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Exploring the potential of Miller cycle with and without
EGR for maximum efficiency and minimum exhaust
emissions in a heavy-duty diesel engine

Guan W, Pedrozo VB, Wang X, Zhao H, Ban Z, et al

Abstract

In order to improve the fuel conversion efficiency and meet more stringent exhaust emissions
regulations, Miller cycle and exhaust gas recirculation (EGR) have been researched as separate
means to reduce carbon dioxide (CO2) and pollutant emissions from the internal combustion
engines. In this paper, an experimental work was carried out to explore the potential benefits
of Miller cycle operation via late intake valve closing (LIVVC) with and without EGR in a single
cylinder heavy-duty (HD) diesel engine equipped with a variable valve actuation (VVA)
system. The overall engine-out emissions, fuel conversion efficiency, and estimated urea
consumption in the selective catalyst reduction (SCR) aftertreatment were analysed and
compared over the World Harmonized Stationary Cycle (WHSC) for different combustion
control strategies. Additionally, the potential of Miller cycle with and without EGR based on
the “SCR-only” and “SCR + EGR” technical routes to meet the Euro VI nitrogen oxides (NOX)

limit of 0.4 g/kWh was assessed at different NOx aftertreatment efficiencies.

When considering the urea consumption in the SCR, the results showed that the introduction
of EGR allowed for an engine operation with higher corrected net indicated efficiency (NI1Ecorr.)
or lower specific total fluid consumption than the baseline cases without EGR due to the
relatively lower engine-out NOx emissions. However, the use of EGR adversely affected soot
and CO emissions when operating with constant intake pressure (Pint) of the baseline case. The
application of Miller cycle with and without EGR strategies decreased the net indicated
efficiency (NIE) and NIEcor. when operating with the same Pint of the baseline operation. The
use of higher Pint helped to improve upon the NIE and NIEcor. of the Miller cycle cases. The
WHSC cycle-averaged analysis showed that different combustion and engine control
technologies can be adopted with and without EGR to meet Euro VI NOx limit. A conventional
baseline engine operation without EGR would require a high SCR efficiency of 96% in order
to curb a cycle-averaged NOx emissions level of 10 g/kwh. Miller cycle operation without
EGR achieved the optimum NIEcr. at the cycle-averaged NOx level of 8 g/kwh. When
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increasing the Pint, this strategy enabled an increase of 2.6% in the NIEcr. and reduced the
required SCR efficiency to 93.5%, but with a penalty on the NIE of 3.3% when controlling the
cycle-averaged NOx level at 6.5 g/kWh. Alternatively, Miller cycle operation with EGR and
higher Pint allowed for a cycle-averaged NOx levels of 4.0 g/kWh, decreased the total fluid
consumption by 8% and minimised the required SCR efficiency to 90%. Therefore, this study
has presented promising cost-effective emission control and fuel efficiency technologies that
could be suitable for the “SCR-only” and “SCR + EGR” technical routes for the future HD

diesel engines.

Keywords

Heavy-duty diesel engine, Miller cycle, EGR, total fluid consumption, exhaust gas temperature,

exhaust emissions.
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1. Introduction

Growing concerns over the greenhouse gas (GHG) such as CO. and increasing stringent
emission regulations are driving the development of advanced combustion and engine control
technologies. Despite occupy only 4% of the total number of on-road vehicles, the heavy-duty
(HD) vehicles account for 18% of the fuel consumption and CO, emissions within the
transportation sector [1].

HD vehicles, which typically powered by diesel engines, are facing another important concern
over high levels of NOx and soot emissions. This is due to the fact that conventional diesel
combustion produced a wide range of local in-cylinder gas temperatures and equivalence ratios,
which are the two main conditions dominating the formation of NOx and soot emissions [2,3].
These emissions are limited to 0.4 g/kWh and 0.01 g/kWh accordingly in the Euro VI
legislation [4]. To meet these low emission targets, significant reduction in these pollutants by

in-cylinder combustion technologies and emission control aftertreatment systems is required

[5].

Some technical routes have been adopted to meet the emission legislation for HD applications
[6]. The first solution that some companies have adopted is the “EGR-only” concept, which
relies heavily on EGR utilization requiring up to 40% EGR at full engine load [7,8]. This
requires a high performance turbocharging system in order to maintain the in-cylinder air/fuel
ratio [9]. The high amount of exhaust gas recirculated back to the engine also increases the
demand on the engine cooling systems. Furthermore, advanced high pressure common rail fuel
injection system is required in order to avoid excessive soot emissions and poor fuel efficiency.
All these required improvements on the original systems would increase the initial cost and the
complexity of the engine.

The second widely adopted technical route by manufactures is the “SCR-only” strategy, which
can relieve the burden on the engine design while achieving relatively higher fuel conversion
efficiency and lower soot emissions. However, the high engine-out NOx emissions requires a
very complicated SCR control strategy combined with a high NOx conversion efficiency of
more than 95% to comply with the Euro VI NOx limits. The high urea consumption in the SCR
system also raises the risk of NHs slip, which is limited to less than 10 ppm in the Euro VI
regulation [10,11]. Additionally, high SCR conversion efficiency is difficult to maintain at the
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low engine load operations where the exhaust gas temperature (EGT) is relatively low and
probably insufficient to support an efficient SCR system [12].

In comparison with the two aforementioned technical routes, another approach is the combined
use of EGR with the SCR strategy. This can simplified the SCR control strategy and lower the
EGR requirement, varied from 15% at full load to 30% at lower loads [13,14]. With regard to
the engine operational cost, the three technical routes are facing the challenge of the trade-off
between exhaust emissions and fuel efficiency. For example, an increase in the fuel conversion
efficiency by 1% would lead to higher engine-out NOx emission, increasing from 10 g/kWh to
14 g/kWh [6]. This can increase the total engine operational cost (EOC) due to higher urea
consumption in the SCR system [6,15,16]. Likewise, the lower engine-out NOx emissions can
be achieved at the expense of a lower fuel efficiency, which can adversely affect the total EOC.
Therefore, it is necessary to research alternative in-cylinder combustion and engine control
technologies coupled with aftertreatment control strategy in order to achieve fuel efficient and
cost-effective solutions [17,18].

