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Abstract 

Reported in the current paper is a study into the cycle efficiency 
effects of utilising a complex valvetrain mechanism in order to 
generate variable in-cylinder charge motion and therefore alter the 
dilution tolerance of a Direct Injection Spark Ignition (DISI) engine. 

A Jaguar Land Rover Single Cylinder Research Engine (SCRE) was 
operated at a number of engine speeds and loads with the dilution 
fraction varied accordingly (excess air (lean), external Exhaust Gas 
Residuals (EGR) or some combination of both). For each engine 
speed, load and dilution fraction, the engine was operated with either 
both intake valves fully open – Dual Valve Actuation (DVA) – or one 
valve completely closed – Single Valve Actuation (SVA) mode. 

The engine was operated in DVA and SVA modes with EGR 
fractions up to 20% with the excess air dilution (Lambda) increased 
(to approximately 1.8) until combustion stability was duly 
compromised. At 1500 Revolutions Per Minute (RPM), 3.6bar and 
7.9bar Gross Mean effective Pressure (GMEP), the dilution tolerance 
of the engine was significantly increased for a given combustion 
stability limit utilising SVA. This resulted in fuel consumption 
reductions of up to 3.8% and 3.1% respectively for these two engine 
speed and load conditions as a result of being able to operate the 
engine with more thermodynamically attractive mixtures when 
adopting SVA. At 2000RPM, 9.8bar GMEP, the dilution tolerance 
was only marginally increased which resulted in a fuel consumption 
reduction of 1.3% when adopting SVA over DVA (for the same 
reasons outlined above). 

Increased dilution tolerance in all cases was achieved as a result of 
significant enhancement in charge motion when adopting SVA. By 
enhancing the in-cylinder charge motion (confirmed using 
Computational Fluid Dynamics (CFD)), ignition to 10% Mass 
Fraction Burned (MFB) and 10-90% MFB durations for equivalent 
levels of dilution were significantly shorter when adopting SVA. This 
therefore allowed greater dilution tolerance (and ultimately an 
increase in the thermal efficiency of the working cycle) when 
adopting SVA over DVA without detrimental increases in the burn 
duration metrics that would ordinarily result in misfire and partial 
burn and a significant detriment to combustion stability. 

Conversely, for equivalent levels of dilution, there was little, if any 
difference in fuel consumption between DVA and SVA even though 
burn duration metrics were significantly shorter when adopting SVA 
over DVA. In combination with CFD, the polytropic coefficient of 
compression was calculated to be lower in all cases for SVA 

compared to DVA for a given level of dilution. This indicated greater 
heat transfer when adopting SVA over DVA for equivalent trapped 
mass (confirmed using CFD). As such, this detrimental increased 
heat transfer (again confirmed with CFD) attributed to the increased 
in-cylinder activity with SVA offset the favourably faster 
combustion; thus resulting in little, if any reduction in fuel 
consumption for equivalent levels of dilution when implementing 
SVA over DVA. This was particularly pertinent at the higher engine 
speed and load where the significantly increased heat transfer for 
SVA resulted in an increase in fuel consumption for SVA over DVA 
for equivalent levels of dilution. 

Introduction 

To mitigate pollutant and gas emissions from Spark Ignition (SI) 
engines, a number of advanced combustion systems including, but 
not exhaustive of, direct injection, multiple injections and advanced 
turbocharging solutions have been proposed and implemented with 
some success in the recent past. Nevertheless, while these solutions 
offer moderate benefits in thermal efficiency, the two most important 
enablers of increased thermal efficiency are ultimately the most 
difficult to implement with respect to SI engines; these being an 
increase in Compression Ratio (CR) and an increase in the Ratio of 
Specific Heats (γ). From first principles of thermodynamics, should 
these parameters be increased, the thermal efficiency of the working 
cycle will be duly increased. 

