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Abstract

This paper describes the effects of intake-port throt-
tling on diesel low temperature combustion (LTC) at
a low and medium load condition. These conditions
were known for their characteristically high hydrocar-
bon (HC) emissions predominantly from over-mixed
and under-mixed mixture zones respectively. The
investigation was carried out to supplement current
findings in literature with valuable information on
the formation of HC emissions with increasing swirl
levels generated by intake-port throttling. This was
achieved through the use of cycle-resolved HC mea-
surements in addition to cycle averaged emissions and
in-cylinder pressure-derived metrics. While there was
negligible overall effect at the moderately-dilute low-
load conditions, increasing swirl has been shown to
be beneficial to premixing efficacy under highly dilute
conditions with extended ignition delay. This poten-
tial advantage was found to be nullified by the swirl-
induced confinement of fuel and combustion products
to the central region of the cylinder leading to poor
late cycle burn rates and increased smoke emissions.
HC emissions from the squish and head quench re-
gions were reduced by an increase in swirl ratio.

1 Introduction

Swirl, as defined by Heywood [1], is the rotation of
the in-cylinder charge about the axis of the cylinder.

The presence of substantial swirl motion is brought
about through the deliberate design of the engine in-
take system and combustion chamber geometry.

The main benefit of inducing swirl is to enhance
fuel-air mixing in the cylinder beyond that offered
by a comparable quiescent system. Swirl generation
represents a trade-off of pressure drop in the inlet
system for increased flow kinetic energy and mixing
enhancement. Due to the interactions between multi-
ple parameters of a combustion engine, the effects of
swirl are largely influenced by the specific engine op-
erating conditions being investigated. The commonly
observed benefits of swirl include improved mixing
efficacy, enhanced evaporation of wetted surfaces, in-
creased early air entrainment and late cycle turbu-
lence. Negative effects of swirl have also been inves-
tigated, these include increased heat loss to cylinder
walls and reduced volumetric efficiency [2].

Induced swirl tends to be commonplace in small to
medium sized DI diesel engines that have to maintain
mixing efficacy despite a decrease in the number of
injector nozzle holes and absolute injection pressure
compared to larger bore engines. Swirl optimisation
has been investigated for advanced diesel combus-
tion strategies due to the need for rapid premixing at
highly dilute conditions. Modulated Kinetics (MK)
[3], a form of late injection LTC, utilises enhanced
swirl to ensure rapid mixing and combustion of fuel
injected during the expansion stroke of the combus-
tion cycle. A study on the effects of increased swirl



on this particular LTC strategy showed that late cy-
cle mixing was enhanced regardless of engine load,
but also that this benefit had to be offset against the
increased heat loss and lower work conversion effi-
ciency [4]. The resulting optimised swirl value pro-
moted good premixing, desirable heat release charac-
teristics and sustained high soot oxidation rates later
in the combustion event.

Kook et al.. [5] studied the effects of swirl on car-
bon monoxide (CO) formation in early-injection LTC
and found an optimal swirl ratio of 2.5 (the range
tested was 1.44 - 7.12) with CO emissions markedly
increasing for any further increase in swirl. Numeri-
cal models employed in this study predict that swirl
vortices created at moderate swirl ratios confine par-
tially burned fuel within the bowl resulting in poor
utilisation of squish area oxygen. There was also a
derived increase in heat loss due to the increased swirl
resulting in lower overall fuel conversion efficiency.

Opat et al. [6] also observed the late cycle burn
to be slower for elevated swirl cases in early-injection
LTC, attributing this to the same phenomenon de-
scribed by Kook [5] regarding the vortex induced
confinement of partially burned fuel within the bowl.
However, for late injection LTC Choi et al. [4] noted
a reversal of this trend. Late cycle burn times, al-
though initially decreased with increasing swirl, were
found to increase at the highest swirl ratios. Al-
though this behaviour was not explained in the paper,
it is thought to be due, at least in part, to the differ-
ences in flow structures and crank angle timing posi-
tions (for premixed and mixing controlled burn) for
late injection LTC compared to early injection LTC.
The effects of swirl on the overall combustion effi-
ciency are also discussed in these prior studies but the
direct effects of swirl on hydrocarbon (HC) emissions
have not been extensively investigated in literature.
This is significant as, in addition to CO, hydrocarbon
species form the bulk of ‘unburned’ gases for a low
smoke/low oxides of nitrogen (NOx) LTC condition
with poor combustion efficiency.