Recently, Miller cycle has been shown as an effective engine control technology to reduce in-
cylinder NOx formation during the combustion process and is being considered as a
mainstream technology to be adopted to HD diesel engines [19]. Firstly, Miller cycle achieved
via early or late intake valve closing (IVC) timings can be an effective means for NOx control
and therefore potentially minimize the requirement on the EGR rate used. This is because the
lower effective compression ratio (ECR) decreases the in-cylinder gas temperatures at the end
of the compression stroke and thus lower peak combustion temperature [20-24]. In addition,
Miller cycle can effectively decrease the mechanical and thermal loads of a modern
turbocharged HD diesel engine by reducing the peak in-cylinder pressure and temperature via
a later initiation of compression process. This allows for the application of advanced
combustion technologies such as advanced diesel injection timing, higher fuel injection
pressure, and higher boost pressure to improve the engine efficiency [25-28]. Moreover, Miller
cycle is one of the effective strategies of improving upon exhaust temperature management to
facilitate NOx removal by SCR, particularly at light engine load operation. This is primarily
attributed to the reduced in-cylinder mass trapped and the delayed combustion process [29-32].

This study aims to explore Miller cycle based cost-effective emission control and fuel
efficiency technologies incorporated in the “SCR-only” and “SCR + EGR” technical routes for

future HD diesel engines by combining with and/or without EGR. In particular, the current
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work is the first attempt to experimentally investigate the influence of Miller cycle operating
with and without EGR using constant boost pressure and constant lambda of the baseline cases
respectively from low to full engine loads, as well as their potential to meet the Euro VI

emission regulations over the WHSC test cycle.

The experimental work was carried out on a single-cylinder HD diesel engine. The
investigation was conducted at test points within the WHSC test cycle. The results of the
different emission control and fuel efficiency technologies were compared with the maximum
NIEcor. at a steady-state engine speed of 1250 rpm and engine loads between 25% and 100%
of full load. In addition, the cycle-averaged results calculated over the WHSC test cycle were
analysed and discussed. Finally, the potential of Miller cycle with EGR and without EGR based
onthe “SCR + EGR” and “SCR-only” technical routes to meet the Euro VI emission regulation

was assessed at different NOx aftertreatment efficiency requirements.

2. Experimental setup
2.1 Test engine

Experiments were carried out on a single cylinder HD diesel engine equipped with a high
pressure common rail fuel injection system. The engine was coupled to a Froude Hofmann
AG150 eddy current dynamometer in order to absorb the power output. Figure 1 shows the
schematic diagram of the experimental setup and Table 1 outlines the specifications of the test
engine. The design of the cylinder head with 4-valve and a stepped-lip piston bowl were based
on the Yuchai YC6K 6-cylinder engine, while the bottom end/short block was AVL-designed
with two counter-rotating balance shafts.

An AVL 515 sliding vanes supercharger was used to provide the boosted intake air with closed
loop control. The intake and exhaust surge tanks were installed to damp out the strong pressure
fluctuations. Two piezo-resistive pressure transducers were used to measure the instantaneous
intake and exhaust manifold pressures. The intake manifold pressure was fine adjusted by an
intake throttle valve located upstream of the intake surge tank while the exhaust back pressure
was independently controlled through a butterfly valve located downstream of the exhaust
surge tank. The intake mass flow rate was measured by an Endress+Hauser Proline t-mass 65F
thermal mass flow meter. High-pressure loop cooled external EGR was introduced into the



146  engine upstream of the intake surge tank using a pulse width modulation-controlled EGR valve
147  and the pressure differential between the intake and exhaust manifolds.
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149 Figure 1. Layout of the engine experimental setup.
150 Table 1. Specifications of the test engine.
Displaced VVolume 2026 cm?
Stroke 155 mm
Bore 129 mm
Connecting Rod Length 256 mm
Geometric Compression Ratio 16.8
Number of Valves 4

Piston Type

Stepped-lip bowl

Diesel Injection System

Bosch common rail

Nozzle design

8 holes, 0.176 mm hole diameter,

included spray angle of 150°
Maximum fuel injection pressure | 2200 bar
Maximum in-cylinder pressure 180 bar
151  Water cooled heat exchangers were used to control the temperatures of the boosted intake air
152 and external EGR as well as engine coolant and lubrication oil, which were supplied externally
153 by separate electric motors.
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A dedicated engine control unit (ECU) was used to control the fuel injection parameters such
as the injection pressure, start of injection (SOI), and the number of injection pulses (up to three
injections per cycle). During the experiments, the diesel fuel was injected into the engine by a
high-pressure solenoid injector through a high pressure pump and a common rail with a
maximum fuel pressure of 2200 bar. Two Endress+Hauser Promass 83A Coriolis flow meters
were used to measure the fuel consumption, which was determined by measuring the total fuel
supplied to and from the high pressure pump and diesel injector. The specifications of

measurement equipment can be found in Appendix A.
2.2 Variable valve actuation system

A prototype hydraulic lost-motion VVVA system was installed on the intake camshaft. On the

valve side of the rocker arm, a collapsing tappet was incorporated to allow for the adjustment
of the IVVC timing and therefore enable Miller cycle operation [33]. The intake valve opening

(I'VO) and I1VC timings of the baseline case were set at 367 and -178 crank angle degrees (CAD)
after top dead centre (ATDC), respectively. The maximum intake valve lift event was 14mm.

All valve events in this study were considered at 1 mm valve lift. Figure 2 shows the intake

and exhaust valve profiles for the baseline as well as the late IVC (LIVC) strategy.