The Ratio of Specific Heats of a gaseous fuel and air mixture can 
typically be increased by diluting the combustible mixture with either 
external Exhaust Gas Residuals (EGR), excess air (lean combustion) 
or trapped internal EGR (or a combination of all three). In all cases, 
the thermal efficiency of the working cycle is improved [1]. Whilst 
dilution with EGR (internal or external) tends to result in a decrease 
in engine-out NOx without impacting the working efficiency of a 
typical gasoline Three Way Catalyst (TWC) (since EGR is typically 
implemented under stoichiometric operating conditions), diluting the 
combustible mixture with excess air has a wider impact on engine 
performance. As Lambda is increased from stoichiometric conditions, 
engine out NOx emissions peak at approximately Lambda 1.1 as a 
result of the excess oxygen available and high combustion 
temperatures. If the excess air fraction is increased further, the 
“cooling” effect of the excess air is the dominating reaction – thus 
engine out NOx emissions reduce further. However, since TWCs 
cannot reduce NOx in an oxygen rich environment, mitigation of SI 
engine out NOx emissions are problematic under lean conditions – 
with a “diesel-like” aftertreatment typically required to ensure 
tailpipe out NOx emissions are within the designated legislative 
limits. 
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In a diesel Compression Ignition (CI) engine, heavy dilution can be 
tolerated as a result of the diffusion-type combustion. However, for a 
premixed, homogeneous gaseous fuel air mixture required for SI 
engine operation, increasing the dilution of the combustible mixture 
results in a reduction in the flammability limits of the combustible 
mixture. The likelihood of a “strong” flame kernel being established 
is therefore reduced in addition to a slower flame propagation across 
the cylinder bore and therefore possible flame quenching. Whilst the 
current breed of on-highway Direct Injection Spark Ignition (DISI) 
engines can tolerate “some” level of dilution without suffering the 
effects mentioned in the previous paragraphs [2], significantly higher 
thermal efficiency compared to a stoichiometric gaseous fuel and air 
mixture is not possible without heavy dilution as with a diesel CI 
engine. 

Whilst there is extensive literature on extending the dilution tolerance 
of an SI engine using high energy ignition systems [3,4,5], the 
dilution tolerance of the engine can also be improved by 
manipulating the in-cylinder charge motion – significantly increasing 
the turbulence intensity, accelerating the combustion rate and 
reducing the cyclic variation. This has been achieved by altering the 
configuration of the intake runners or by valve deactivation systems. 

In one of the earliest papers, Horie et al. [6], increased charge motion 
by operating their Port Fuel Injection (PFI) SI engine with differential 
valve lift resulting in an increase in the lean operating limit and a 
reduction in Brake Specific Fuel Consumption (BSFC). Here, one 
valve was completely open with the maximum lift on the second 
valve altered to achieve optimum levels of charge motion, notably 
combined swirl and tumble, without any associated drawbacks. He et 
al. [7], showed that the EGR tolerance of their PFI SI engine could 
also be increased resulting in an improvement in BSFC by invoking 
different levels of in-cylinder charge motion by blocking one of the 
intake runners to invoke combined swirl and tumble. Moore et al. [8] 
combined experiments and Computational Fluid Dynamics (CFD) to 
investigate the benefits of valve deactivation for both Late Intake 
Valve Closing (LIVC) and Early Intake Valve Closing (EIVC) in a 
side-injected Direct Injection (DI) engine. The results from the CFD 
study showed enhanced charge motion (increased tumble and swirl) 
with valve deactivation that was linked to measured benefits of 
combustion stability and improved BSFC particularly at low loads. 
At higher loads, valve deactivation was detrimental to BSFC. 
Moreover, these researchers found higher gas temperatures at the end 
of compression when operating in single valve mode in addition to 
improved homogeneity in fuel distribution. 

Kim et al. [9] using CFD investigated valve deactivation and valve 
lift asymmetry with regards to in-cylinder flow and air-fuel mixing. 
In this study, valve deactivation improved air-fuel homogeneity by 
increased swirl and tumble; there was no difference in in-cylinder 
temperature prior to combustion for all test conditions. In a CFD 
study by Jovanovic et al. [10], Turbulent Kinetic Energy (TKE) and 
swirl were increased by deactivating one intake valve. The 
distribution of TKE was also improved from the piston to cylinder 
head and was also more centralised closer to the spark plug. 
Mahroos et al. [11] also showed by CFD that TKE and swirl motion 
were enhanced when operating asymmetric valve lifts. 
Ramasamy et al. [12] showed by CFD that TKE and swirl were 
increased when operating asymmetric intake valve lift in a DI 
Compressed Natural Gas (CNG) engine operated under Wide Open 
Throttle (WOT) conditions. This linked with measured faster heat 
release and improved BSFC. In the latter work, the effects of 
asymmetric valve lift on in-cylinder residuals and combustion 
efficiency were also studied. 