The purpose of the present study is to gain an
understanding of the influence of intake-port throt-
tle induced swirl on HC emissions in LTC. It was
anticipated that there will be significant changes in
the quantity and in-cylinder location of HC species

Table 1: Engine, injection system and fuel specifications

Property Description

Engine AVL 5402 Single Cylinder Diesel
Displaced volume 0.51 litre

Bore x Stroke 85 mm x 90 mm

Compression ratio 17.1:1

Rated Speed 4200 r/min

Maximum Power 16 kW

Nominal Swirl Ratio 1.78

Re-entrant Bowl

Tangential and Swirl

8 °CA BGTDC

226 °CA AGTDC

128 °CA ATDC

18 °CA AGTDC

Bosch Common Rail

Valve Covered Orifice (VCO)

Combustion Chamber
Intake Ports

Intake valves open
Intake valves closed
Exhaust valves open
Exhaust valves closed
Injection System
Nozzle Type

Injector holes / Diameter 5 / 0.18 mm
Fuel Density (@ 15 °C) 840 kg-m~—3
PAH Content 9%

Sulphur Content 8 mg-kg™*
Cetane Number 52

which may help to supplement the current knowledge
on CO formation and overall combustion efficiency
trends. In addition, the potential of increased in-
cylinder mixing to extend the rather narrow bound-
aries [7, 8] of acceptable LTC combustion (particu-
larly with respect to soot emissions) are investigated.

2 Experimental set-up

The engine used in this work was a single cylinder
version of a 2 litre light duty direct injection (DI), 4-
cylinder diesel engine. An automotive grade low sul-
phur diesel fuel (sulphur content < 10 mg/kg) that
met the current British Standard BS EN 590 was
used. Further details of the engine specification, fu-
elling system and fuel used are provided in Table 1.

The research engine facility, which has been fully
described and illustrated schematically in a number
of previous works from the authors’ research group
[9, 10, 7, 8, 11], was instrumented with the provi-
sion to measure boosted intake air temperature and



pressure, fuel and air flow rates, and in-cylinder pres-
sure. Intake pressure was measured using Kistler
4045A5 piezo-resistive pressure transducer while the
in-cylinder pressure was measured with a piezoelec-
tric AVL QC34C flush-mounted water-cooled trans-
ducer. These pressure readings were logged at a res-
olution of 0.5 crank angle (CA), averaged over a min-
imum of 200 consecutive engine cycles and then used
to derive the related combustion parameters such as
gross indicated mean effective pressure (GIMEP) and
apparent (net) heat release rate (AHRR).

For the purposes of this investigation, in-cylinder
swirl levels were varied by throttling the direct and
tangential ports of the engine intake manifold. Figure
1 details the throttling arrangements. A standardised
steady flow test procedure was performed to calculate
the AVL swirl ratio for a given intake manifold port
configuration [12].

The engine was maintained at the desired speed
by a motoring dynamometer. Hence for the constant
fuelling quantity employed in this study, variations
in engine load are a direct indication of combustion
quality due to changes in input variables. Fuelling pa-
rameters (injection pressure, timing, number of mul-
tiple injections and injection quantity) were fully and
independently controllable using an ETAS INCA™
engine controller.

The fuel consumption rate was measured by an
AVL 733 dynamic gravimetric fuel meter. Emissions
measurements for CO, COy, THC, NOx and O; in
the exhaust were conducted using a Horiba MEXA
7100HEGR emission analyser. Emissions and flow
rate measurements were logged at a frequency of 1 Hz
over a duration of at least 2 minutes per test point.
Filter smoke number (FSN) values were measured us-
ing an AVL 415 smoke meter.

2.1 Cycle resolved hydrocarbon mea-
surement

In order to obtain cycle resolved hydrocarbon emis-
sions, a fast flame ionisation detector (Cambustion
HFR 400 fast-FID) was positioned in the exhaust
port giving near-instantaneous measurements of HC
concentration. The slow response time of a conven-
tional FID when measuring wet UHC is due mainly
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Figure 1: Schematic illustration of throttling ar-

rangement and swirl flap positions for the three AVL
swirl ratios examined, T = Tangential port, H = He-
lical port

Exhaust runner

Figure 2: Cross-section though exhaust manifold and
cylinder head detailing the positioning of the fast FID
probe within the exhaust port with respect to the
exhaust valve

to sample handling i.e. sample gas travelling from
the exhaust runner to the heated line and then to
the FID. The fast-FID system addressed this issue by
means of remote FID head with a carefully designed
capillary sampling system. As a result the response
time was reduced from 1-2 seconds for a conventional
device to 1-2 ms for the fast-FID (the exact value
depending on detail of the sampling arrangement).
In the present work, the sample probe was placed 20
mm downstream of one of the two exhaust valves as
shown in Figure 2.

The HC concentration in the exhaust port remains
significantly high after the exhaust valve is closed.
Particularly for a single cylinder engine operating



with high exhaust back pressure and a surge tank,
the exhaust gas is likely to reside in the manifold af-
ter EVC (exhaust valve closure). As a result, the
initial fast FID signal level at EVO (exhaust valve
opening) starts from the value it had at EVC of the
previous cycle. This potential drawback can be over-
come by skip-firing, as in the case of Colban and
co-workers [13] who illustrated the effect of injection
timing sweeps on HC emissions sources. Skip-firing
ensures that there is no residual HC remaining in
the exhaust port prior to the fired cycle where HC
behaviour is of interest. However, skip-firing is not
a viable strategy for the present study, which uses
real EGR (as opposed to simulated EGR using inert
gases). The high exhaust back-pressure required to
drive the high EGR necessary for our LTC strategy
results in high levels of residuals both in the cylinder
and in the exhaust port. Although this may offer a
more ‘realistic’ representation of the HC characteris-
tics in LTC conditions, it also diminishes our ability
to resolve HC behaviour and relationships within an
isolated combustion cycle as expertly carried out in
the referenced study.