16
VVA on i
—Baseline IVC
. p \ = = Miller cycle
1 \
’ ~ WAoff /  }\ Tappets Collapsed
_ \
E , " - =Exhaust Valve
E’ 8 ! .\
s : "
m '
8 \ LIVC
4 ! \
] ' o
. \. ‘
! \ '
/ : : :
0 : .
180 360/-360 180 0
CAD ATDC

Figure 2. Engine fixed exhaust and variable intake valve lift profiles.
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2.3 Exhaust emissions measurement

Gaseous emissions such as NOx, carbon monoxide (CO), COz, unburnt hydrocarbon (HC), and
oxygen (O2) were measured by a Horiba MEXA-7170 DEGR emission analyser. A high-
pressure sampling module and a heated line were used between the exhaust sampling point and
the emission analyser to allow for high-pressure sampling and avoid water condensation. In
this study, the EGR rate was defined as the ratio of the measured CO2 concentration in the
intake surge tank ((CO2%)intake) to the CO2 concentration in the exhaust manifold ((CO2%)exhaust)
as

CO,%):
EGR rate = ( 20 0) intake
(COZ /0) exhaust

% 100% (1)

An AVL 415SE Smoke Meter was used to measure the concentration of the black carbon
containing soot downstream of the exhaust back pressure valve. The measurement was taken
in filter smoke number (FSN) basis, and thereafter was converted to mg/m? [34]. All measured
exhaust gas components were converted from parts per million (ppm) to net indicated specific
gas emissions (in g/kWh) according to the methodology described in the agreement of
Regulation number 49 for the European Union [35].

2.4 Data acquisition and analysis

The instantaneous in-cylinder pressure was measured by a Kistler 6125C piezo-electric
pressure transducer with a sampling revolution of 0.5 CAD. The measured in-cylinder pressure
data was recorded through an AVL FI Piezo charge amplifier. Two National Instruments data
acquisition (DAQ) cards were used to acquire the signals from the measurement device. The
high speed DAQ card captured high frequency signals such as crank angle resolved data while
the low speed DAQ card acquired the low frequency signals of the engine operation. An in-
house developed transient combustion analysis software was used to display the captured data
from DAQ as well as the processed important engine parameters in real-time.

The crank angle based in-cylinder pressure traces were averaged over 200 consecutive engine
cycles for each test point and used to calculate the IMEP and apparent Heat Release Rate (HRR).
According to [36], the apparent HRR was calculated as

__Y av 1 ap
HRR = oo P a + =y V=5 (2)



200
201
202

203
204
205
206
207
208
209
210
211

212

213
214
215
216
217
218
219
220
221
222

223

224
225

226

227

where y is defined as the ratio of specific heats, which was assumed constant at 1.33 throughout
the engine cycle [37]; V and p are the in-cylinder volume and pressure, respectively; 6 is the

crank angle.

The pressure rise rate (PRR) was determined by the average value of the maximum pressure
variations of one-hundred in-cylinder pressure cycles. The in-cylinder combustion stability was
monitored by the coefficient of variation of the IMEP (COV_IMEP) over the sampled cycles.
The mass fraction burnt (MFB) was defined by the ratio of the integral of the HRR and the
maximum cumulative heat release. Combustion phasing (CA50) was determined by the crank
angle of 50% MFB. Combustion duration was represented by the period of time between the
crank angles of 10% (CA10) and 90% (CA90) MFB. Ignition delay was defined as the period
of time between the main SOI and the start of combustion (SOC), denoted as 0.3% MFB point
of the average cycle.

2.5 The definition of the corrected net indicated efficiency

As the urea consumption in the SCR system depends on the operating conditions as well as
engine-out NOx emissions, reductions in the levels of engine-out NOx can help minimise the
urea flow rate. Therefore, the corrected net indicated efficiency (NIEcor.) is used in this study
in order to take into account both the measured diesel flow rate (mhg;.s.;) and the aqueous urea
solution consumption in an SCR system (m,,,.,). This allowed for a cost-benefit analysis of
the total cost of the different combustion control strategies. The prices of diesel fuel and urea
vary in countries and regions and for simplicity they are assumed to be the same in this study
[17,38]. According to [17,39,40], the urea consumption in the SCR system can be estimated as
1% of the diesel equivalent fuel flow per g/kWh of NOx reduction necessary to meet the Euro
VI limit (NOXgyrov;) Of 0.4 g/kWh.

hyrea = 0.01 (NOXEngine-out - NOXeurovi ) Mdiesel (3)

The total fluid consumption (r,,;) can then be calculated by summing the measured diesel

flow rate and the estimated urea flow rate,
Ihtotal = Ihurea + Ihdiesel (4)

from which the NIEcor. is determined by
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P;
NIE = 5
o Ihtotal LHVdiesel ( )

where Pj is the net indicated power and the LHV gieser IS the diesel lower heating value of 42.9
MJ/kg. It is noted that in the calculation of the NIEcor. the power used to inject urea is not

included and could be included if such data can be available.

3. Methodology
3.1Test conditions

In this study, the effects of Miller cycle combined with different combustion control
technologies on engine performance, exhaust emissions, and total engine operational cost were
evaluated over the WHSC test cycle, which is a legislated test cycle adopted in the Euro VI

emission standard.

Figure 3 shows the location of the WHSC tests points over a HD diesel engine operation map.
There are 13 modes in the WHSC test cycle (red circles), which consist of five speeds (25%,
35%, 45%, 55%, and 75%, which are abbreviated as A, B, C, D, and E, respectively) and four
engine loads (25%, 50%, 70%, and 100%), as well as two idle modes at the beginning and the
end of test cycle. The size of the circle represents the weighting factor. A bigger size indicates
a higher relative weighting of the engine operation conditions over the WHSC cycle.