In summary, irrespective of mixture preparation strategy with 
different combustion systems, the effect of valve deactivation has 
been proven beneficial and mostly associated with enhanced 
combined tumble and swirl motion and improved combustion 
stability; this applies mostly at low loads. However, there is some 
ambiguity with respect to in-cylinder temperature and associated heat 
transfer effects when adopting valve deactivation strategies. 
Furthermore, it is unclear at which engine loads the effects of valve 
deactivation stop being beneficial. Therefore, the main aim of this 
study was to decouple the benefits and shortfalls of adopting valve 
deactivation across a number of engine speed and load conditions, 
predominantly 1500 Revolutions Per Minute (RPM) and 2000RPM 
and 3.6bar to 9.8bar Gross Mean Effective Pressure (GMEP). 

In the currently reported paper, a Jaguar Land Rover Single Cylinder 
Research Engine (SCRE) with a fully flexible valvetrain was used to 
investigate the extension of the dilution limit and thus any 
performance improvements of the engine through changes to 
in-cylinder charge motion by valve deactivation. This engine was 
operated at Jaguar Land Rover’s Centre of Excellence for Gasoline 
Combustion Research at Imperial College London. In order to 
generate different in-cylinder charge motion, a Continuously Variable 
Valve Lift (CVVL) system was used that allowed individual control 
of the intake valves. The engine was operated in Dual Valve 
Actuation (DVA) mode (both intake valves open and operating with 
the same lift profile) or Single Valve Actuation (SVA) mode – one 
valve completely closed. Dilution took the form of an increase in the 
excess air fraction (from Lambda 1 to Lambda 1.8) and the addition 
of external EGR (0-20%). Furthermore, CFD was employed to 
provide interpretation with regards to in-cylinder charge motion. 
Both experiments and CFD were also used to study heat transfer 
effects and any benefits in the working cycle when adopting SVA. 
Within the scope of this study, the focus was mainly on acquiring 
some fundamental understanding of the in-cylinder charge motion 
from a thermo-fluids perspective instead of focusing solely on a 
typical engine development approach. Therefore, effects of valve 
deactivation on emissions have not been included here and are to be 
discussed in future publications. 

Experimental 

Experimental Engine 

The SCRE used throughout the study was a 1-cylinder version of the 
latest Jaguar Land Rover gasoline Ingenium engine (Figure 1). A 
geometrical specification of the SCRE is shown in Table 1. The 
crankcase and bottom end of this engine took the form of a Ricardo 
Hydra with the valvetrain consisting of a CVVL electro-hydraulic 
system coupled with dual independent cam phasing on both intake 
and exhaust camshafts. Typical valvelift strategies that can be 
achieved with the Jaguar Land Rover CVVL system are shown in 
Figure 2, with EIVC and Late Intake Valve Opening (LIVO) being 
used predominantly to mitigate pumping losses. The CVVL unit also 
allowed for independent control of both intake valves therefore 
allowing for very different valve lift profiles, or in the case of the 
current study, the ability to close one valve independent of the other. 
For all test points reported in the current study, full lift was utilised in 
favour of EIVC or LIVO, since complex valvetrain events were not 
required to assess the fundamental gross combustion metrics and 
charge motion benefits and shortfalls of implementing SVA.  

Fuel mass flow measurements were taken using a Siemens SITRANS 
M2100 coriolis meter (accuracy of 0.1% of full scale mass flow) with 
airflow measurement recorded using a Labcell Laminar Flow 
Element (accurate to 1% of full scale mass flow). Engine out 
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Table 2. Engine Test Matrix 

Engine Speed RPM 1500 1500 2000 

Engine Load (GMEP) bar 3.6 7.9 9.8 

Lambda - 1.0-1.8 

EGR % 0-20 

Intake phasing °CA Parked at 0°CA 

Exhaust phasing °CA Parked at 0°CA 

MFB50 °CA aTDCf 8 

Start of Fuel Injection °CA bTDCf 300 

Fuel pressure bar 200 

Fuel injector - Central Bosch DI 

Fuel - 95RON Euro 6 

 
All tests were performed with the valvetrain operating in full lift 
mode regardless of utilising DVA or SVA valvetrain strategies. In a 
supplementary in-house study, the same differences between DVA 
and SVA performance when operating the valvetrain in full lift mode 
were also apparent when running the valvetrain in EIVC mode or 
closing the intake valve at Bottom Dead Centre (BDC) [16]. 

