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972937

Fluid Flow, Combustion and Efficiency
with Early or Late Inlet Valve Closing

‘Copyright 1997 Society of Automotive Enginsers,Inc.

ABSTRACT

‘This paper is a study of the effects of valve timing and how it
B the in-cylinder fuid flow, the combustion, and the
efficiency of the engine. An engine load of 4.0 bar imepe; was
achieved by setting the inlet valve closing time early or late to
«nblnnnﬂllolﬂedopemnonlnluvalve deactivation was also
used and val i, valvo tiing vih the
two inlet valves opening and closing a different fimes.
valve timing was altered ymnﬂnngmlobﬁbw&nﬁa

experiments.
The results indicate  longer flame development period but a
faster combustion with early inlet valve closing compared to
the throttled case. For late inlet valve closing, a variation in the
‘combustion duration results. As expected, the pumping mean
effective pressure (PMEP) was greatly reduced with carly and

INTRODUCTION

1na normal four stroke spark ignited engine, the engine load is

usually controlled by throttling the ir flow into the engine. By

lowering the pressure during the inlet stroke, higher pumping
ibed by the.

Fredrik Saderberg and Bengt Johansson
Lund Institute of Technology

e et vlve clsin ts b toid with both symmetic

and with asymmetric valve events. With a symmeiric valve
eveat, twmble is induced in the cylinder and with an
asymmetric valve event, swirl is induced, sec Figures 4-6. This
bas also been shown by Wilson et. al. [4], who performed
measurements i

ENGINE - The were conducted on a single cylin-
der version of the five cylinder 2.5 liter Volvo B5254 engine.
Ttis a four valves per cylinder engine with the geomeic prop-
erties given in Table 1. The engine is modified to use one of
the cylinders for combustion and the other four cylinders were

pressure (IMEP), and not brake mean effective pres-
has been used ine engi

pressure
during the charge exchange process, see Figs. 43-50.
New cngine technologies makes it possible to conrol the
engine load with reduced pumping losses, ¢.g. by using
iffret vlve sategies o by uting the e sharge it
exhaust gas recirculation (EGR) o air (lean burn)
Fond's camles engioe [1] wilizes an clectronically controlled
Ive train. This system is very flexible, and can be
nxedfotlmdeomml ‘This system can cither use early inlet
valve closing (EIVC) or late inlet valve closing (LIVC), or it
can bo used to deactivate one one o mors cylindrs at pat load.
‘This allows the other cylinders to operate at higher
pumping work reduction. Theobald et. al. [2] an
amymmmmbyupmlz%dmn,pmmdmg
Toad control with variable valve actuation
Other

‘This system
economy by up to 15%. This highlights the
W:Mmonmmmmﬁmvﬂwmhn
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Table 1: Geometric properties of the engine.

Displaced volume 487 cm’
ore 85 mn
troke 90 mm
i 1031

‘The cagine is equipped with for 2 pressure trans-

ducer, located in the side of the pent roof combustion chamber
(Fig. 1). This arrangement reduces the compression ratio from
104 t0 103, but is not coasidered to influence the in-cylinder
flow in a significant way. The engine can also be equipped
with a quartz window in the opposite side of the cylinder. The
shape of the window holder allows for velocity measurements
along the entire cross section of the cylinder.



'VARIABLE VALVE TIMING - The engine bad no means of

They were designed to
St 1oad contel i vasable viwe timing. The main
interest was focused on part load operation, specifically 4.0
‘ber IMEP,net and 1500 rpm. This corresponds 10 steady state
cruising in a passenger car.

Tnlet

‘This view

%
Cylinder prasur (o)

vs. crank angle for late inlet valve closing, 9 mm
I;a The dotted lines are exhaust and reference cams.

Figure 1: for pres:
i the cylinder head as seen from below.