3 Test plan

A series of tests were carried out to understand the
impact of variations in intake manifold induced swirl
ratio on the combustion characteristics of known
LTC conditions. The test conditions investigated are
shown in Table 2. The three AVL swirl ratio set-
tings examined, 0.76, 1.33, and 2.43, correspond re-
spectively to the following tangential and helical port
throttle settings: the tangential port fully open with
the helical port 50% closed, both ports fully open,
and the tangential port fully closed with the helical
port 50% open as was shown schematically in Figure
1.

4 Results and discussion
In the first results subsection, we present an analysis

of the effect of intake-throttle induced swirl on a sin-
gle injection, 3 bar GIMEP condition. As the emis-

sions mechanisms for low load LTC are well known,
these results provide a foundation for understand-
ing how swirl can be used to navigate a route to
improved combustion efficiency in LTC. Subsequent
subsections contain an examination of the effects of
swirl on emissions at the 6 bar GIMEP condition.
Note that where fast-FID results are shown, each FID
trace has been shifted such that the initial response
of the probe corresponds with exhaust valve opening
(EVO) timing.

4.1 Condition I: 3 bar GIMEP nomi-
nal (0.36 kg/hr fuel), 15.5% Yoo,
SOI = 7.5 BTDC

This test condition had been used by the authors
in a prior investigation into fuel oxygenation effects
where it was found to have a high combustion ef-
ficiency (~97%) with no real bias in the fast FID
signal for cycle resolved hydrocarbon sources [14]. It
was expected that by varying swirl levels in this well
understood highly premixed condition the combus-
tion event would be perturbed in such a way as to
provide a better understanding of the mechanisms of
UHC production in LTC. Note that in this work we
define LTC as occurring when NOx and smoke values
are simultaneously near zero (arbitrarily set at <20
ppm NOx and <1 FSN smoke) regardless of dilution
or combustion behaviour.

Figure 3 shows the variation of apparent (net) heat
release rate (AHRR) with crank angle and AVL swirl

Table 2: Engine operating conditions for LTC

Condition I Il
Engine speed 1500 r/min 1500 r/min
Nominal load 3 bar GIMEP 6 bar GIMEP
AVL Swirl Ratio, Rs 0.76, 1.33, 2.43  0.76, 1.33, 2.43
Fuelling 0.36 kg/hr 0.72 kg/hr
Fuel pressure 90 MPa 90 MPa
Injection timing 7.5 CA BTDC 30 CA BTDC
Injection mode Single Single
Intake pressure 120 kPa 150 kPa
Intake mole fraction, Oz 15.5% 10%
Intake charge temp. 330 K 345 K
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Figure 3: Variation of apparent (net) heat release
rate with crank angle for the 3 bar GIMEP nominal
(0.36 kg/hr fuel), 15.5% Yoo, SOI = 7.5 BTDC con-
dition and AVL swirl ratios of 0.76, 1.33, and 2.43,
(Upper image: HTHR and LTHR regions, lower im-
age: detail of LTHR region).

ratio for the 3 bar GIMEP condition (Condition 1).
The AHRR was calculated according to Equation (1)
using a three point central differencing scheme for the
numerical differentiation.

v dV 1 dp

AHRR—’y_lpdeJrv_lVde (1)

where p is the cylinder pressure, V is the cylinder

volume, @ is the crank angle, and v is the specific
heat ratio (assumed to be constant at 1.29).

The oscillatory behaviour seen in the data after
the peak heat release rate (Figure 3, upper graph)
has been shown to be a characteristic of low to inter-
mediate EGR rate diesel combustion due to the rapid
pressure rise associated with a significant pre-mixed
combustion phase. These oscillations, which are sen-
sitive to both the numerical differentiation scheme
and the data resolution, are not seen at high-EGR
LTC conditions where the pressure rise rate is lim-
ited by oxygen availability [15].

For all three swirl ratios, the AHRR is charac-
terised by a distinct low temperature heat release
(LTHR) region as detailed in the lower graph of Fig-
ure 3. This LTHR region is followed by a region of
rapid high temperature heat release (HTHR) corre-
sponding to combustion of the premixed fraction of
the charge and then by a significantly slower mixing-
limited heat release phase as the in-cylinder charge
begins to cool with expansion. As shown in Figure 3,
and following the work of Cong et al. [16], we define
the start of LTHR (SOL) as the crank angle where the
heat release rate is first positive (corresponding to the
minimum value of the integrated heat release curve),
and the ignition ignition delay of the low tempera-
ture heat release (IDL), as the duration from start of
fuel injection to SOL. The duration of the low tem-
perature phase of combustion (DurL) is then defined
as the the duration between SOL and the 5% heat
release crank angle (CA5). Thus, CAS5 is taken to in-
dicate the start of the high temperature combustion
period (SOH) and the ignition delay to the start of
HTHR (IDH) is SOH - SOI. Combustion phasing is
described by the 50% heat release crank angle (CA50)
and the mixing-limited HTHR phase by the interval
between the 70% heat release crank angle (CA70) and
the 90% heat release crank angle (CA90). Note the



majority of the combustion event at this condition is
expected to occur in the premixed regime, thus we de-
fine the premixed phase of the HTHR by CA70-CA5.
The high temperature combustion duration (DurH)
is defined as CA90 - CA5.

