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Abstract
In this paper we address two issues related to direct injection spark ignition (DISI) engine operation. Firstly,

we discuss the effects of ambient gas conditions on the characteristics of a spray produced by a pressure-swirl
atomiser (PS-atomiser) and compare these to a dual fluid air-assisted atomiser (AA-atomiser) that has been
tested under the same conditions in a constant volume chamber. Images from both sprays injected into gas
densities characteristic of early, mid and late injection during the engine cycle have been post processed to
extract penetration rate information for both sprays. Secondly, we use this data accompanied by data obtained
with a Phase-Doppler-Anemometer (PDA) system to estimate drop momentum, heat up and evaporation
timescales for both sprays as a function of drop diameter and in-cylinder conditions and relate these findings to
engine timescales.

Introduction
In DISI engines as compared to port fuel injected (PFI) engines, there is a much greater emphasis on the

mixture preparation stage because of the much shorter timescales involved for fuel atomisation, heat up,
evaporation and air/fuel mixing in order to produce an ignitable mixture at the time of ignition. This applies in
particular to DISI engines under stratified operation where fuel must be injected shortly before the time of
ignition i.e. late in the compression stroke. One of the main problems related to injection and subsequent
combustion in stratified operated DISI engines is high engine-out HC and NOX emissions and soot emissions. It
has been reported in previous studies on various DISI engine concepts that the mixture preparation time, the time
from start of injection to ignition, is highly influential on these emissions [12, 13]. There are currently two
principal ways of injecting fuel in DISI engines: single fluid, high-pressure injection and dual fluid, low-pressure
injection. Single fluid injection systems operate at fuel pressures of between 50 and 120 bars with injection
duration times in the range of 0.5 to 4.5 ms [1]. Single fluid PS-atomisers have been adopted by the engine
industry [2, 3] due to their fine atomisation and wide spray dispersal. There have been a number of analytical [4,
5] and experimental [6] studies relating to the break-up of the liquid sheet whilst further experimental studies
have focused on the spray characteristics [7, 8]. Dual fluid systems employ a sequenced pair of injectors in
which air first pressurises a mixing chamber before the fuel-metering event begins. This two-phase charge
resides for a short delay period before being injected into the combustion chamber. Air pressures of 6 to 10 bar
and differential air/fuel pressures of ~1 bar are employed with charge injection duration times of 4 to 7 ms [1].
There have been a number of experimental and analytical studies [9, 10, 11] focusing on the operating
parameters and spray characteristics of AA-atomizers and their application in DISI engines. The work described
here focuses on the comparison of both systems in order to examine the performance of both injectors in DISI
engines.

Experimental Set-up
The AA-atomiser is made of an assembly of a PFI fuel injector running at 9 bars and an air injector running at
7.5 bars absolute pressure. This is generally chosen as the best compromise between indicated fuel consumption
and parasitic losses over the full engine speed/load range [9]. A compressed air bottle and two electrical fuel

pumps provide the required air and fuel flow respectively. The constant
volume chamber test rig (test conditions in table 1), the PS-atomiser
test rig, the imaging system and the PDA system were exactly the same
as previously described by Kashdan et al. [14]. In all tests, gasoline has
been replaced by iso-octane (trimethyl-pentane 2,2,4) and the fuel
delivery rate was 9.7 mg/injection for both injectors. Both injectors
were found to have an inherent delay between the electrical start,
defined by the rising edge of a TTL pulse and the emergence of liquid
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of approximately 0.27ms for the PS atomizer and 1.2 ms for the AA-atomiser. The electromechanical delay was
found to vary slightly with Pinj, from 0.24ms at 20 bars to 0.27ms at 100 bars for the PS-atomiser [14] and 1.2ms
at 1bar to 1.3ms at 5bar for the AA- atomiser. The injection pressure and injection duration were kept constant at
80 bars and 1.5ms for the PS-atomizer in all cases. For the AA injector the timings were fixed at 3.3ms for the
fuel pulse width, 3.7ms for the air pulse width and 2.2ms for the fuel-air delay.

Comparison of Spray Characteristics
It was shown in previous experimental spray investigations [14, 15], that visualization studies reveal the

spray to be axisymmetric on a macroscopic level and the images taken for this investigation have shown this to
be the case for sprays from these particular injectors. Traversing the PDA radially across the spray performed a
further verification of the spray symmetry. This allows us to regard one half of each image as representative for
the whole spray image. Figure 1a-c show three split images (left: pressure-swirl, right: air-assisted) of both
sprays taken 1.0ms aSOI injected into the pressurised chamber at pressures of 1 bar, 5 bars (double scale) and 7
bars (double scale). For interpretation of these pictures it should be noted that the PS-atomizer injects the same
amount of fuel in a shorter period of time as compared to the AA-atomizer. It is clear from fig. 1 that both
injectors produce a significantly different spray in terms of global shape and sensitivity to ambient pressure. The
spray produced by the single fluid system is typical for a PS-atomizer, consisting of a characteristic ‘pre-spray’

which is well ahead of the main spray with the main spray itself appearing as a cone which eventuall y widens up
to form an ‘umbrella’ structure. This ‘umbrella’ shape is altered for increasing ambient pressures and becomes
less obvious for the 5bars and 7bars chamber condition. In contrast the spray of the AA-atomiser appears in a
shape more similar to a gas jet, about twice as long as the PS-atomiser and with a comparably high reduction in
axial penetration as the ambient pressure increases.

