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27 A Simulation Study on the Effect of Inlet Valve
Opening on Performance of High Speed Engines

Dimitar NOUHOV, Rui CHEN
Department of Aeronautical and Automotive Engineering, Loughborough University, UK

Variable camshaft phasing (VCP) system is a pakntlvetrain technology for high speed engine imptibns since it does not
increase the effective valve dynamic mass, whigsgential to high speed operation. In additiois & relatively simple and low cost
system. Inlet Valve Opening (IVO) is the start @llwe overlap. It has significant effect on engimeabhing. As part of a general
assessment on the VCP system, such an effect \agatead and analysed using a zero- and one- diowaisbased commercial engine
simulation packagd,otus Engineering SimulationLES) and reported in this paper. The simulation b&sed on a 0.6l, 4-cylinder,
4-stroke, high speed (up to 13500rpm), productparlsignition engine. It was found that IVO carheitimprove the utilisation of inlet
charging effect or reduce backflow during the valverlap period caused by speed related wave effiexn the exhaust manifold.
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1. INTRODUCTION 2. SIMULATION
Variable Camshaft Phasing (VCP) systems are 2.1. Simulation Code Description
currently the most popular active valvetrain systetoe In  the simulation model employed for the

to their cost effectiveness and simplititBecause the investigation, the engine geometry is representedaa
valve spring dynamics are independent from theesysit number of zero- and one- dimensional elements asrsh
has the potential for use in high-speed engineiedns. in Figure 1. The cylinder and combustion chamber ar
Since high speed engines with fixed camshaft plgasin modelled as zero- dimensional elements and ther®is
have a larger compromise on valve timing than information about the in-cylinder fluid flow. Sincihe
conventional engines, it is logical to assume ttie change of volumetric efficiency will not necessarile
performance improvement offered by VCP would beemor proportional to an increase in IMEP, as combustion
significant. Previous studies on the potential o€R/  efficiency may not remain the same, volumetricogincy
systems were generally limited to engine speedgoup is used in this study

6500 rpm. It was found that retardation of Inletina bad  Cylinder

Closing (IVC) at high speeds allows better utilisatof Inlet et Vv ' Exhaust Fort
the dynamic after-charge efféctRetardation of Inlet Primary,
Valve Opening (IVO) was found to reduce backflow by Firt | 1netpon

Primary Exhaust Pipe
67 mm

reducing the valve overlap. Overall, advancing deafts 281t

phasing benefits low speed volumetric efficiencyd an

retarding camshaft phasing increases high speec

volumetric efficiencg. It is worth mentioning that

advancing or retarding camshaft phasing will chalnggh

IVO and IVC equally.

Previous research dedicated to IVO timing in lowl an
medium speed engines suggests that the VO shauld b

E

Adthox Elements
I

sufficiently advanced to create enough flow areerafop . Fyhaust Vatve
Dead Centre (TDC) to reduce gas velocities and ngmp % P _
los$. RotH correlated optimal IVO with Intake Pseudo Silencer Elements
Flow Velocities (IPFV) at TDC. It was found that @/ e i
could be delayed significantly without loss of T
performance, and retarding 1IVO reduced backflowirdur e
the valve overlap period. —————— # &
High speed engines have traditionally operated with Fig.1 Engine model
large valve overlap. Consequently, the pressurdigméa
across the inlet and exhaust ports of the cylifues a 2.2. Engine Specification

gl’eatel’ effect on volumetric effiCiency. In  such The engine modelled in this Study is a h|gh Speed,
applications, the pressure gradient does not genera goocc, 4-stroke unit used in a production motoreytts
backflow at all engine speeds. IVO directly corgrthe  specifications are given in Table 1. In order tisépthe
valve overlap. It therefore has a significant effen performance criteria defined by its applicatiomas been
volumetric efﬁCiency. In the research reported tiis deve|0ped with emphasis on h|gh maximum Specific
I‘eport, such influences were inVeStigated USing apower Output_ Th|s has Compromised |tS |OW Spe&qhm
commercial engine simulation code - Lotus Engimegeri  The inlet and exhaust geometry is such that differe
Simulation (LES) Software. tuning effects occur at a broad range of speeds.