Figure 4 shows the normalised, cumulative heat re-
lease derived data for the individual swirl ratio cases.
The data represents the average values from 200 cy-
cles. As per Stone [17], the 100% heat release crank
angle (CA100) is given as an alternative marker for
the end of combustion. For this, highly premixed
condition, the data shows that increasing the AVL
swirl ratio from Rs=0.76 to Rs=2.43 increases the
ignition delays for both the LTHR and HTHR by
approximately 2 CA degrees. Both the low and high
temperature combustion durations are essentially un-
changed and there is no observable change in the
balance of premixed to mixing-limited combustion.
Thus, at first glance, it would appear that there is no
swirl ratio effect on this operating strategy. However,
this is not necessarily the case.

When assessing these results for causal effect it is
important to recognise that varying swirl ratio by
throttling the intake ports necessarily changes vol-
umetric efficiency and affects the temporal develop-
ment of in-cylinder pressure and temperature. Thus,
while results in this work are typically presented in
terms of a response to a variation of swirl ratio, the
results are a response to a change in intake port flow
resistance and that, accordingly, the effects of swirl
are often confounded with those of charge mass, tem-
perature and pressure. With this in mind, Table
3 details the variation of measured and derived in-
cylinder pressures, temperatures, charge masses and
densities at the start of fuel injection (SOI) for all
three swirl ratios at this test point. Figure 5 details
the temporal development of the pressure and tem-
perature through the cycle.

It is interesting to note that the charge tempera-
ture, calculated assuming ideal gas behaviour from
the measured cylinder pressure, air, fuel and EGR
mass flow rates and the cylinder volume, is ~130 K
higher at SOI for the elevated swirl ratio condition
(Rs= 2.43). This corresponds to an increase of in-
cylinder charge temperature at IVC of approximately
60 K. Note that Table 4 shows a similarly increased
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Figure 4: Cumulative heat release derived combus-
tion metrics for the 3 bar GIMEP nominal (0.36
kg/hr fuel), 15.5% Yoz, SOI = 7.5 BTDC condition

and AVL swirl ratios of 0.76, 1.33, and 2.43

Table 3: Variation of in-cylinder properties at SOl with
swirl ratio for the 3 bar GIMEP nominal (0.36 kg/hr
fuel), 15.5% Y2, SOl = 7.5 BTDC condition

Swirl ratio  Pressure  Trapped mass Temp. Density
(-) (bar) (g) (K)  (kgm™?)
0.76 46.16 0.636 856 18.39
1.33 42.35 0.595 858 17.20
2.43 39.77 0.476 984 13.76
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Figure 5: In-cylinder pressure and calculated bulk
gas temperature for the 3 bar GIMEP nominal (0.36
kg/hr fuel), 15.5% Yoo, SOI = 7.5 BTDC condition
and AVL swirl ratios of 0.76, 1.33, and 2.43

charge temperature at the 6 bar GIMEP high swirl
ratio, Rs= 2.43, condition. The authors attribute the
increase of charge temperature at SOI to the sub-
stantial level of port throttling used to generate the
higher swirl ratio. Intake throttling in diesel engines
has been shown to slow combustion and consequently
to increase exhaust temperature [18] — both of these
effects are observed in this work where exhaust tem-
perature is increased by approximately 20 K when
moving between the low and high swirl conditions.
It is suggested that the temperature of the residual
gases in the cylinder is similarly increased while the
incoming, cooler, charge mass — which is controlled
to the values given in Table 1 — is reduced, leading to
the observed net increase in temperature. Note that
with respect to changes in wall-heat transfer, the in-
hibiting effect of reduced charge mass will act against
the promoting effect of increased swirl motion.

Returning to the results presented in Figure 4, ig-
nition delay is shown to increase monotonically with
increasing swirl ratio. This is an interesting result in
light of the greatly elevated in-cylinder temperature
for the high swirl ratio condition. The experimental
works of Benajes et al. [19], and Picket et al. [20]
correlate diesel ignition delay (IDL and IDH) with an

Arrhenius type equation of the form,

ID « exp <R T
amb

> pgmbAplr)LonQ%c (2)

where E is the global activation energy (kJ-mol=1),
R is the universal gas constant (kJ-mol™'-K=1), T,,,..p
is the ambient gas temperature (K), pams is the am-
bient gas density (kg:m=2), App,, is the pressure dif-
ference between fuel rail and the ambient gas (MPa),
02% is the volumetric oxygen concentration in the
ambient gas (% vol.), and the empirical constants in
the equation are given in the ranges of 6534 to 7523
for E/R, -1.35 to -0.96 for exponent a , -0.09 to 0 for
b, and -0.51 to -1 for c.