In Figs. 2-6 the valve lift vs. crank angle is plotted together
with the exhaust cam, the std cam (roference) and with tho first
pert of the in-cylinder pressure. The valve strategies opening
and closing times can be seen in Tebles 2 and 3, The exhaust
cam was left unchanged, (i.e. exhaust valve opening (EVO)
44° before bottom dead center (BBDC), exbaust valve closing
(EVC) 16° after top dead center (ATDC), and a lft of 8.43

camshafts were designed to handle valve

Lt
@ o
P ———

Fig. 2: Lift vs. crank angle for early inlet vabve closing, 1.9
mm i, The dotved lines are exhaust and reference carms.

‘THE PRESSURE MEASUREMENT SYSTEM - The pressure.
in the cylinder was measured with an AVL QCT3 piso.
electric transducer connected to a Kistler 5001 charge
smplifier. The charge amplificr voltage output was connccted
0.2 486733 PC with a Data Translation DT2823 100 Kz 16-
‘bit A/D-card. A more detailed description can be found in [5).
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Cplinderpressuro (bar)

Fig. 4: Lift vs. crank angle for late inlet valve closing and
mmetric timing, 8.43 mm lift. The dotted lines are exhaust
and reference cams.

P ——

Fig. 5: Life vs. crank angle for
asymmetric timing. 3.6 mm . The dotted lines are exhaust
and reference valves.

late inlat valve closing and



Clinderprossuce (o)

Fig. 6 Lift vs. crank angle for late inlet valve closing and
asymmetric timing, 6 and 3 mm Iift. The dotted lines are
exhaust and reference cams.

LASER DOPPLER VELOCIMEIRY SYSTEM - A two

pomihhmmwmhmhhurmmm]andvummlvﬂomym
each measurement point.

A cross section of the in-cylinder flow can be measured by
traversing through the cylinder. The optical data is processed
by two Dantec Burst Spectrum Analyzers (BSA) connected o
a PC. For a more thorough description, see Johansson
etal (51

Laser Doppler Velocimetry requires particles called seeding to
scaterth e ligh. The scding usd s & polyeyec-
latex water dispersion, supplied with liquid atomizers.

resulting mean particle size is below one micron.

Table 2 Vabe tning crd [t for he syt vive timing cases. SDC
resents

SUPPLY SYSTEMS - The engine was run on natural gas and
gasoline. 'ﬂﬁnﬂhlnlgaswufndlothe:npne‘ﬁmnd\nynls:
width modulated soleaoid valve
mgmhmwasmppwmmeman:dpmmmm
single cone fuel injector, The contents of the natural

gas used is given in Table 4. Unieaded gasoline with an octane
‘number of 98 (RON) was used.

Table 4: Contents

Ve

0.5 2

The solenoid valve and the fuel injector were controlled by a
purpose built engine management system. When the engine
was run on natural gas, the fuel was injected upstream of the

from cycle-tocycle was thereby reduced. The airffuek-ratio
was moniored by « Bosch LSMI1 e Tean A-sensor. The igaition
pover was supplied from a Coil
Tguition (TC) system o a shndnd Volvo spark plug with
production s

THE CONTROL SYSTEM - The igrition timing and skip-fire
‘were controlled with a PC-based system. Triggering signals to
the LDV and: pressure systems were also included in this

system. Input signals to the control system were a sync-pulse
(1 pulsc per 2 revolutions), a TDC-pulse (1 pulse per
revolution) and a crank angle-pulse (5 pulses per crank angle
degres, CAD).