Table 2 summarises the engine operating conditions for the different combustion control
strategies investigated between 25% and 100% of full engine loads. The intake pressure (Pint)
set point of the baseline operation was taken from a Euro V compliant multi-cylinder HD diesel
engine of the same cylinder design as the single cylinder engine. The boosted air was supplied
by an external boosting system instead of a turbocharger. The exhaust pressures were adjusted
to provide a constant pressure differential of 0.10 bar above the intake pressure, in order to
realize the required EGR rate and to achieve a fair comparison with equivalent pumping work.
Constant lambda and constant Pirx analyses were carried out on the Miller cycle operation
(using the respective set points from the baseline engine operation) to help evaluate the

potential of the technology.
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Figure 3. The WHSC operation conditions over an estimated HD diesel engine speed-load map.

With regard to the operations with EGR, the EGR rate was kept constant at a given load,
regardless of the combustion control strategy used. An EGR rate of 15% was used between 25%
and 70% engine loads, and was decreased to 8% at 100% engine load. The moderate EGR rates
were used in this study to avoid the combustion instability, excessive smoke, poor fuel
efficiency, as well as to minimise the demand on the boosting system when operating the
engine with Miller cycle and EGR. These were also the reasons for the relatively earlier IVC
timings used in the cases with EGR when compared to a Miller cycle operation without EGR.
The IVVC timings of EGR cases were varied from -100 to -130 CAD ATDC and they were from
-92 to -120 CAD ATDC for cases without EGR as the engine load increased.

Table 2. Test conditions for baseline and Miller cycle with and without EGR from low to full engine loads.

Baseline operation Miller cycle operation
Engine | Engine Rail Exhaust Intake pressure IvC
EGR
speed | load Pressure pressure "
Intake VG
pressure . )
Constant | Constant | Without | With
Pint lambda EGR EGR
% of full CAD CAD CAD

bar % bar bar bar bar

rpm load ATDC ATDC | ATDC
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0 and

897 25 900 o
0and
25 1000 5
0and
1016 | 50 1300 o
100 1800 Ozfd
0and
25 1000 5
1135
0and
70 1400 o
0and
25 1150 o
0and
50 1400 o
1250
0and
70 1500 o
100 1800 Ozfd
1492 | 100 1800 Ozfd

0.10 bar
higher
than the
intake
pressure

1.20 -178 1.20 1.63 -92 -100
1.25 -178 1.25 1.74 -92 -100
1.48 -178 1.48 2.08 -100 -110
2.80 -178 2.80 2.90 -120 -130
1.33 -178 1.33 1.95 -92 -100
2.10 -178 2.10 2.32 -110 -120
1.44 -178 1.44 2.10 -92 -100
1.74 -178 1.74 2.35 -100 -110
2.30 -178 2.30 2.70 -110 -120
2.80 -178 2.80 3.00 -120 -130
2.90 -178 2.90 3.10 -120 -130

During the experiments, a small pilot injection of 3 mm? with a constant dwell time of 1 ms

prior to the main injection timing was employed for both 25% and 50% engine load conditions

in order to keep the maximum PRR below 30 bar/CAD. The coolant and oil temperatures were

kept within 85 + 2°C. Oil pressure was maintained within 4.0 + 0.1 bar. The maximum in-

cylinder pressure was limited to 180 bar. Stable engine operation was determined by

controlling the COV_IMEP below 3%.
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3.2 The calculation of the pressure-based ECR

In this study, Miller cycle was realised via a LIVVC strategy, where the period of intake valves
opening was longer than that of the baseline operation. This caused backflow from cylinder
into the intake manifold due to the upward piston motion before the I\VVC, which decreased the
actual in-cylinder mass trapped.

The ECR is a commonly used parameter for indicating the extent of compression and
quantifying the effect of LIVVC, which was reduced by the delayed initiation of the compression
process. One of commonly used ECR definitions is based on the volumetric ratio, which is
geometrically calculated as the ratio of the cylinder volume at the specified I\VC to the cylinder
clearance volume at TDC. The actual compression process, however, does not occur exactly
when the intake valve close [41]. Figure 4 shows the illustration of the definition of volume-
based and pressure-based ECR at a speed of 1250 rpm and a 25% of full load. The cylinder
charge has already been partially compressed before the IVC. This is primarily due to the flow
resistance across the intake valves and the gas-momentum-induced compression [42]. As a
result, the volume-based geometric ECR is generally lower than the pressure-based ECR, as
shown in Figure 5. Therefore, the volume-based geometric ECR is inadequate to explain the

experimental results.

In this work, a pressure-based method was applied in order to more accurately characterize the
actual in-cylinder compression process. The effective IVC volume was taken as the volume
corresponding to the intersection point by extrapolating the polytropic compression process
curve linearly down to intersect the average intake manifold air pressure (MAP). The pressure-
based ECR is then defined as the ratio of the volume at effective I\VVC to the clearance volume
at TDC [43,44].
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Figure 4. The illustration of volume-based and pressure-based methods for ECR calculation at 1250 rpm
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Figure 5. The volume-based and pressure-based ECR as a function of the I\VC at 1250 rpm and 25% of full
load.

4. Results and discussions
4.1 Miller cycle operation with and without EGR

In this subsection, Miller cycle operation with and without EGR using constant Pin and a
constant lambda as those of the baseline cases were investigated in order to analyse the effect
of Miller cycle on engine performance, exhaust emissions, and total engine operational cost
over the engine loads. The results were analysed and comparisons were made with the baseline
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operations at 1250 rpm over a range of loads from 25% to 100% of full engine load. Diesel

injections were optimised for the maximum NIEcorr..
4.1.1 Analysis of the in-cylinder pressure and heat release rate

Figure 6 shows the in-cylinder pressure, HRR, and diesel injector signal for cases attained the
maximum NIEcor. at 50% of full engine load. The Miller cycle operation without EGR and
with a constant Pin of 1.74 bar as the baseline operation was characterised by lower in-cylinder
pressure and peak HRR. This was due to the later initiation of the compression process by the
LIVC and hence lower in-cylinder compressed pressure and temperature. The use of EGR
allowed for a more advanced diesel SOI to achieve the maximum NIEcr. when compared to
the cases without EGR. This enabled an earlier SOC, consequently increasing the peak in-
cylinder pressures (Pmax) Of the optimum cases. When operating with constant lambda by
increasing the intake pressure, Miller cycle with and without EGR achieved relatively higher
peak HRR, although a later main SOI than that with constant Pint.