Following Equation 2, high temperature ignition
delay is expected to be a strong negative function of
temperature and oxygen concentration (where both
factors are directly related to the combustion chem-
istry) and ambient density (which significantly influ-
ences spray break-up and atomization [21]), while
being relatively insensitive to pressure. Using the
values of temperature, pressure, and gas density
given in Table 3 with the constant E/R adjusted so
that the results are matched to the low swirl ratio
(Rs=0.76) condition, the correlation of Benajes and
co-workers accurately predicts the observed increase
in high temperature ignition delay at the mid-swirl
level (Rs=1.33). Thus, it might be considered that
the changes in combustion behaviour observed be-
tween the low- and mid- swirl ratio cases are consis-
tent with the reduction of charge density caused by
the throttling effect of swirl flap operation and that
the effect of the changing swirl levels between these
conditions is not significant.

However, the high swirl ratio (Rs=2.43) operating
condition is characterised by significantly increased
charge temperature at SOI (c.f. Table 3) and for this
condition Benajes’ correlation predicts an approxi-
mate 5 degree CA reduction in high temperature igni-
tion delay as opposed to the experimentally observed
increase of 1 degree CA. The departure of the exper-
imental results for ignition delay from the predicted
trend at this high-swirl, high temperature condition
suggests that either the reduction of charge density
associated with the throttling effect of the swirl valves
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Figure 6: Smoke, HC and CO emissions for the 3 bar
GIMEP nominal (0.36 kg/hr fuel), 15.5% Yoo, SOI
= 7.5 BTDC condition and AVL swirl ratios of 0.76,
1.33, and 2.43

is such that the density is outside of the density lim-
its of the empirical correlation or that, as the authors
will argue, the increased levels of swirl have a signif-
icant negative effect on ignition delay in addition to
the expected density effect.

Considering the data shown in the lower image of
Figure 3, it is clear that, despite there being a sig-
nificantly higher in-cylinder temperature and lower
charge density at SOI—both factors that should theo-
retically increase vaporisation rates—the evaporation
process (negative heat release rate) starts later for the
high swirl condition than is the case for the two lower
swirl ratios. It is postulated that the cause of the de-
layed evaporation, and the associated increased low-
and high-temperature ignition delay (IDL and IDH,
c.f Figure 4), for the Rs=2.43 test point is an increase
in wall heat transfer rate and more effective convec-
tion of heat away from the evaporating and reacting
fuel-air mixture in the piston bowl due to increased
swirl motion [22].

Figure 6 details the variation of smoke, HC, and
CO emissions with swirl number. The smoke emis-
sions are uniformly low at this condition (FSN = 0.18,
0.14 and 0.16) and it is not considered that the ob-
served changes are statistically significant. With re-
gard to the HC and CO emissions, Figure 7 shows
mean cycle resolved hydrocarbon emissions for the
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Figure 7: Mean fast FID traces for the 3 bar GIMEP
nominal (0.36 kg/hr fuel), 15.5% Y2, SOI = 7.5
BTDC condition and AVL swirl ratios of 0.76, 1.33,
and 2.43

three swirl ratios measured by the fast FID. The cy-
cle resolved data measured by the fast FID are in
good agreement with the 200 cycle averaged data pre-
sented in Figure 6 giving confidence to the observed
trends, i.e. that as the swirl ratio is increased from
0.76 to 1.33 HC emissions increase and then decrease
as the swirl ratio is increased from 1.33 to 2.43. As
expected, the CO emissions follow the same trend.

Magnitude aside, the shapes of the fast FID data
shown in Figure 7 for the three different swirl ratios
are very similar indicating that neither the variation
of swirl nor the port-throttle induced changes of in-
cylinder pressure, temperature and density substan-
tially alter the HC sources at this load point. The
robustness of the operating strategy in this regard is
attributed to the relatively late injection (SOI = -7.5
degrees ATDC) timing that ensures that the injected
fuel is fully contained within the combustion bowl
[9]. With regard to the cycle average HC emissions
behaviour, for a fixed oxygen concentration and fu-
elling, throttling the intake ports in order to increase
swirl will reduce the trapped mass and hence increase
the global equivalence ratio in-cylinder. It is possi-
ble that the increase in HC and CO that is observed
when moving from the Rs=0.76 swirl ratio to the
Rs=1.33 swirl ratio is due to this effect—mnote that



the calculated in-cylinder temperatures are very sim-
ilar for these two cases. For the high swirl, Rs=2.43,
case—which is highly throttled—it is possible that
this reduced oxygen is availability offset by the higher
in-cylinder temperature noted in Figure 5.

4.2 Condition II: 6 bar GIMEP nomi-
nal (0.72 kg/hr fuelling), 10% Yo,
SOI = 30 BTDC

With respect to Condition I, Condition II is charac-
terised by a higher load, significantly advanced fuel
injection timing and a greatly reduced intake oxy-
gen concentration. Intake manifold pressure is also
increased compared to Condition I.