represents the standard double cam. The prefix A and B

fore respecive dwd center, and BDC bottom dead center. pi the inlet ressure.
Strategy Open (mm) Duration p, (kPa)
SDC & BIDC :.w ATSC 3
SDC,A=15 8°BTDC 232° ATDC 843 240° 56
EIVC 8°BIDC 108° BBDC 19 16 100
LIVC2x9 8° BBDC 116° ABDC 20 304 100
Table 3: Valve timing and lift for the asymmetric valve timing cases. SSC represenss the standard single cam. The prefix A and B
represents after and before ively, TDC means top dead center, and BDC bottom dead center. py s the inlet ld pressure.
0 Close. Lift (mm) Cam Guration __Total duration a)
ssC L 8 ATDC 232° ATDC 843 240° 240° 43
R - - - N N
$SGA=15 L 8°ATDC 232° ATDC 843 240° 240° 53
R - - - -
LIVC1X9 L §BIDC 296° ATDC 90 3040 3040 100
R - - -
Lve L 8§ BIDC 232° ATDC 843 240° 100
R 50°ATDC 206° ATDC 843 240° 3040 -
Lve L §BIC 144° ATDC 36 152° 100
R 146°ATDC  296° ATDC 36 152° 304° -
Lve L &BIDC 162° ATDC 60 170 100
R___146°ATDC ___ 296° ATDC 30 150 304° -




OPERATING CONDITIONS

‘The engine speed was 1500 rpon and the engine load was 4 bar
indicated mean effective pressure (IMEP.net). The results arc

single cylinder engine which has the frictional losses of a five-
cylinder. In addition, day-to-day frictional differonces arc
eliminated. When the engine was operated with the standard
cam shaft and thottl, two different air/fucl raios were tosied.

the measurements. This mode of operation was necessary to
ensure the required seeding particle deasity. During skip fire,
the engine is fired ten cycles and then motored one cycle.

DATA PROCESSING

VELOCITY PARAMETERS - For etchcomponent o cycle,
the velocity frace was low-pass filtered with the moving
window technique [6] to extract a “mean velocity”. In the

‘get a smoother low-pass filering a Hanning window was also
introduced. The “mean velocity” in a window was then
obained from

‘The moving window technique requires a cut-off frequency to
be chosen. This cut-off frequency separates mean velocity
transients during the engine cycle and trbulence. If a small

must be made that the flow changes very slowly within the
cycle. The average data rate was 40-70 KELz giving between 53
and 93 data poiats within a 12 degree window at 1500 rpm. JF
the

12 degrees corresponding to a cut-off frequency of 750 Hz.
For each measurement location 200-250 engine cycles were
collected. The results presented are the
wvelocity and turbulence as well as the standard
cycletocycle.

ONE-ZONE HEAT RELEASE MODEL - To extract informa-

computations Woschni’s
mnsfaxmodelmwuslpphodmﬂnnnnufxpeuﬁc
heats was assumed to have a linear dependence om *

temperature. Further st concerning the heat release
calculation have been described elsewhere [8). For each
cpocing condidon, 300 cngio cycles were bained %o form

the combustion parameters presented.

FLOW RESULTS

The turbulence influences the flame speed, and it has been
shown that high turbulence gives fast combustion [S].
However, the mean velocity can mako the Gombustion slovier
d ling of the flame or by quenching.

where

© = Crank angle position where the mean velocity should
be calculated.

@ = Widih of the crank angle window used in the lowpass
o

Hering.
() = Crank angle position of velocity registration i.
The turbulence is then calculated as the difference between the

slowly changing mean velocity and instantancous velocity
dons within a specified crank angle window according

wasan " (women, W

S >, [vo-Tef
= | HRe-aR = #0ean

® LS

where the mean velocity at the crank angle position i is
obtained with linear interpolation.

Flowmnl'.swdlbeplmnbdfexlhedltﬁzenlvalvsmng

velocity, vertical velocity, and average ambulence will be
presented.

STANDARD DOUBLE CAM, THROTTLED TO 4 BAR
MEP,NET - In this study, the standard double cam s used as

horizontal velocity is lower at the side of the cylinder. The
‘vertical velocity ouly reflects the piston movemeat, see Fig. 8.
The turbulence is homogenous, and has a peak at 20 CAD
BTDC, see in Figs. 9 and 31.

STANDARD SINGLE CAM, THROTTLED TO 4 BAR
- The standard single cam corresponds to valve
deactivation. The horizontal velocity shows a clear swirling

is inhomogenous, see Fig. 11. The turbulence is higher with
inlet valve deactivation, and is approximately 1.7 m/s at TDC,
see Figures 12 and 31.