Table 1 Engine specifications

Number of cylinders 4 in line

Bore / Stroke 68mm / 41.3mm
Number of inlet valves 8

Number of exhaust valves 8

IVO / IVC / Inlet max. lift | 48°BTDC/80°’ABDC/9mm
EVO/EVC/Exhaust max liff 62°BBDC/34°ATDC/8mm
Inlet primary length 261mm

Exhaust primary length 647mm

Max. engine speed 13500rpm

2.3. Model Validation

efficiency curve generally consists of a seriepedks and
dips. At speed around 2500rpm, 4750rpm, 6500rpm and
10000rpm, the volumetric efficiency peaks, andratiad
1750rpm, 3500rpm 5750rpm and 9000rpm, the effigienc
dips. The large dip in the volumetric efficiency the
region of 3500 rpm is a typical characteristic ciny 4-
cylinder high speed motorcycle engines. It seripusl
decreases the engine torque in this speed rangee\do,

it is important to note that there are significdifferences

in amplitude among the peaks and dips when vaitiéQs
timings are employed. Advancing IVO increases the
amplitude of the peaks and retarding IVO improves t

The software has been validated on a large number 0gins  gych waveform effect is due to the acoustical

production engines as well as the engine used im th
simulatioff. Figures 2 and 3 show the measured and
calculated inlet and exhaust port pressure. Theulzed
parameters show the same trends as the measueed dat
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Fig.2 Inlet port pressure vs. crank angle
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Fig.3 Exhaust port pressure vs. crank angle

3. RESULTSAND DISCUSSION

Five different IVO timings were calculated as dietdi
in Figure 4. In order to minimise the influencevafiation
of maximum lift and lift profile on the calculated
volumetric efficiency, the lift profile from IVO to
maximum lift was kept constant. A compensation tfor
reduced duration has been made by increasing disengl
velocity immediately after maximum lift. IVC timing
remained unchanged during the calculations.

Figure 5 shows the effect of IVO on calculated
volumetric efficiency at ambient inlet conditionsithv
various IVO timings. It can be seen that the voltrioe

behaviour inside the intake and exhaust port abasahe
engine cylinder.

60? BTDC

482 BTDC

36? BTDC

24?2 BTDC

12?2 BTDC

VALVE LIFT [mm]

100 150 200 250

CA [deg]

-100 -50 50 300

Fig.4 IVO timing employed in the calculations
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Fig.5 Volumetric efficiency vs. engine speed

To simplify the explanation, the term pressure gmad
has been used in this report. A positive presstadignt
means that the instantaneous pressure in thepoketis
higher than that in the exhaust port, and the sevdras
been defined as a negative pressure gradient. dthestic
effect in the inlet manifold is a wave caused bg th
depression during the initial part of the inletok& and
reflected by the first junction at a much higheegsure.
Depending on the engine speed and the primaryHeofgt
the inlet manifold, this process may be repeatecrs¢
times per engine cycle. Similar process takes pilatbe
exhaust system.



In order to identify the part of the intake procesgsch
is most sensitive to IVO, the intake process hasnbe
divided into three periods: IVO to Exhaust Valve§ihg
(EVC) which is the valve overlap period, EVC to ®on
Dead Centre (BDC) and BDC to IVC. Figure 6 showes th
calculated mass that has entered the cylinder ghrole
inlet during each period. It can be seen that below
8500rpm the valve overlap period is most sensttivid/O
timing. Above this speed, the sensitivity is reducdele to
the low pressure gradient across the cylinder. imass
that the engine inhales during IVC to BDC and BRC t
IVC periods is found to be less sensitive to IVQwc® the
exhaust valve is closed the mass flow in the cglind
becomes a function of the inlet and cylinder pressu
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Fig.6 The massinhaled during different periods of intake
process at various engine speeds
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Fig.7 Exhaust residualsin cylinder after 1VC

The role of the overlap is to replace the residzaises
from the previous cycle with fresh charge. Figurghdws
the exhaust residuals in the engine cylinder a¥€r for
various IVO timings. It can be seen that the regidiases
peak at the same speeds where low volumetric efiogi
is experienced as showed in Figure 5. This pravasthe
dips in volumetric efficiency are due to the acaustfect
in the exhaust and inlet port during the overlapheWwthe
pressure gradient is negative, backflow from thbaest
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Fig.8 Calculated inlet and exhaust port pressure at
3500rpm
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Fig.9 Inlet mass flow rate with various I VO timing at
3500rpm