The trends observed with respect to the variation
of low and high temperature heat release (Figure 8),
and combustion phasing and duration (Figure 9) with
increasing AVL swirl ratio differ markedly from those
at the 3 bar GIMEP condition. Whereas combustion
phasing was generally retarded with increasing swirl
ratio conditions for the 3 bar GIMEP condition, com-
bustion phasing is advanced with increasing swirl ra-
tio at the 6 bar GIMEP condition. Recognising as
before the potential significance of port-throttling ef-
fects, Table 4 details the in-cylinder pressure, tem-
perature, trapped mass, and charge density at SOI
for each of the swirl ratio settings. The temporal de-
velopment of the pressure and temperature through
the cycle is shown in Figure 10. Note that the ad-
vanced fuel injection timing at this condition reduces
both pressure and temperature at SOI compared to
Condition I despite the higher load. Also, whilst the
throttling effect of the tangential and helical port set-
tings for the generation of different swirl levels is still
evident, the magnitude of the density change between
the high and low swirl cases is much reduced.

Analysis of the heat release derived data shows that
both the low and high temperature ignition delays,
IDL and IDH, decrease monotonically as the swirl ra-
tio increases from Rs=0.76 to Rs=2.43. Comparing
this behaviour to that predicted by the correlations
of Benajes et al. [19] and Pickett et al. [20] shows the
experimental data to conform to the expected trend;
however, the magnitude of reduction in ignition delay
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Figure 8: Variation of apparent heat release rate with
crank angle for the 6 bar GIMEP nominal (0.72 kg/hr
fuel), 10% Y o2, SOI = 30 BTDC condition and AVL
swirl ratios of 0.76, 1.33, and 2.43, (Upper image:
LTHR and HTHR regions, lower image: detail of
LTHR region)

Table 4: Variation of in-cylinder properties at SOl with
swirl ratio for the 6 bar GIMEP nominal (0.72 kg/hr
fuel), 10% Yoz, SOl = 30 BTDC condition

Swirl ratio  Pressure  Trapped mass Temp. Density
(-) (bar) (g) (K)  (kgm™)
0.76 23.03 0.710 720 10.67
1.33 22.02 0.647 758 9.26
2.43 21.30 0.566 824 8.85
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Figure 9: Cumulative heat release derived combus-
tion metrics for the 6 bar GIMEP nominal (0.72
kg/hr fuel), 10% Yoz, SOI = 30 BTDC condition

and AVL swirl ratios of 0.76, 1.33, and 2.43

10

2000 200

1800 180

1600 160
1400
1200
1000
800
600
400
200

0

140
120
100
N\ 80
60
40
20

Jommmmmmmmmmeee

Cylinder Pressure, bar

Temperature, K

-60

-50

-40 -30 -20 -10
Crank Angle [degrees ATDC]

0 10

Figure 10: In-cylinder pressure and calculated bulk
gas temperature for the 6 bar GIMEP nominal (0.72
kg/hr fuel), 10% Yoo, SOI = 30 BTDC condition and
AVL swirl ratios of 0.76, 1.33, and 2.43

that is predicted by the correlation is substantially
greater than that observed experimentally. Of par-
ticular note within these results is that the premixed
combustion duration (CA70 - CA5) is decreased as
the swirl ratio is increased and that the late cycle
mixing-limited burn duration (CA90 - CA70) is in-
creased with increasing swirl. Note also that maxi-
mum heat release rate occurs at the high swirl con-
dition.

Although, Miles [2] reported a reduction in the pre-
mixed burn fraction and peak heat release with in-
creasing swirl — attributed to reduced ignition delay
compensating for the supposed swirl-induced increase
in initial fuel/air mixing during the ignition delay pe-
riod — the majority of the literature suggests that in-
creasing swirl leads to increased premixed burn frac-
tions and peak heat release rates as a result of en-
hanced premixing efficacy [23]. Of particular rele-
vance within the literature is an optical and numer-
ical study on high-dilution LTC diesel combustion,
i.e. a similar operating strategy to Condition II of the
present work, by Kook et al. [5] who report similar
combustion trends as observed in the present work.
Specifically that for fixed injection timing, increasing
swirl levels lead to reduced ignition delay, advanced
combustion phasing for the early (premixed) phase of
heat release and an increase in peak heat release val-
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Figure 11: Smoke and HC emissions and O equiva-
lence ratios for the 6 bar GIMEP nominal (0.72 kg/hr
fuel), 10% Y o2, SOI = 30 BTDC condition and AVL
swirl ratios of 0.76, 1.33, and 2.43

ues. The similarity between the results of the present
study and the results of Kook [5] in this regard sug-
gest that the throttling effects associated with swirl
generation in the present work, and in particular the
reduction of charge density, do not have a dominant
effect on the heat release behaviour in this operating
mode. However, it does seem likely that the throt-
tling effects, and in particular the raised in-cylinder
temperature at the high swirl condition, directly in-
fluence emissions.