EARLY INLET VALVE CLOSING (EIVC), 1.9 MM LIFT -

‘The low lift and the short open duration gave a low
and vertical velocity, see Figures 13 and 14. The turbulence is



also very low (below one meter per second at TDC), see
Figures 15and31. -

LATE INLET VALVE CLOSING (LIVC), 1x MM LIFT -

The valve sirategy using late inlet valve closing and valve
deactivation produces a swirl, see Fig. 16. It is not as
pronounced as for the sngle cam, The el

very low horizontal velocity, as scen before. Late iulet valve
closing with valve deactivation has large negative horizontal
i CAD B’ il d TDC.

same
Ive deactivati (mﬁ;35).modwuvnlvemm5iss

velocity is
soc Fig. 17 mmbmmummwdyum/s
atTDC, see Figs. 18 and 31.

LATE INLET VALVE CLOSING (LIVC), 259 MM LIFT -
Late inlet valve closing has a large open duration. This
symmetic high i and lng drstion fes s bl S tat
can be seen in Fig. 19. The tal velocity is
approximately five meter per second. Themcalvelocny
reflects the piston movement, see Fig. 20, The turbulence is
‘approximately 1 m/s at TDC, see Figs. 21 and 32.

strategy with late inlet valve closing, high lift and asymmetric
timing gives a complex flow pattern. There is a trace of swirl
in the beginning but it is replaced by something resembling
double vortex at TDC. The flow changes after TDC, see Fig.
22, The vertical velocity shows the movement of the p
Very clearly, see Fig. 23. The turbulence is approximately 1.5
mis at TDC, see Figs. 24 and 32.

VALVE CLOSING (LIVC) WITH
Asmmmcvuvss.ssmm ‘The strategy with

horizoatal velocity is elatvely Tow, see Fig. 25. The vertical
velocity indicates a double vortex, but this

afier TDC, see Fig. 26. This valve strategy creates the
strongest turbulence, 2.8 s, see Fig. 27 and 32.

LATE INLET VALVE CLOSING (LIVC) WITH
ASYMMETRIC VALVES, 6 AND 3 MM LIFT - This valve
strategy was designed to induce swirl in the engine, and this
can be seen in Fig. 28. The swirl almost disappears at TDC,
and is thereafter almost constant, The vertical velocity is very
inhomogenous and shows signs of a double vortex but this

disappears after TDC, see Fig. 29. The turbulence is
high, 2.7 m/s, see Fig. 30 and 32.

THE FLOW IN THE VICINITY OF THE SPARK PLUG -
Figures 31-45 show the state of the flow in the vicinity (i.e.
wihin three mm) of the spark plug. Figures 31-32 show the

2 -
(COV) of the turbulence is roughly the same for all strategies.

Figure 35 shows the horizontal mean velocity in the vicinity of
the spark plug. It can be scen that early inlet valve closing has

inig 56 sbom & simlr el 1 e bl valve closing
with an asymmetric 3.6 mm lift has the greatest horizontal
velocity, lzm/snSSCADBTDC

Tn Fig. 37-38 the vertical velocity in the vicinity of the spark
plug can be seen. The vertical piston motion can be seen in
both figures, giving an upward flow before TDC and a
‘downward flow after TDC, However, early inlet valve closing
has a vertical velocity close to zero before TDC. In Fig. 38 it
can be scen that the strategies all produce approximately the
same vertical velocities. The only outlier is late inlet valve
closing with an asymmetric 8.43 ram if (s1). It has a sightly

inlet valve closing and valve deactivation. In Fig. 42, it can be

seen that latc inlet valve closing with an asymmetric 6+3 mm
Iify, LIVC with an asymmetsic 3.6 mm lifc and LIVC with an
o 843 mm oy 1 "
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Fig. 7: Horizontal velocity for the standard double cam. Fig. 10: Horizonial velocity for the standard single cam.

Lean and throrled. 2 inlt valves: ‘Standard with oge fnet valve.