Without EGR With EGR
Baseline IVC, Pint=1.74 bar, lambda=1.95 Baseline IVC, Pint=1.74 bar, lambda=1.65
——— Miller cycle, Pint=1.74 bar, lambda=1.35  ======Miller cycle, Pint=1.74 bar,lambda=1.35
-------- Miller cycle, Pint=2.34 bar, lambda=1.95 =======Miller cycle, Pint=2.04 bar,lJambda=1.65

1407 1250 rpm, 50% of full engine load
Maximum corrected NIE —

100 1

[92]
o
|

In-cylinder Pressure [bar]

N
o
L
RR [J/CAD]

I

|M1 As W
' 'm\ " I “ 1 1 ' | ll.“,\\lr: T \“ ' 1 ! 1 ! 1
-15 -5 5 15 25 -25 -15 -5 5 15 25
CAD ATDC CAD ATDC
Figure 6. In-cylinder pressure, HRR, and diesel injector signal for the baseline and Miller cycle cases with the

maximum NIEgor..

Diesel injector signal
[A/10]
N

4.1.2 Combustion characteristics

Figure 7 shows the main SOI and the resulting combustion characteristics for the baseline and

Miller cycle cases that attained the maximum NIEcr.. The Miller cycle with constant Pin: of
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the baseline cases allowed for more advanced main SOI, particularly in the cases with EGR.
At 100% of full engine load, the optimisation of SOl was constrained by the Pmax 0f 180 bar.
The Miller cycle and EGR strategies increased the ignition delay in most cases. This was
attributed to the lower compression pressures and in-cylinder oxygen availability, as well as
the advanced SOI. The PRR was kept below 30 bar/CAD for all cases.
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Figure 7. Injection timing and combustion characteristics of the baseline and Miller cycle cases with maximum
NIEcorr..

The optimum CA50 was initially advanced from low to medium loads likely due to the longer
period CA10-CA90 and lower heat transfer losses, and then was delayed at high engine loads
attributed to the limit of peak in-cylinder pressure [16]. This trend became more obvious for
the cases with EGR. The reduced in-cylinder oxygen availability via the use of Miller cycle
and EGR slowed down the rate of heat release, leading to a later CA90 and longer period of
CA10-CA90 (e.g. combustion duration). A higher Pixx improved the in-cylinder oxygen
availability and accelerated the combustion process of Miller cycle with and without EGR.
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This advanced the CA90 and yielded shorter CA50-CA90 period and combustion duration

when operating with a constant lambda.

4.1.3 Engine performance, exhaust emissions, and fuel efficiency

Figure 8 shows the engine performance parameters and net indicated specific emissions for the
baseline and Miller cycle cases with and without EGR. Miller cycle with a constant Pint
decreased the lambda due to a reduction in the in-cylinder mass trapped, particularly with EGR.
This was the primary reason for an increase in EGT. However, the “EGR-only” strategy
showed little impact on the EGT due to the replacement of air with the recirculated exhaust gas

and lower combustion temperatures [24].

Without EGR With EGR
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Figure 8. Engine performance, emissions, and fuel efficiency of the baseline and Miller cycle cases with the
maximum NIEcor..

Compared to the baseline engine operation, Miller cycle with and without EGR decreased the
NIE at a constant Pix. This was a result of the slower combustion process and longer
combustion duration. The reduction in NIE is also associated with an increase in heat loss due
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to the higher mean in-cylinder gas temperature calculated by a 1-D engine model, as reported
in [24,45]. By using a higher Pin: to improve the in-cylinder oxygen availability, however, the
NIE of Miller cycle was improved and was slightly higher than that of the baseline operation

when operating with a constant lambda.

When considering the urea consumption in the SCR system, the total engine operational cost
is related to the NIEcorr., which will be determined by the engine-out NOx emissions and the
fuel conversion efficiency. As shown in the bottom left of Figure 8, the engine operations with
EGR achieved higher maximum NIEc. than those cases without EGR over the sweep of
engine loads as a result of the lower NOx emissions. When operating without EGR, the
maximum NIEcr. of Miller cycle with constant Pinx was comparable to that of the baseline.
When operating with EGR, Miller cycle strategy significantly reduced the maximum NIEcor..
However, by increasing Pint and keeping the lambda constant helped to improve the trade-off
between NOx emissions and NIE, increasing the NIEcor. of the Miller cycle strategy.

It can be also seen from Figure 8 the engine-out emissions of NOXx, soot, unburned HC, and
CO. The NOx emissions were increased between 25% and 70% of full engine load but then
decreased at 100% of full engine load. This was likely due to the increased combustion
temperature from 25% to 70% of full engine load. The NOx reduction at full engine load was
associated with the significantly lower lambda value and the relatively retarded CA50. The use
of EGR was more effective in minimizing engine-out NOx emissions than Miller cycle in all
cases. The “Miller cycle + EGR” strategy with constant Pin achieved low NOx levels but
yielded excessive smoke, particularly at high engine loads. Soot emissions were reduced when
operating with the same lambda of the baseline cases and were maintained below the Euro VI
limit of 0.01 g/kWh at 50% and 70% of full engine load. Therefore, the use of high boost
pressures is a key enabler for achieving simultaneous low NOx and soot emissions when

operating Miller cycle and EGR, especially at high engine loads.

The observed trend of CO emissions was similar to that of soot emissions. This was mainly
because the in-cylinder oxygen concentration played an important role on the CO and soot
formations. Miller cycle and EGR strategies showed little impact on CO emissions except when
they were combined. The use of a higher Pint between medium and full engine loads helped to
curb CO emissions from the Miller cycle operating with EGR. Finally, Figure 8 revealed that
all advanced combustion control strategies decreased HC emissions compared to the baseline

cases. Overall, the lowest levels of HC emissions were achieved by the “Miller cycle + EGR”
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strategy with constant Pin. This could be linked to the use of more advanced diesel injections

and higher average in-cylinder gas temperature at lower lambda [28].