Figure 11 details the variation of smoke and HC
emissions with swirl number. CO emissions are not
shown here as exhaust CO for this condition is be-
yond the scale of the Horiba Mexa 7100 HEGR anal-
yser. Figure 12 details the cycle resolved HC emis-
sions for the Rs=0.76 and Rs=1.33 swirl ratios. Un-
fortunately, it was not possible to record the fast FID
signal at the Rs = 2.46 swirl ratio due to the high ex-
haust smoke output at this condition which had the
potential to damage the HFR 400 fast FID and cor-
rupt results. Again the trends of the fast FID data
are in good agreement with the 200 cycle averaged
data shown in Figure 11.

Accepting that the heat release results at this con-
dition are a strong indicator of enhanced premixing
with increasing swirl ratio even as the charge den-
sity is decreased, then the smoke and hydrocarbon
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Figure 12: Mean fast FID traces for the 6 bar GIMEP
nominal (0.72 kg/hr fuel), 10% Y2, SOI = 30 BTDC
condition and AVL swirl ratios of 0.76 and 1.33. No
fast FID data was collected at Rs=2.43 due to the
high soot emissions associated with this test point.

emissions shown in Figure 11 are informative. Smoke
emissions, relatively constant at approximately 0.8
FSN as the swirl ratio is increased from Rs=0.76 to
Rs=1.33, almost double to 1.53 FSN at the higher
(Rs=2.43) swirl ratio. Hydrocarbon emissions ini-
tially increase with increasing swirl before falling
back slightly at the highest swirl ratio condition. We
suggest that these results are consistent with the in-
creasing confinement of fuel to the central region of
the combustion chamber with increasing swirl as re-
ported by Auriemma et al. [24]. Engine-out soot
emissions are the net result of competing in-cylinder
formation and oxidation processes. While premix-
ing in the central region of the cylinder would be in-
creased at the high swirl condition, the expected en-
richment of the central region and the possible forma-
tion of rich mixture pockets would likely lead to an in-
crease in soot production. Moreover, it is also consid-
ered possible that the subsequent oxidation process
will be compromised due to the swirl-induced trap-
ping of the soot mass within the bowl as predicted by
Genzale and co-workers [25]. Others have observed
soot precursors generally forming in the bowl / cen-
tral region at similar conditions, with leaner mixtures
being more prevalent in the squish area [26, 27].



The fast FID data shown in Figure 12 provides
further evidence for the swirl-induced confinement of
fuel and combustion products at this operating con-
dition. In contrast to the fast FID data that was pre-
sented for the lower-load, partially-premixed, Condi-
tion I, the temporal evolution of the HC signal dif-
fers substantially for different swirl ratios. A previous
work on this engine [9] has shown that for a -30 de-
gree ATDC SOI injection timing there is the strong
likelihood that the injected fuel will not be fully con-
tained within the bowl and that some fraction of the
fuel will enter the piston squish region. In agreement
with [13], the initial spike that is seen in the low swirl,
Rs=0.76, data is thought to be associated with HC
emissions from fuel trapped in the squish volume and
in quench layers along the head and valve surfaces.
Following this initial peak, the HC signal for the low
swirl condition falls significantly until approximately
200 degrees ATDC at which point the fast FID HC
measurement peaks again as the bulk gas leaves the
cylinder. There is a then further distinct rise at ap-
proximately 320 degrees ATDC for the low swirl case
which is again associated with fuel in the squish vol-
ume [13]. It is notable that the fast FID data for
the higher swirl ratio case (Rs=1.33) does not show
any evidence of HC emissions from these two squish
region related sources. Given that the injection tim-
ing is unchanged and that the differences between
the in-cylinder density and the temperature at these
two operating conditions are modest (c.f. Table 4)
we conclude that the increased swirl level is indeed
acting to concentrate the fuel into the central region
of the cylinder.

With regard to the emissions data presented in Fig-
ure 11, it is clear from Figure 12 that the increase in
cycle averaged HC emissions for the mid-swirl ratio,
Rs=1.33, operating point is attributable to a substan-
tially greater level of HC in the bulk gas compared
with the lower swirl ratio Rs=0.76, condition. This
implies an increase in unburned hydrocarbons from
sources within and above the piston bowl. The oxy-
gen equivalence ratio at this condition (¢p2=0.8) is
such that it seems unlikely that these HC (and CO)
emissions would originate solely from over-mixed re-
gions of the charge. It is then suggested that, de-
spite the acknowledged enhancement of the early pre-
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mixing process, the swirl induced enrichment of the
central region of the cylinder results in an increased
number of locally rich pocket of mixture thereby in-
creasing HC emissions at this swirl ratio, Rs=1.33.

It is to be expected that this effect would be the
most severe for the highest swirl condition (Rs=2.43)
which, despite having the same intake oxygen concen-
tration as the lower swirl test points, has an increased
global equivalence ratio due to its substantial port-
throttle induced reduction in volumetric efficiency.
The experimental results show an unexpected fall in
HC emissions at the highest swirl condition. The
cause of this reduction is not understood and the
high smoke emissions found this swirl ratio and op-
erating point preclude the use of the fast FID. It is
possible that the high smoke emissions may act as
a partial substitute for the HC emissions as well as
reducing detected HC via absorption of soluble or-
ganic fractions. Another possible explanation for the
observed reduction in HC emissions could be higher
bulk in-cylinder temperatures as shown in Figure 10
combined with the extended mixing controlled phase
of combustion (Figure 9). Further investigation of
this point is required.