H
25
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z0
E
5
0
£
w PO Distance from centre @ 0P ‘Distance from centre
Fig. 8 Vertical velocity for the siandard double cam. This is Fig. 11: Vertical velocity for the standard single cam, This
the reference cam. represents valve deactivation.
Stantad with one it valve
15
£, &
i FH
205 2
H 2o
& -8
o P® Distance fro ceatre w Distance from ceatre
Fig. 9: Turbulence for the standard double cam. Fig. 12: Turbulence for the standard single cam.
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50720

Fig. 13: Horizontal velocity for early inlet valve closing.

EIVC. 2 fnlecvalves

Vertieal velochty (ms)

500
cAap

Fig. 14: Vertical velocity for early inlet valve closing.

EIVC 2let valves

&

Tusbutence (mis)

£
‘Distnce from centre

Fig. I5: Turbulence for early inlet valve closing.

. Horranal elocly ()

Fig. 16: Horizontal velocity for late inlet valve closing,
139 mm lf (valve deactivation).

LIVC o0e inketvalve:

Vertieat veloclty (i)

£

£
50 %0
o Distance from centre

ig. 17: Vertical velocity for late inlet valve closing, 159 mm.
!g? (valvc deactivation).

LIVC one istet valve

Fig. 18: Turbulence for late inlet valve closing, 159 mm lift
e deactivation).



LIVC 2iatet valves. LIVC with asymetic inet valves.

s .

PR Distance from centre
Fig. 19: Horizontal velocity for late inlet valve closing, Fig. 22: Horizontal velocity for asymmetric late inlet valve
229 mum life. closing, 843 mm lifi

LIVC 2 nlet valves LIV with asymetricinlt valves.

Verteat velocity (n/s)
Vertcal velocity Gnis)

2
5040
. ‘Distanos from ceatre

Fig. 20: Vertical velociy for late inlet valve closing, Fig. 23: Vertical velocity for asymmetric late inlet valve
239 mum lift. closing, 8.43 mm lii.

LVC 2iet valves LIVC with ssymetic et valves.

Tusbutence (i)

™
wp P® ‘Distance from ceoire. o 0 ® Distse from ceatre
Fig. 21 Turbulence for late inlet valve closing. 259 mm lif. Fig. 24: Turbulence for asymmetric late inlet valve closing,
843 mm lift.



LIVC 3.6 mm lft asymerti nls valves

£
El
H P
a P® Disance from centre

Fig. 25: Horizontal velocity for asymmetric late inlet valve
closing, 3.6 rum lfi.

LIVC3.6 men liftasymetri inlet valves

g, Vs vty o)

50740

cap Distance from centre

Fig. 26: Vertical velocity for asymmetric late inlet valve
closing, 3.6 mm lif:.

LIVC 3.6 mm it asymessic nlt valves:

Turbulence ()
& - &b

&

5040

cap Distasce from ceaire

Fig. 27: Turbulence for asymmetric late inlet valve closing,
lifi.

3.

LIVC 643 mm Hft asymenric nlet vlves

Horlzontal veloclty (ms)

Fig. 28: Horizontal velocity for asymmetric late inlet valve
closing, 6 and 3 mm It

'LIVC 643 mm it asymetric it vatves

Vertial veloclly (ms)

.

Fig. 29: Vertical velocity for asymmetric late inlet valve
closing, 6 and 3 mm li,

(o

Tusbulence

Fig. 30: Turbulence for asymmetric late inlet valve closing, 6
and 3 mm lift.
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Fig. 32: Turbulence in the vicinity of the spark plug for
different valve strategies
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Fig. 33: Standard deviation of turbulence in the vicinity of the
spark plug for different valve strasegies.
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Fig. 34: Standard deviation :jmrbulnu:z in the vicinity of the
spark plug for different valve strateg

Horizontal mean velocity (mis)

.

30

Fig. 35: Horizonial mean velocity in the vicinity of the spark
plag for different valve strategies.