4.2 Analysis of Miller cycle operation with and without EGR over the WHSC

test cycle

The purpose of this subsection is to analyse and compare the cycle-averaged performance,
emissions, and total engine operational cost of different combustion control strategies over the
WHSC test cycle. The diesel SOI was delayed at each combustion control strategy in order to
obtain the different cycle-averaged NOx emissions.

4.2.1 Cycle-averaged engine exhaust emissions as a function of engine-out NOx emissions

Figure 9 shows the exhaust emissions as a function of different cycle-averaged NOx emissions
over the WHSC test cycle for the baseline and Miller cycle operations with and without EGR.
The diesel SOI was varied to achieve different engine-out NOx emissions in order to obtain
the required cycle-average NOXx levels for all strategies investigated.

The cycle-averaged soot emissions of all combustion control strategies increased with the
reduction in cycle-averaged NOx emissions. The baseline operation without EGR showed little
impact on soot emissions when the NOx emissions were controlled at approximately 10 g/kWh
or higher. Further reduction in the NOx emissions by delaying the SOI resulted in higher soot
emissions. Miller cycle operation without EGR produced less soot emissions than the baseline
cases at the NOx level of 8 g/kWh. This was a result of a more advanced diesel injection, which
helped improve the air-fuel mixing. However, the soot emissions were increased linearly as the

cycle-averaged NOx emissions decreased to below 6.5 g/kWh.

EGR is required to achieve a cycle-averaged NOx emission lower than 6 g/kWh. The results
indicated that the use of EGR was effective in reducing NOx emissions while producing
slightly higher soot emissions. However, the combination of Miller cycle and EGR at a constant
Pint produced excessive soot emissions due to the lower lambda at such conditions. This was
overcome by increasing intake pressure and was maintained below Euro VI soot limits, as
denoted with a red dash line in Figure 9. As a result, simultaneous low levels of soot and NOx
emissions were obtained when the engine was operated with the same lambda as the baseline
case with EGR.
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Figure 9. Cycle-averaged exhaust emissions for baseline and Miller cycle cases over the WHSC test cycle.

The data in Figure 9 also shows the cycle-averaged CO emissions, which increased with the
reduction in cycle-averaged NOx emissions. Similar to the impact on soot emissions, the SOI
in the baseline operations had little impact on the CO emissions. However, the use of late SOI
in the Miller cycle operation with a constant Pin: increased the CO emissions, particularly when
using EGR. This drawback was overcome when operating with a higher Pir.. Different from
the soot and CO emissions, HC emissions decreased with a reduction in NOx emissions for all
advanced combustion control strategies. These improvements were relatively higher in the
Miller cycle cases. Overall, the cycle-averaged CO and HC emissions of all cases were
maintained within the Euro VI limits. It should be also noted that CO and HC emissions are
not the primary issues in conventional diesel engines. This is due to the fact that HD diesel
engines are equipped with a diesel oxidation catalyst (DOC) which can effectively reduce CO
and unburnt HC emissions from the engine exhaust gases when the exhaust temperatures were
held between 200 and 450°C [46].
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4.2.2 Analysis of cycle-averaged performance and potential of different technical routes

This section is focused on the analysis and estimation of the different technical routes in terms
of the total engine operational cost and the economic effect by taking into account both fuel
consumption and the usage of urea. Figure 10 depicts the cycle-averaged performance as a
function of various cycle-averaged NOx emissions for all combustion control strategies. The
EGT increased with the reduction in the cycle-averaged NOx emissions. This was due to the
use of Miller cycle, EGR, and late SOI for NOx control, which decreased the in-cylinder air
mass trapped and/or delayed the combustion process. The highest increase in EGT of
approximately 140°C was achieved by the “Miller cycle-only” strategy. The addition of EGR
in the Miller cycle operation had little impact on the EGT, despite the lower lambda.

In addition, all combustion control strategies yielded lower NIE when reducing the cycle-
averaged NOx emissions. The baseline operations achieved lower NOx emissions via a
retarded SOI, reducing the NOx emissions by 39% with a penalty of 6% in NIE. Compared to
the baseline without EGR, the “Miller cycle-only” strategy achieved a reduction in NOx
emissions of 49% with the same NIE penalty of 6%. The NIE penalty could be reduced to 3%
while preserving the NOx reduction benefit by increasing the Pixx and maintaining the same
lambda of the baseline engine operation. The “EGR-only” strategy reduced the NOx emissions
by 67% with a NIE penalty of 2.7%. Alternatively, the “Miller cycle + EGR” strategy with the
same lambda as the baseline cases with EGR reduced NOx emissions by up to 71%. This was
achieved with the same NIE penalty of 2.7% measured in the “EGR-only” strategy.

Furthermore, the SCR conversion efficiency was used to calculate the urea consumption and
the NIEcorr. Of the engine operation, in order to fully evaluate the potential of these different
combustion control strategies to meet different engine-out NOx levels over the WHSC test
cycle. It can be seen from Figure 10 the cycle-averaged urea consumption in the SCR system
as a function of cycle-averaged NOx emissions. The advanced combustion control strategies
helped decrease the urea consumption via lower engine-out NOx emissions. This could
minimise the cycle-averaged total fluid consumption and therefore increased the NIEcorr.. The
“Miller cycle + EGR” strategy with a constant lambda attained the highest NIEcor. over the
WHSC, increasing the cycle-averaged engine efficiency by up to 8% in comparison with the
baseline without EGR.
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466 Figure 10. Potential of the proposed “SCR-only” and “SCR + EGR” technical routes to meet the Euro VI NOx
467 limit (0.4 g/kWh) over the WHSC test cycle. A) Optimum baseline engine operation without EGR; B) Optimum
468 “Miller cycle-only” strategy with constant lambda; C) Optimum “Miller cycle + EGR” strategy with constant

469 lambda.