Figure 8 shows typical calculated pressure curees f
the inlet and exhaust ports at engine speed of a0
and IVO of 48° Before Top Dead Centre (BTDC). The
same phenomenon can also be found at 1750rpm and
9000rpm where volumetric efficiency dips occur. céin
be seen that during the valve overlap, the exhpast
pressure is generally higher than that of the ipdet. This
is caused by the positive pressure pulse arrivinthe
exhaust port. Such a negative pressure gradiergesau
exhaust gas backflow and reduces engine volumetric
efficiency. The backflow is affected by the IVO tig.
Figure 9 shows the calculated inlet mass flow it
various IVO timing at 3500rpm engine speed. It t&n
seen that more advanced IVO allows more exhaust gas
backflow into the inlet port. This is because thaikable
flow area during the overlap period increases a® IV
advances. Consequently, the negative pressureegtadi
generates higher backflow.

When the speed changes the pressure gradient during
the overlap period varies. Figure 10 shows caledlatlet

port occurs. Some of the burned gas, which has beerport pressure at 6500rpm and IVO of 4BTDC. It can be

initially expelled, flows back into the cylinderdreasing
the amount of residuals at certain engine speeds.

seen that the pressure gradient becomes positike. T
same phenomenon can also be found at 2500rpm and



4750rpm where volumetric efficiency peaks occure Th
positive pressure gradient is caused by the camdst of
negative pressure wave at the exhaust port andiygosi
pressure wave at the inlet port. Figure 11 shovwes th
calculated mass flow through the inlet ports witkchs
positive pressure gradient. No backflow occursthese
cases, early IVO can be used to fully utilise tlgeptial

of such positive pressure gradient to improve thgiree’s
volumetric efficiency. However, a practical enginas a
relatively short path between inlet and exhausttspor
especially for the pent roof combustion chamber
configuration. The effect of very early IVO will be
diminished since some fresh charge may escapetlglirec
into the exhaust. The residuals purging effectkisly to

be smaller.
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Fig.10 Calculated inlet and exhaust port pressure at
6500rpm

50

407 IVO 60°BTDC

30 1 IVO 48°BTDC

20 7 IVO 36°BTDC

10 4

0 .|.

-10 4 IVO 24°BTDC

MASS FLOW [g/s]

IVO 28°BTDC

-20

T T T
340 360 380
CA [deg]

Fig.11 Inlet mass flow rate with various I VO timing at
6500rpm
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Fig.12 Optimal 1VO settings in range (12-60° BTDC) for
best volumetric efficiency
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Fig.13 Calculated volumetric efficiency with optimal VO
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4. CONCLUSION

The duration of the valve overlap influences the
acoustic effect of inlet and exhaust manifolds te t
intake event.

At engine speeds when positive pressure gradient
across the cylinder during valve overlap occurseary
IVO increases volumetric efficiency.

Whenever negative pressure gradient occurs, VO
needs to be retarded to improve the dips in tharmetric
efficiency curve.

The ideal IVO timing fluctuates with engine speed.
This is different from previously reported trenas fdeal

Based on the model predictions, Figure 12 shows thevC. Therefore retarding or advancing the intakmshaft

optimal IVO timing varying within the range from 1o
60° BTDC, which produces the highest volumetric
efficiency. It is interesting to point out that 68TDC
appears to be the optimal IVO timing for many ergin

phasing may not always satisfy both IVO and IVC
criteria.

Variable duration event combined with VCP will
result in greater volumetric efficiency improvement

speeds. It suggests that greater improvement may be

obtainable if more advanced IVO timings were empthy
However, in the actual engine, this is limited bg piston

to valve clearance. For the engine considered is th 5

report, 48 BTDC is the maximum advance that can be
safely used. Figure 13 shows the possible volumetri
efficiency improvement achieved by varying the IVO
timing. It can be seen that varying IVO has thesptal to
improve both peaks and dips of the volumetric @dficy
across most of the engine speed range. More impbyta

it shows that the large dip in volumetric efficignia the
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