Horizonta! mean velocity (ms)

80w @0 20 0 20 i
D

Fig. 36: Horizontal mean velocity in the vicinity of the spark
plug for different valve strategies.
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Fig. 37: Vertical mean velocity in the vicinity of the spark plug
Jor different valve strategies.
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Fig. 40: Standard deviati
the spark plug for different valve sirategies.
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Fig. 41: Anisotropy of urbulence in he viciniy of the spark

plug for diff
P

_%

o

ropy ()

. <
09
e N T 0 <0 20 0 2 4
& )
ng 35 Stadard devation of mean elocy i the iy of Fig. 42: Anisotropy of turbulence in the vicnity ofthe spark
rk plug for different valve strazegies. plug for different valve srategies.



PRESSURE MEASUREMENT RESULTS

The pressure versus craok angle data was run through a one-
zone heat release model. This information on
combustion rate and indicated mean effective pressure for the
different sirategies. Hereby the indicated efficiency can be
calculated. The flame development period (0-10% heat

combustion (50-90% heat release). Some valve strategies were
not ran with gasoline.

GAS EXCHANGE - The gas exchange can be seen in p-V-
diagrams in Figures 43-50. The pumping losses are reduced
with EIVC, LIVC and with lean burn,

EFFICIENCY - The net indicated efficiency with natural gas
can be seen in Fig. 51. The first two bars show the standard
donhlemnmall=l.Dandntl=L5md|kunbeseemhu
the efficiency increases with lean bumn. The next two bars
show the standard single cam run at % = 1.0 and at A= L5 and
the efficiency increases with lean burn. The following
five bars show the efficiency for the unthrotled cases and they
all have higher efficiency than the throtiled standard double
camand A= 1.0, LIVC with 2:9 mm ift is slightly higher than
the others. The highest efficieacy was achieved with the
standard double cam and A= 1.5.
The gross indicated efficiency with natural gas can be seen in
Fig. 52. Again it can be seen that lean bun increases the
efficiency (the first four bars). The following five bars has oaly

bave lower efficiency then the standard double cam run at

Figure 53 shows the net indiated cffciency with gasoliae. The
first four bars show that the eficiency increases with lean
‘bumn, though not very much for the standard single cam. The
following four bars show the efficiency for the unthrottled
valve strategies. They all have a higher efficiency than the
standard double cam running at A= 1.0. Again, LIVC with 2x90
mm lift was the best of the unthrottled strategies. Figure 54
shiows the gross indicated efficiency with gasoline. The first
four bars show the throttled cases. It can be seen that lean bumn
increases the efficiency. The two last bars have lower gross
efficiency than the standard double cam runsing at 4. = 1.0,
FLAME DEVELOPMENT PERIOD - The flame develop-
‘ment period is the time it takes for the flame to burn 105 of
the total amount of fucl,

‘The f 10% burned) is

Gasoline - The flame development period for gasoline can be
scem n Fg 56 Tox sandard single cam and the aiymmeic
valve strategy with 3.6 mm Lft had a shorter
dovelopneat paiod than th siedard doctle cam, Al
had longer flame development period and the
lwngm flame development period was given with LIVC, 259
mm lift

COMBUSTION DURATION - The time it takes the engine to
burn 10-90% of the total air/fuel mixture is called the main
combustion.

Natural gas - The combustion duration (10-90% burnt) can be
seen in Fig, 57. The fastest combustion is given with an
ic valve strategy and 3.6 mm lift. Standard single
‘cam, late iulet valve closing and deactivation and
valve strategy with 6+3 mm lift had all slightly slower
‘combustion, but they were all faster than the standard double
cam. Early inlet valve closing was also slightly faster than the
standard double cam, but all the other sirategies gave a slower
combustion. The slowest combustion was given with an
asymmetric valve strategy and §.43 mm lift. This was probably
duc to unfavorable horizontal mean velocity, increasing wal
cooling of the

Gasoline - The combustion duration for gasoline can be seen
in Fig. 58. The standard single cam, A = 1.0, early inlt valve
closing and asymmetric valve strategy with 3.6 mm lift was
faster than the standard double cam, A= 1.0. All the other
strategies were slower and the slowest combustion was given
‘with the standard double cam with lean burn (A= 1.5).