470  Finally, Figure 10 demonstrates the potential of different combustion control strategies to meet
471 the Euro VI emission regulations. It should be noted that the proposed “SCR + EGR” and
472  “SCR-only” technical routes represent the combustion control strategy with and without using
473  EGR, respectively. The results demonstrated that the baseline case without EGR was adequate
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for the cycle-averaged NOx emissions of 10 g/kWh and would require an overall SCR
conversion efficiency of 96% at the expense of 1.5% reduction in NIE. In addition, the optimum
NIEcor. of the baseline engine operation was achieved at this cycle-averaged NOx level of 10
g/kWh, as denoted by point “A” in the bottom of Figure 10. When the cycle-averaged NOx
emissions were required to be lower than 10 g/kWh, the Miller cycle without EGR strategy
was preferable when operating with a constant lambda of the baseline case without EGR. This
strategy enabled a relatively lower penalty of 3.3% on the NIE and an increase of 2.6% in the
NIEcor. at the NOx level of 6.5 g/kWh. Besides, the EGT was increased by 68°C and the
minimum required SCR conversion efficiency was reduced to 93.5%. It should be also noted
that the optimum NIEcor, of “Miller cycle-only” strategy was improved up to 3.5% when
controlling the NOx level at 8 g/kWh, as denoted by point “B” in Figure 10. Therefore, the
“Miller cycle-only” strategy with a constant lambda of the baseline case without EGR was
determined as the most effective means for the “SCR-only” technical route, achieving lower
engine operational cost, higher EGT, and lower soot emissions when the engine-out NOXx
emissions were kept between 6 and 10 g/kWh.

When the cycle-averaged NOx emissions were controlled to below 6 g/kWh, however, the
“Miller cycle-only” strategy resulted in a penalty of 6.3% on NIE and adversely affected the
NIEcor.. Therefore, the introduction of EGR was necessary owing to its high NOx reduction
capability and relatively lower penalty on the fuel conversion efficiency. Particularly, the
“Miller cycle +EGR” strategy with constant Pixx could decrease the cycle-averaged NOXx
emissions from 12.3 g/kWh in the baseline operation without EGR to 3.4 g/kWh while
increasing upon the NIEcrr. by 4.9%, despite a reduction in NIE of approximately 4.6%.
Meanwhile, this lower cycle-averaged NOx emissions allowed for a reduction in the minimum
required SCR conversion efficiency down to 88%, which can significantly minimize the
catalyst volumes and thus can simplify the SCR system [47]. However, this strategy increased
the cycle-averaged soot emissions to up to 0.06 g/kWh as a result of the lower lambda, which
was significantly higher than the Euro VI limit of 0.01 g/kWh (seen in Figure 9). These results
can limit the potential of the “Miller cycle + EGR” strategy for efficient and clean engine
operation.

Preferably, a more efficient Miller cycle operation with EGR was achieved by keeping the
lambda as much as the baseline operation with EGR via a higher Pix.. The cycle-averaged soot

emissions were significant reduced and were controlled within the Euro VI limit at most cases,
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except for the cases with cycle-averaged NOx emissions below 4 g/kWh, as shown in Figure
9. Meanwhile, the penalty on the NIE was notably minimized and the NIEcor. was significantly
increased while maintaining low levels of NOx emissions. Overall, the “Miller cycle + EGR”
strategy with a constant lambda achieved the highest improvement in the NIEcorr. 0f 8% when
controlling the cycle-averaged NOx emissions at 4 g/kWh, as denoted by point “C” in Figure
10. This was accompanied with an increase in EGT by 40°C and a lower minimum required
SCR conversion efficiency of 90% when compared to the baseline engine operation without
EGR. Therefore, the “Miller cycle + EGR” strategy with a higher Pint was identified as the most
effective means for the “SCR + EGR” technical route, achieving low engine operational cost

while simultaneously enabling low cycle-averaged exhaust emissions.

5. Conclusions

This study investigated the effect of Miller cycle with and without EGR on the combustion
characteristics, exhaust emissions, and performance of a HD diesel engine over the WHSC
tests cycle. Miller cycle, EGR, and multiple injections were achieved by means of a VVA
system, a high-pressure loop cooled EGR, and a common rail fuel injection system,
respectively. A comparison was performed between the baseline and Miller cycle operations
with and without EGR attained the maximum NIEcr. from low to full engine loads.
Experimental analysis of cycle-averaged results of the different combustion control strategies
were carried out in order to demonstrate their potential to meet the Euro VI NOx limit. The aim
of the research was to explore a cost-effective emission control and fuel efficiency technology
based on the “SCR-only” and “SCR + EGR” technical routes for the future HD diesel engines.

The primary findings can be summarised as follows:

1. At the optimum efficiency and without taking into account the urea consumption in the
SCR system, Miller cycle with and without EGR decreased the NIE at the same intake
pressure as the baseline operation. This was due to the decreased cylinder mass trapped,
resulting in slower combustion process and a longer combustion duration. By increasing
the boost pressure to keep the same lambda as the baseline, the NIE of Miller cycle
operation was improved and comparable to that of the baseline operation at all engine loads.

2. When considering the total fluid consumption (e.g. fuel and urea), the baseline engine
operation with EGR produced higher NIEcr. attributed to the reduction of urea
consumption in SCR systems. This reduced the total fluid consumption but at the expense
of higher soot and CO emissions. Particularly, the “Miller cycle + EGR” strategy with
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constant lambda achieved the highest NIE and NIEcor. While achieving simultaneous low
levels of exhaust emissions from low to full engine loads.

The cycle-averaged results over the WHSC test cycle showed that all advanced combustion
control strategies enabled a reduction in the cycle-averaged NOx emissions and higher
EGT. These improvements were attained at the expense of lower NIE and higher soot and
CO emissions. However, a higher NIEcor. could be achieved via lower urea consumption
in the SCR system, especially when operating with a higher intake pressure to improve the
combustion process.