A selection of sequential images was processed by means of edge detection algorithms to allow the spray
development to be identified in terms of contour plots and penetration rate data. In contrast to the spray produced
by the PS-atomiser a well-defined edge between ambient gas and the spray itself was detectable from images of
the AA-atomiser spray showing no signs of a pre-spray. This is due to the different nature of the break-up
mechanisms that the two different injectors make use of. The AA-atomiser produces droplets at low injection
pressure predominantly through fuel droplet shearing [9] whereas the PS-atomizer relies on sufficient axial as
well as radial momentum of the fuel at the head of the nozzle [14]. Penetration rate data for the PS-atomiser (Fig.
2a) reveal that the spray velocities in the near nozzle region were in the range of 50 to 70 m/s whilst PDA
measurements have also confirmed this. The initial penetration rate for the AA-atomiser was found to be
approximately 60 m/s for the atmospheric case (Fig. 2b). It then remains constant until about 1ms aSOI and
60mm from the nozzle exit before it follows a less than linear evolution. From fig. 1b,c it appears that the higher
air density into which the fuel is injected has a marked effect in terms of suppressing both the axial and radial
penetration for both sprays, which may be explained by means of the pressure difference across the atomiser
nozzle. Given that the pressure difference represents the driving force behind the spray process, a reduction of
the driving force of approximately 85% is noticeable for the AA-atomiser as the ambient pressure is increased
from 1bar to 7bars compared to approximately 8% for the PS-atomiser. Therefore, it is clear from fig. 2a that the
effect of increasing the chamber pressure from 1 to 5 bars reduces the spray penetration by approximately 25%
at t=1.5ms aSOI for the PS-atomiser. However, further increasing ambient pressure from 5 to 7 bars was found
to have relatively little effect. For the AA-atomiser the reduction of axial spray penetration is far more

Figure 1. Spray images at 1.0 ms after hydraulic start of injection.
a b c



significant. It is reduced by approximately 70% as the ambient pressure is increased from 1bar to 5bars at
t=1.5ms (Fig. 2b). Whereas a significant reduction of the radial spreading rate is the most noticeable effect of the
elevated chamber pressure on the pressure-swirl spray. For the atmospheric and 5 bar chamber conditions the
measured cone angles were approximately 60° and 49° respectively. In case of the AA-atomiser the radial spray
penetration rate was measured as the maximum spray width at any axial distance. It is evident from the spray
images that the radial penetration decreases significantly for the upper and middle part of the spray for increasing
ambient pressure. The spray width up to about 25mm downstream from the nozzle exit for time less than 1ms
after hsoi decreases from approximately 20mm to 10mm, which is about the diameter of the injector poppet.

PDA results obtained on the injector centreline (R=0mm) at a downstream distance of 25mm from the
nozzle exit for the PS-atomiser and 20mm from the nozzle exit of the AA-atomiser are presented in fig. 3a,b and
4a,b respectively for chamber pressures of 1, 5 and 7 bars. The discrete velocity and size data were processed
into bins of 0.1 ms width. It is clear from fig. 3a that the chamber pressure has a significant effect on axial drop
velocity as well as on drop sizes. In agreement with estimates made from spray tip penetration data for injection
at atmospheric ambient pressure the velocity of the drops are high even at this downstream location with a peak
of 0.75Uo, however the drops rapidly decelerate to ~0.32Uo by t=1.25ms aSOI (Fig. 3a). For Pch=7 bar the

higher air density causes a significant reduction in spray velocities. The initial drops have mean velocities of
about 0.23Uo representing a 70% reduction when compared to the 1 bar case. For the time interval of
1.3<t<1.75ms aSOI attenuation of both the incident and scattered light caused by the dense spray cone makes
valid measurements extremely difficult on the injector centreline as reported previously [18]. For t>1.75ms aSOI
the trail ing edge of the spray is measurable with velocities decreasing monotonically thereafter. The time
evolution of the linear mean diameter is shown in fig. 3b. The drops measured within the pre-spray for Pch=1�����������	�
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aSOI. The PDA data plots for the air-assisted spray (Fig. 4a,b) exhibit the

Figure 2. Penetration rate data.