LATE COMBUSTION - The time it tzkes the engine to burn
5090% of the total ainfuel mixture is called the late
combustion. This is added to see if the combustion rate is
constant.

- The late combustion shows the same trend as the
combustion duration. However, LIVC with 2x9 mm lft is
relatively faster in the late combustion.

Gasoline - Late inlet valve closing with 2x9 mm life is
relatively faster in the late combustion.

COV IMEP - ’Hwooeﬁmcmafvmmc:(cov)ofmu
‘used as a measure of the combustion stabilit

- It can be seen in Fig. 56 that the combustion is
ey (high COV IMEP) when the engine is operating
Early ot vave closing ud LIVC with i Lt (219

d high COV IMEP.

Natural gas-

shown in Fig. 55. The shortest flame development period is
given with an asymmetrical vaive strategy and 3.6 mm lift
Very short flame development period is also given with LIVC
and valve strategy, 6+3 mm lift and LIVC, 1x9
mm lift. Standard single cam also gives a shorter flame
development period than the standard double cam. Al the
other valve strategies are slower than the standard case and the
Tongest flame t‘kveloyrn:m period is given with late inlet valve
closing, 9 mm

Gasoline - In Fig. 57, the COV IMEP is plotted for gasoline,
and it can be seen that gasoline renders more stable
combustion (low COV IMEF). Low lift also gives stable.
combustion (EIVC and LIVC asym. 3.6 mm).

PMEP - In Figs. 58-59 the pumping mean effective
can be seen for the different valve strategies. Early inlet valve
closing and the throttled cases hve lage PMEP.
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Fig. 44: Gas exchange for the standard single cam, 3= 1. A M T
and A= 1.5. As can be seen the pumping losses are reduced
with lean burn (the enclosed area is smaller) are small compared 10 the reference.
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Gross indicated efficiency with natural gas
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Fig. 49: Gas exchange for late inlet valve closing with an

‘asymmerrical 3.6 mm It The pumping losses are greatly

reduced, compared 1o the reference.
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Fig. 50: Gas exchange for late inlet valve closing with an
asymmetrical 6 and 3 mm lft. The pumping losses are greatly
reduced compared to the uftrmre
Net indicated efficiency with namral gas
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Fig. 51: Net indicated efficiency for the different valve
strategies with natural gas.
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Fig. 52: Gross indicated efficiency for the different valve
Strategies with natural gas.
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. 53: Net indicated efficiency for the different valve
strategies with gasoline.

Gross indicated efficiency with gasoline
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Combustion duration (10-90% burned) with gasoline
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Latc combustion (50-90% barmed) with gasoline
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Fig. 58: Combustion duration (10-90% burned) for the

different valve strategies with gasoline.

Fig. 59: Late combustion (50-90% burned) for the different

valve strategies with natural gas.
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Flame development period (0-10% bumed) with gasoline.
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Fig. 55: Flame development period (0-10% burned for the

different valve strategies with natural gas

Fig. 56: Flame development period (0-10% burned) for the

different valve strategies with gasoline.

Fig. 60: Late combustion (50-90% burned) for the different

valve strategies with gasoline.
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Fig. 57: Combustion duration (10-90% burned) for the

different valve strategies with natural gas.



COV IMEPnet for natural gas [%) PMEP for natural gas
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Fig. 61: COV IMEP for the different valve strategies with Fig. 63: PMEP for the different valve strategies with natural
natural gas. gas.
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DISCUSSION

STANDARD VALVE CLOSING - With the standard cam-
shaft

heat transfer from the cylinder walls
Veporizaton. The major dravback is the geat pumping Joss
during part load.