To aid further extension of the dilution tolerance of the engine, a 
Bosch Controlled Electronic Ignition (CEI) system [17], providing 
continuous ignition energy of up to 500mJ, was used. In the wider 
literature [3,4,5] and in addition to a supplementary in-house study 
[16], continuous ignition has been shown to reduce the ignition to 5% 
and 10% Mass Fraction Burned (MFB) durations compared to a 
“stock” ignition coil (circa 85mJ) and also an equivalent ignition 
system operating in high energy single strike (circa 140mJ) and 
multi-strike modes. For all results reported, the CEI was operated 
with an ignition energy of 300mJ. The spark plug used was a 
standard Jaguar Land Rover NGK HR#8 spark plug with a gap size 
of 0.8mm (±0.1mm) with the spark plug gap facing towards the 
centrally mounted injector. 

Engine Simulation Setup 

To complement the experimental investigations of DVA and SVA, 
CFD simulations of the Jaguar Land Rover SCRE were undertaken 
using the commercial STAR-CD/es-ice code. This code was used to 
simulate gas exchange, in-cylinder flow activity and in-cylinder 
residual concentration and distribution. The complete methodology 
was validated using an extensive experimental database from a 
Jaguar Land Rover AJ133 optical engine [18,19,20,21,22,23,24] and 
the thermodynamic SCRE used in the current study. Validation 
results are not presented here for brevity but have been summarised 
in [25]. 

After an initial grid-independence study with a cell count ranging 
from 1-4 million, the selected computational grid finally consisted of 
2.2 million cells at BDC including the intake and exhaust ports with a 
cell size of 0.4-0.8mm. The base timestep used for the analysis was 
0.05°CA which was reduced by half during the opening and closing 
of the valves. After a sensitivity study with a range of turbulence 
models, namely the standard k-epsilon [26,27], standard k-omega 
[28], k-omega SST [29] and k-epsilon RNG [30,31], the k-epsilon 
RNG model was finally selected. The wall heat transfer was dealt 
with by the Angelberger model [32], which is given by Equation 1. 

 (1) 

Equation 1. Angelberger et al. [32] heat transfer function 

Where qw is heat transfer that is calculated according to density ρ, 
specific heat capacity at a constant pressure cp, friction velocity uτ, 
and temperature T with subscript w referring to wall values. The 
parameter θ+ is calculated by Equation 2: 

	 , 13.2
2.075 ∗ ln 3.9 , 13.2

 (2) 

Equation 2. Non-dimensional temperature from Angelberger et al. [32] 

The heat transfer model was validated against extensive experimental 
measurements of heat flux in the AJ133 engine at 1500RPM at two 
loads (0.5bar and 1.0bar intake pressure) [33]. The CFD results were 
in a good agreement with the experiment, especially for intake and 
compression strokes. Considering the discussion that follows on heat 
transfer in the results section, the validation of heat flux has been 
included in the Appendix for completeness. 

The boundaries of the CFD model were equal to the position of the 
fast-response pressure sensors located in the intake and exhaust 
runners (water cooled Kistler type 4007 and 4075 respectively). Time 
dependent pressure and constant temperature were applied at the 
intake and exhaust boundaries of the model in addition to specifying 
the appropriate mass fractions of a number of species (N2, O2, H2 and 
CO2) as a function of Lambda and EGR. The formulae used to 
calculate these exhaust species before Exhaust Valve Opening (EVO) 
(assuming complete combustion) are shown in Table 3. Finally, a 
constant temperature of 90°C (equivalent to physical engine oil and 
coolant temperatures) was applied to the piston, dome and liner wall 
boundaries. The walls of the intake and exhaust ports were assumed 
to be adiabatic. 

Table 3. Intake and exhaust mass fraction species 

Species In-cylinder Exhaust Mass Fractions Intake Gas Mass 

CO2 1
.
.

 .  

H2O 1
. 2
.

 
.  

N2 
79
21 . 4 2 .

 
0.767. 1 …

.  

O2 
1

1
.

4 2 .
 

0.233. 1 …
.  

1
. .

1
.
2
.

4 2
.
79
21

. …

1
1

α
β
4

γ
2
.  