Figure 3. PDA data for PS-atomiser.
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same lack of data as for the PS-atomiser for a time interval of approximately 4ms aSOI, which corresponds to
the air pulse width of the injector (3.7ms). Thus the data in fig. 4a,b represent measurements in the trail ing edge
of the spray. However, captured data for 1bar and 5bars conditions reveal two similar characteristics as
compared to the pressure-swirl spray. Firstly, a significant reduction of axial mean velocities as observed from
the spray images. Secondly, an increase in the linear mean diameter (Fig. 4b). Droplets measured for the
���������
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the adoption of atomisers for DISI engines. Whilst the atomisation performance may be sufficient for operation
in the intake stroke with approximately ambient gas densities the challenge remains to employ later injection
timings during the compression stroke thus exploiting part load fuel economy benefits. As discussed in the next
section timescales for drop formation, transport and evaporation need to be short particularly at high engine
speeds and for ‘ late’ injection scenarios.   

Droplet versus engine timescales
The time required producing a combustible mixture of air and fuel vapour represents a significant fraction of

the total time available for completion of combustion in internal combustion engines. Here we relate fuel drop
evaporation time and drop deceleration time to the time available between injection and ignition in DISI engines
by means of a single spherical drop of pure liquid having a well-defined boili ng point [16]. The main equations
and assumptions used are summarised in Table 2.

Main equations Assumptions Integrated equations
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Table 2. Summary of basic equations and assumptions.

Figure 4. PDA data for AA-atomiser.
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Figure 6. Evaporation and heat-up timescales.

Figure 5. Momentum decay timescales for PS- and AA-atomiser.

Figure 5a,b illustrate the outcome of our calculation for the PS-atomizer and the AA-atomizer for different
in-cylinder conditions together with typical engine timescales as described in section 1. Timescales for drop
deceleration and engine operation are represented by the x-axis and corresponding drop sizes and engine speeds
are shown on the y-axis. Each pair of the curves shown represent a different injection strategy. Figure 5a reveals
that the limit for stratified operation is at about 3500 rpm for the PS-atomizer for late injection at 315° crank
angle assuming a maximum drop size of 40 µm, which corresponds to the PDA measurements for 7 bar ambient

pressure presented in section 2. For these conditions the drop deceleration time as well as the engine timescale is
the same at approximately 2 ms. If the drop size produced by the PS-atomiser was decreased to a maximum of
30 µm, the deceleration time would decrease to 1.5 ms and the range of stratified operation would increase to
about 4500 rpm. The maximum drop size to be expected for injection at 300° crank angle according to PDA data
presented in section 2 is 30 µm. This gives a deceleration time of about 2ms again, which is the same time
available between injection and ignition for injection at 300° crank angle at about 4500 rpm and thus giving an
extension of stratified operation to 4500 rpm. Injection at earlier points in the engine cycle such as 270° crank
angle is less of a problem due to smaller drop sizes of about 20 µm and hence smaller deceleration times equal to
about 1 ms and increasing time available between injection and ignition. For the AA-atomiser the curves
representing the drop deceleration timescales are shifted towards smaller timescales compared to the PS-atomiser
due to lower injection pressure. Drop sizes for the AA-atomiser range from 10 to about 20 µm. The combination
of smaller drop sizes and smaller injection pressures lead to a much wider range of stratified operation.

Figure 6 illustrates the outcome of our calculation in the same manner as in Fig. 5 for the same in-cylinder
conditions together with the same engine timescales. The first set of drop timescale curves corresponds to the
time needed for a droplet of given diameter to heat up
to ambient in-cylinder conditions. The second set of
curves corresponds to the time needed for a drop to
evaporate under these conditions. Under late injection
conditions (315° crank angle) a typical drop of 35 µm
diameter as produced by the PS-atomiser at these
conditions needs about 3 ms to heat up and about 11
ms to heat up and evaporate. This time is considerably
longer than the time available between injection and
ignition, which ranges from approximately 8 ms at
800 rpm to 2 ms at 4000 rpm. The same problem
arises for injection at 300° crank angle. A 30 µm drop
formed at the nozzle of the PS-atomiser needs about
10 ms to heat up and evaporate, whereas the engine
timescale reaches from 3 to about 10 ms. For 270°
crank angle the corresponding times are 8 ms for the
drop and 3 to 14 ms for the engine.

Conclusion
It was shown that both injection systems produce drops of higher diameter for increased ambient gas

densities. These findings were discussed in terms of engine timescales, which revealed that the mass transfer
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timescale 2Dm ∝τ and thus the fuel drop diameter limit an overall homogeneous mixture preparation and

therefore the speed range of stratified engine operation.

Nomenclature
mF fuel mass
D drop diameter
DAB diffusion coefficient
µ viscosity
ρ  density
λst steady-state evaporation constant

u0 initial drop velocity
u1 residual drop velocity
urel relative drop velocity
CD drag coeff icient
Re Reynolds number
Nu Nusselt number

BM mass transfer number
BT heat transfer number
TSst drop steady state surface temperature

TSo drop initial surface temperature
kg thermal conductivity of fuel vapour
cp specific heat

a,b,k constants
YF fuel ratio
YA air ratio
te drop li fetime

Subscripts
g gas
d drop
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