The “Miller cycle-only” strategy with constant intake pressure achieved a reduction in the
cycle-averaged NOx emissions by 49% at the expense of a penalty on NIE of 6%. When
increasing the intake pressure to maintain the same lambda of the baseline operation
without EGR, the “Miller cycle-only” strategy enabled a relatively lower penalty of 3.3%
on the NIE and an increase in the NIEcor. of 2.6% at the cycle-averaged NOXx level of 6.5
g/kWh. In the meantime, the cycle-averaged EGT was increased by 68°C, which was
associated with the decrease in the cylinder mass and thus a lower total heat capacity.
The “Miller cycle + EGR” strategy with constant intake pressure could decreased the
cycled-average NOx emissions from 12.3 g/kWh in the baseline operation without EGR
to 3.4 g/kWh, but adversely affected soot emissions and NIE. The use of a higher intake
pressure to maintain the same lambda of the baseline operation with EGR enabled a “Miller
cycle + EGR” strategy achieving the highest improvement of approximately 8% in the
NIEcorr. While elevating the EGT by 40°C and controlling the NOx levels at 4 g/kwh.
Meanwhile, the highly boosted strategy helped increase the NIE and curb soot emissions
due to improved oxygen availability and thus the combustion process.

Overall, the “Miller cycle-only” and “Miller cycle+ EGR” strategies with the same lambda
as the baseline operations were identified as the most effective emission control and fuel
efficiency technologies for the “SCR-only” and “SCR + EGR” technical routes
accordingly. Moreover, the minimum required SCR conversion efficiency was reduced
from 96% in the baseline engine operation to 93.5% in the “Miller cycle-only” strategy
and 90% in the “Miller cycle+ EGR” strategy when they were combined with a highly
boosted strategy.
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6. Future work

From the results presented in this study, it can be seen that the application of Miller cycle
required a higher boost pressure to recover the cylinder charge air in order to avoid lower
engine efficiency. This increases the requirements on the boosting system, a conventional
turbocharging system is likely not able to deliver the required airflow rate. Thus, a more
sophisticated boosting system such as a two-stage VGT configuration will be needed to deliver
the desired boost pressure, but it largely increases the engine complexity and requires
additional cost and may increase the total engine operational cost. Additionally, a highly
efficient intake intercooler will be essential to cool down the boosted intake air.

Moreover, the impact of applying Miller cycle on turbocharger and pumping work as well as
aftertreatment systems needs to be investigated on a multi-cylinder engine, so that further
improvement and better understanding of such technology in real world applications can be
assessed.

Definitions/Abbreviations

CA90 Crank Angle of 90% Cumulative Heat Release.
CA50 Crank Angle of 50% Cumulative Heat Release.
CA10 Crank Angle of 10% Cumulative Heat Release.
ATDC After Firing Top Dead Center.

CAD Crank Angle Degree.

Co Carbon Monoxide.

CO; Carbon Dioxide.

COV_IMEP Coefficient of Variation of IMEP.
(CO2%0)intake CO:2 concentration in the intake manifold.
(CO2%6)exnaust CO:z concentration in the exhaust manifold.
DOC Diesel Oxidation Catalyst.

ECR Effective Compression Ratio.

ECU Electronic Control Unit.

EGR Exhaust Gas Recirculation.

EGT Exhaust Gas Temperature.

EOC Engine Operational Cost

FSN

Filter Smoke Number.



GHG Greenhouse Gas

HRR Heat Release Rate.

HC Hydrocarbons.

HD Heavy Duty.

IMEP Indicated Mean Effective Pressure.

IVO Intake Valve Opening.

IvC Intake Valve Closing

1SSoot Net Indicated Specific Emissions of Soot.
ISNOx Net Indicated Specific Emissions of NOXx.
ISCO Net Indicated Specific Emissions of CO.
ISHC Net Indicated Specific Emissions of Unburned HC.
LIVvC Late Intake Valve Closing.

MFB Mass Fraction Burnt

MAP Manifold Air Pressure

NOXx Nitrogen Oxides.

NIE Net Indicated Efficiency

O, Oxygen

Pint Intake Pressure.

Pmax Peak In-cylinder Pressure

PRR Pressure Rise Rate

SCR Selective Catalytic Reduction.

SOl Start of Injection.

SOC Start of Combustion.

TDC Firing Top Dead Centre.

VVA Variable Valve Actuation.

WHSC World Harmonized Stationary Cycle.
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Appendix A. Test cell measurement devices

Variable Device Manufacturer Measurement range Linearity/Accuracy
AG 150
Speed Dynamometer Froude Hofmann 0-8000 rpm +1rpm
Torque AG 150 Froude Hofmann 0-500 Nm + 0.25% of FS
Dynamometer
Diesel flow rate Proline promass Endress+Hauser 0-20 kg/h + 0.10% of readin
(supply) 83A DNO1 9 +0.107 9
Diesel flow rate Proline promass Endress+Hauser 0-100 kg/h + 0.10% of readin
(return) 83A DN02 9 £ 0.7 9
Intake air mass Proline t-mass Endress+Hauser 0-910 kg/h + 1.5% of reading
flow rate 65F
In-cvlinder Piezoelectric
re)gsure pressure sensor Kistler 0-300 bar <+0.4% of FS
P Type 6125C
Intake and Piezoresistive
exhaust pressures pressure sensor Kistler 0-10 bar <+0.5% of FS
P Type 4049A
Pressure
Oil pressure transducer UNIK GE 0-10 bar <+0.2%FS
5000
Temperature | |nermocouple K RS 233-1473K <+25K
Type
S-DVRT-24 0 .
Intake valve lift Displacement .LORD . 0-24 mm * ;‘OA) Of. readl_ng
MicroStrain using straight line
Sensor
Smoke number 415SE AVL 0-10 FSN -
Fuel injector Current Probe LEM 0-20A + 2 mA

current signal

PR30
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