 
The simulations were initialised 40°CA before EVO and ended at 
Top Dead Centre firing (TDCf). This setup allowed initialisation of 
each of the three sub-domains of the engine (intake, exhaust and 
cylinder) independently and allowed simulation of the flow between 
the cylinder and exhaust port so to capture the internal residuals later 
in the cycle. The initial pressure and temperatures at the intake and 
exhaust ports were the same as the boundary conditions at the initial 
crank angle. The in-cylinder pressure from the SCRE for a given 
operating point was used as the initial cylinder pressure with the 
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when utilising SVA over DVA and was attributed to the 
enhanced in-cylinder charge motion when adopting SVA. 
Maximum fuel consumption reduction occurred at 20% EGR. 

 Again, increased heat transfer when utilising SVA over DVA was 
calculated – in this case the maximum heat transfer difference at 
this engine speed and load (1500W) was approximately three 
times higher than that calculated at 1500RPM, 3.6bar GMEP. As 
a result, the significantly higher heat transfer (from SVA) offset 
the favourably faster combustion (from SVA) by such a degree 
that there was either no difference or increased fuel consumption 
when adopting SVA over DVA for equivalent levels of dilution. 
Under stoichiometric conditions, there was no difference in fuel 
consumption between DVA and SVA for the same reasons 
outlined above. 

 At 2000RPM, 9.8bar GMEP, maximum TKE when adopting 
SVA was approximately double compared to an equivalent 
condition utilising DVA with the absolute heat transfer increased 
by 56%. In light of this, there was only a fractional extension in 
the dilution tolerance when utilising SVA for a given combustion 
stability limit of 3% COV of NMEP (Lambda increased from 
1.53 to 1.70 and 1.23 to 1.25 at EGR rates of 0% and 20% 
respectively). 

 In light of the modest increases in Lambda for a given EGR rate, 
fuel consumption reductions when adopting SVA over DVA 
were between 0.2% and 1.3% with the maximum reduction in 
fuel consumption occurring with 10% EGR. This small reduction 
despite the significantly enhanced charge motion and favourably 
faster flame speeds was offset by the significantly higher heat 
transfer from the gases to the combustion chamber walls under 
SVA conditions. 

 Under stoichiometric conditions, there was no difference in fuel 
consumption between DVA and SVA cases as a result of the 
benefits and shortfalls of adopting SVA discussed in the previous 
paragraph. 

 At the lowest load point, the increased heat transfer was mostly 
attributed to the higher in-cylinder charge temperature. This was 
caused by higher trapped residuals when operating in SVA mode. 
As the load and thus charge density was increased, the effect of 
the increased flow velocity became the dominating parameter on 
heat transfer when adopting SVA. 

 In conclusion, it appears that an optimal level of charge motion 
exists where faster flame speeds will ultimately result in reduced 
fuel consumption – in this case by extension of the dilution 
tolerance of the engine for a given combustion stability limit – 
without detrimental increased heat transfer attributed to 
significant enhancements in charge motion or trapped residuals. 
Hence for the currently reported study, adopting SVA for low 
engine speed and low-to-medium loads will result in a fuel 
consumption reduction compared with adopting DVA (as a result 
of an increased in the dilution tolerance). However, at higher 
engine speeds and loads, the significant enhancement in charge 
motion when adopting SVA does not necessarily result in a fuel 
consumption reduction as a result of the large increases in heat 
transfer. 

 Whilst this study utilised external dilution techniques, the same 
type of DVA vs. SVA study could be adopted under 
stoichiometric conditions whereby dilution could take the form of 
trapped internal residuals. Hence by tolerating increased trapped 
residuals as a result of the enhanced charge motion attributed to 
SVA, fuel consumption would likely be reduced when adopting 
SVA over DVA up until the point where increased heat transfer 
attributed to the enhanced charge motion offset the benefits of 
faster combustion metrics. 
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Definitions/Abbreviations 

AFR   Air Fuel Ratio 

aTDCf  after Top Dead Centre firing 

BDC   Bottom Dead Centre 

bTDCf  before Top Dead Centre firing 

BSFC  Brake Specific Fuel Consumption 

CEI   Controlled Electronic Ignition 

CFD   Computational Fluid Dynamics 

CI   Compression Ignition 

CNG   Compressed Natural Gas 

COV   Coefficient of Variance 

CR   Compression Ratio 

CVVL  Continuously Variable Valve Lift 

DISI   Direct Injection Spark Ignition 

DVA   Dual Valve Actuation 

EGR   Exhaust Gas Residuals 
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