Standard valve closing with throttling gives a tumbling flow
vith an increase in turbulence at TDC due to tumble
breakdown. The combustion is slow and this is why inlet valve
deactivation often is used at part load and at low speeds. This
inotcases the turbulence by creating swirl and the combustion
gets faster and more stable. However, the indicated efficiency
is lovier with ialet valve deactivation. This s bty duc (o
greater heat losses during the combustion and expansion

phase.
One way of increasing the efficiency is lean bura. Lean burn
reduces the pumping losses and it also increases the ratio of
specific heat during compression and expansion.. The
combustion gets more unstable with lean burs, but this can be
improved with the generation of higher turbulence, e.g. by
using valve deactivation.

EARLY INLET VALVE CLOSING - The open duration of
the vlve withcary et valve closing i ver o Tz
mllll!ncﬂsmvalv:hﬂ:nunvnlybeIQmmomm
acsseeees on th valves ar 1o large. The caly vlve
Closing s mesns relatucly lng e for th low 10 slow
down, reducing mean velocity and turbulence at the time of
|gmnm
ing mean effective pressure is high for EIVC. This is
paniyduuovalveﬂmmlm. created by the low lit, and partly
due to the PMEP definiti

‘This improves the vaporization of the
fuel droplets when the eagine is runaing on gasoline and this
‘makes the combustion more stable. This is indicated by the
low COV_IMEP which can be seen in Fig. 62.

One drawback of early inlet valve fiming, is that it gives some
‘pumping losses due 1o the low lft of the valves. This may be
improved by electro-hydraulic valve control, which enzbles
Faster valve lifts, at least for low speeds.

LATE INLET VALVE CLOSING - With late inlet valve
closing, the pumping losses are greatly reduced. This increases

charge

affect combustion stabilty, see Figs. 61-62.
Late inlet valve closing with an asymmetric 8.43 mm lift gave
higher trbulence than the standard double cam, but the
standard double cam had a shorter flame development period
and a faster combustion duration. This s probably due to the

vertical velocity for the LIVC case during the flame
development period. The high vertical velocity pushes the
flame up against the cylinder head with large flame cooling as
apossible result.

Late inlet valve closing, 2x9 mm lift has more turbulence than
EIVC but a longer flame development. This might be due to
vertical and horizontal velocity pushing the flame up against
the spark plug. This cooling effect might explain the very long
flame development. The late combustion, however, is almost
as fastas it is for EIVC, as can be seen in Figs. 59 and 60.

CONCLUSIONS
« Early inlet valve closing gave low horizontal and vertical

mean velocity in the cylinder. The turbulence intensity is
also reduced.

Early inlet valve closing gave stable combustion with
‘gasoline. This is probably due to additional charge heating
during induction and compression. It might also be the low
lift that creates a shearing air flow. This flow atomszes the
fuel droplets and gives better fuelair mixture.

» Late inlet valve closing with an asymmetric 3.6 mm lift
gave the most stable combustion for gasoline fueling. This
is probably due to I‘ngh turbulence and favorable mean
velocity, minimizing wall cooling.

 Lean burn increases the efficiency relatively much. This is
due to less throtling and higher gamma (i.. the ratio of
specific heat) during compression and expansion.

« Gross indicated 15 redtuced with strategi
high turbulence. This is probably due to the high
turbulence intensity, which increases heat losses.

+ Pumping mean effective pressure is greatly reduced for the
untirrotled cases, except for early inlet valve closing. This
is due to the PMEP definition. The pumping loss for EIVC,
compared to the thromled case, is, however, greatly
reduced.

o Pumping mean effective presswre is higher for the
strategies giving high turbulence.
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ABBREVIATIONS

before BDC

crank angle
coefficient of variance

exbaust gas recirculation

carly inlet valve closing

indicated mean effective pressure

lambda, airfuel ratio. A = 1.0 i stoichiomery.
late inlet valve closing

laser doppler velocimetry

‘maximum brake torque

pumping mean effective pressure

Santard double cam, reprcsets he xference cam
shaft.

= standard single cam, represeats the reference cam
shaft with valve deactivation.
= top dead center



