF smQnust vAndow Flach 2+118 WA 2 
0 hd 500 6lz N 500 60@0 . 

PRF exhaust w ndow F1ssh 2+LLl3 WA 2 
iNd 3 600 60 halt N 500 60120 lad 3. PRF *no w Flieh 2+118 WA 2 

4 500 60 20 hertz N 500 60120 INd 4. PRF sudlsust w4ndow 2+118 WA 2 
5 60060 holz N boo 60120 lud SPRF eudwrl w XJow Flach 2 WA 2 
6 Q00 60 N 500 6OI20 Nsd 6. PRF Mrsl wtr dow Flach 2+. t8 WA 2 
7 b00 60 ha1z N 500 60120 7. PRF @k1MM1 w ndow Flach 2 WA 2 

11100 60 40 holz N 1000 60140 sIr. t. PRF ad" "ndow FIMh2KL8 WA 2 
1000 60 40-haft N 1000 60140 mid * t. PRF MMWow 2+1.18 WA 2 

1000 60 40 horiz N 1000 60/40 
- 

n«4 W. PRF w11Wow Flach 2+118 WA 2 
100060 40 holz N 1000 60/10 Nig M ri" e" kt spatPRF soh" Mlndow F lash 2+118 WA 2 

1000 6C 40 N 1000 6040 o sr IMatPRF ad" w ndow Flach 2+11. $ NIA 2 
1000 60 10 horiz N 1000 60140 ° stat. PRF sxh" wnidow F lach WA 2 

3 1000 60 40 horiz N 1000 6040 ° wn 3 stst. PRF pmt window F loh 2KL8 NIA 2 
1000 60 40 hoflz N 1000 60/40 owr 4 itst. PRF s+ýsust wkWow F lach 2.11. $ WA 

6 11100 60 40 Milz N 1000 60110 I A lm ow 6 strat. PRF fit" vAridOw Fleh 2 NIA 2 
6 1000 60 40 hoalz N 1000 6440 own 6 U*. PRF ad%" V*Klow Flach NIA 2 
11100 301 11 6 holz N 1000 301111.5 sbaLPRF sodýM1N wkWow f Wh 2 WA 2 

1000 301 11 5 holz N 1000 301111.6 eMPRF o11suN window F INK 2ýLI. S WA y 
1000 301 11 6 IaAZ N 1000 301111.5 WN PRF sod1MwN wkidow F lach 2 WA y 

1000 301 t1 6 balz N 1000 301111.5 Mnd Wft. PRF wNýdow F lach WA Z 
1000 301 11 6 horiz N 1000 301/11.5 owº N1stPRF ad" widow F lach 2 WA 2 

1000 301 11 6 Iho4z N 10110 301111.6 wM Pfd *WURM vmxim f 1N112'U-8 WA 2 
3 1000 301 11 5 holz N 1000 301/11.5 CM 3 aM. PRF exhauelw4ldowr F WN2+iý8 WA 2 
4 1000 301 11 5 hcdz N 1000 301/11.6 or 4 Ua . 

PRF s#ýsust V*Kbw F INA 2+118 WA 2 
5_1000_301_11.6 IgAz N 1000 301/11.6 a sr b sit. PRF sxh" window F INK 2 WA 
6 1000 301 11 6 hoitz N 1000 301/11.6 Over 6 sM. PRF 2 MA 2 
1000 301 11 5 hoft N 1000 301/11.5 INd. PRf exheuel wkidow F lacht WA 2 

1000 301 1/ 5 hariz N 1000 301/11.6 Issd . PRF " 1iuslwndow f lach WA 2 
3 1000 301 11 5 N 1000 301/11.5 3. PRF INd4 11 110 f IMA2. U. 3 NIA p 
6 1000 301 11 5 hofz N 1000 301/1 1.5 S. PRF art Wndow F lach 2*U. 8 NIA 2 
6 1000 301 11 5 horiz N 1000 301/11.5 INd 6. PIt1: MAndow F lach 2N18 WA 2 
1000 60 40 hoilz N 1000 60/40 INd. PRF 

1000 60 r0 tanz N 1000 60110 . PRF wUtdpNr E tat N/A 2 
3 1000 60 40 hMNz N 1000 60/10 3. PRF hd1NNIwN10Cw 2+118 WA 
4 1000 60 40 hcnz N 1000 60/10 IMd 4. PRF sxh" wkldow p »11 WA 2 
6 1000,60 40 1wnz N 1000 ßd40 S. PRF w nMw F lach 2 NIA 2 
6 11100 60 40 tgdz N 1000 60140 NW 6. PRF 2 WA 2 
7 1000 00 40 horiz N 1000 60/10 kbwrWmo"kt 7. PRF wkxb 

1500 80-ßi-rat N 1500 60/6/ stlN PRF . Ot F UNS 2+LLB NM 2 
1000 60 61 IwAt N 1500 MM v6mwfwmodookt UM. PRF fM1su rt ndow t" 2 

1600 60 61 horiz N 1500 6WÖ1 nsn @ULPRF edlem v11ndow f lach NIA 
1600 60 61 holz N 1500 60/61 slmtPRF NMWow 2 N/A 

1600 0 61 holz N 1500 61/61 Ovs1 «atPNF tyA 

isCO 60 61 n«tz N 1500 60/61 w. º sflt. PRF 

(3/3) 