4.3 Conclusions

The purpose of this study was to explore the potential
benefits of enhanced mixing in LTC via variation of
the induced swirl flow. This was in order to examine
two major challenges in Low Temperature Combus-
tion; (i) the persistence of HC (and CO) at low and
medium load conditions, and (ii) the relatively small
operational envelope for the LTC mode.

Two LTC strategies were investigated at an engine
speed of 1500 r/min: a low load (3 bar GIMEP)
partially premixed strategy with relatively late
injection and a 15.5% oxygen concentration and,
a low-medium load (6 bar GIMEP), highly-dilute
early injection strategy with 10% oxygen concen-
tration. Each LTC strategy was tested at three
AVL swirl ratio levels (0.76, 1.33, and 2.43) set by
independently throttling the tangential and helical
intake ports—where the range of swirl ratios tested
represents the full range of variation available in
the experimental set-up and where an increase



swirl ratio is associated with increase in the overall
throttling of the engine and therefore a reduction
of volumetric efficiency. Thus, the effects of the
induced swirl on the combustion performance and
emissions are partially confounded with the effects
of the varying in-cylinder charge mass, pressure
and density. Of particular note in this regard is
a substantial (~110 - 130 K) increase in charge
temperature at SOI associated with the highest swirl
ratio settings. This increase, which was noted for
both operating strategies, was attributed to higher
exhaust temperature and a reduced incoming charge
mass. The key findings of the work are summarised
as follows:

For the 3 bar GIMEP nominal load condition (late
injection, 15.5% oxygen concentration)

e Ignition delay increased with increasing swirl ra-
tio. For the low- and mid- swirl ratio cases,
this increase was consistent with the expected
effect of reducing charge density suggesting lit-
tle or no swirl effect. However, at the high-
est swirl ratio setting the results suggest that
swirl plays a dominant role in controlling igni-
tion delay—offsetting the throttling induced in-
crease in charge temperature by increasing wall
heat transfer and heat convection away from the
reaction zone.

Premixed and mixing-controlled combustion du-
rations, defined by CA70-CA5 and CA90-CAT0
respectively, were effectively constant for all
swirl ratio settings. Thus, increasing swirl ratio
retarded the total combustion event in propor-
tion to the increased ignition delay.

Increasing swirl ratio did not influence the
sources of HC emissions. The robustness of this
operating strategy in this regard was attributed
to the physical confinement of the injected fuel
in the combustion bowl resulting from the rela-
tively late injection timing employed.

For the 6 bar GIMEP nominal load condition (early
injection, 10% oxygen concentration)
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e Ignition delay reduced with increasing swirl ra-
tio. Also with increasing swirl ratio, the pre-
mixed combustion duration (CA70 - CA5) was
decreased and the late cycle mixing-limited burn
duration (CA90 - CA70) increased. These ef-
fects are attributed to swirl enhanced premixing
and are assumed to be indicative of the swirl ef-
fects dominating the throttling induced changes
in charge properties for this highly dilute, early
injection LTC strategy.

HC sources were observed to vary with increas-
ing swirl ratio such that the cycle HC emissions
for the low swirl case showed strong contribu-
tions from the squish volume—where it is ex-
pected that the early injection timing would re-
sult in piston lip impingement and the penetra-
tion of fuel into the squish region. These con-
tributions are not seen at the higher swirl ratio.
This changing behaviour is attributed to the sup-
posed swirl-induced confinement of the fuel into
the central region of the cylinder.

Soot emissions are substantially increased at
the highest swirl ratio. This increase is also
attributed the presumed swirl-induced confine-
ment of the fuel which we suggest would both
increase soot formation—by enriching the cen-
tral region of the cylinder (possibly leading to
rich mixture pockets within a charge whose
equivalence ratio would have been increased by
the intake port throttling)—and reduce soot
oxidation—by trapping soot mass within the
bowl. However, we note that although these sug-
gested mechanisms by which soot is increased are
consistent with the observations of some previ-
ous researchers [24, 25, 26, 27] they are not con-
firmed in this engine by optical study. This is a
topic of future work.

The results of this work indicate that for highly dilute
early-injection LTC there is a point at which improv-
ing premixing by increasing the swirl ratio becomes
detrimental to combustion and emissions. The results
suggest that this may be due to the swirl induced
confinement of intermediates and products from the
highly premixed combustion phase to the central re-



gion of the cylinder—thereby diluting an already lim-
ited oxygen presence during the subsequent mixing
controlled burn. The caveat to this conclusion is that
the in-cylinder charge properties were changed by the
use of port-throttles to generate different swirl con-
ditions. Thus, the effects of swirl in this work are
to some extent confounded with the effects of port-
throttling. Future experiments should seek to iso-
late the effects of swirl by controlling the in-cylinder
charge properties to similar levels for all swirl ratios
at the start of fuel injection.
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