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57 ABSTRACT 

A vertical vortex, namely, a reverse tumble flow is formed 
inside a cylinder of an internal combustion engine to form an 
intake air flow for Smooth intake and exhaust in the internal 
combustion engine and also to promote atomization of fuel 
and mixing of air and fuel in a combustion chamber. To form 
this reverse tumble flow, a downstream portion of an intake 
passage is formed extending toward a central axis of the 
cylinder. To promote the formation of the Swirl and further 
to form the combustion chamber as an efficient compact 
combustion chamber, a recessed portion is formed in a top 
wall of a piston. The top wall of the piston is provided with 
a raised portion at a location adjacent to the recessed portion, 
whereby, in the vicinity of top dead center of the piston, a 
Squish is produced in a direction flowing toward a side of a 
Spark plug in the efficient combustion chamber. Under 
cooperation with the reverse tumble flow, the Squish Serves 
to have a rich air-fuel mixture centered around the Spark 
plug upon lean burn. 

25 Claims, 17 Drawing Sheets 
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INTERNAL COMBUSTION ENGINE 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

1) Field of the Invention 
This invention relates to an internal combustion engine of 

the type that an intake air flow inducted through an intake 
port into a cylinder is formed into a Swirl and an air-fuel 
mixture So Swirling is then caused to burn. 

2) Description of the Related Art 
In general, a main body of a reciprocal internal combus 

tion engine is primarily constructed of a cylinder head, a 
cylinder block and a crankcase. Received inside these ele 
ments are at least one cylinder with a piston fitted therein, an 
intake passage and exhaust passage communicable via an 
intake valve and an exhaust valve to a combustion chamber 
formed in an upper part of the cylinder, a valve System for 
driving the intake Valve and the exhaust valve, a connecting 
rod for converting a reciprocal motion of the piston into a 
rotational motion and transmitting the latter to a crankshaft, 
etc. 

In Such an internal combustion engine, intake air inducted 
in a cylinder during an intake Stroke is fed with fuel in an 
amount corresponding to the amount of the inducted air So 
that combustion energy is produced. This energy is received 
by a piston and, after converted to rotational energy, is 
outputted. 

Depending on the manner of ignition for combustion, 
these internal combustion engines can be classified into 
diesel engines and the like, as compression-ignition internal 
combustion engines, and gasoline engines as Spark-ignition 
internal engines. Depending on the engine Strokes, on the 
other hand, they can also be classified into 2-cycle engines 
and 4-cycle engines. 

Irrespective of the type of an internal combustion engine, 
the internal combustion engine is required to show fast 
operation responsibility and, while retaining good combus 
tion Stability, to be improved in combustion efficiency So 
that it can provide a Sufficient output at low fuel consump 
tion. 

To improve the combustion efficiency of an internal 
combustion engine, it is effective to promote atomization of 
fuel and also mixing of the fuel and air in a combustion 
chamber. Proposals have hence been made as to the con 
figuration of a top wall of a piston or a lower wall of a 
cylinder head, Said top wall and lower wall forming a 
combustion chamber. It has also been proposed to design the 
manner of feeding of fuel in accordance with the configu 
ration of the combustion chamber. Further proposals have 
also been made regarding the position of a Spark plug. 

For example, Japanese Utility Model Application Laid 
Open (Kokai) No. HEI 3-52333 discloses an internal com 
bustion engine of the cylinder injection type having an 
intake valve and exhaust valve in a cylinder head. With a 
View to achieving good Scavenging effect even during 
low-load operation, good mixing of burnt gas and atomized 
fuel during high-load operation, and good combustion over 
a wide load range, the following construction is proposed 
there. 
An intake opening of the cylinder head is provided with 

a mask for closing the intake opening on a Side of the 
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2 
exhaust valve while the intake valve is opened. A top wall 
of a piston is provided with a raised portion on the Side of 
the exhaust valve and also with a recessed portion on a side 
of the intake valve. A flow of inducted air is accordingly 
guided in Such a way that the inducted air descends from the 
intake opening along an inner wall of the cylinder on the Side 
of the intake valve, flows to the side of the exhaust valve 
along the top wall of the piston and then ascends along the 
inner wall of the cylinder on the side of the exhaust valve, 
So that a so-called vertical vortex is formed. A fresh air flow 
is therefore ensured to have a sufficient flow velocity in an 
attempt to provide Sufficient Scavenging effect even during 
low-load operation. 

In addition, a Squish is produced at the raised portion on 
the top wall of the piston So that the mixing of burnt gas and 
a Spray of fuel is promoted to achieve good combustion even 
during high-load operation. 

Further, Japanese Patent Application Laid-Open (Kokai) 
No. He 4-58030 discloses a spark-ignition internal combus 
tion engine of the cylinder injection type. It is proposed to 
form a recessed portion on a Side of intake valves in a top 
wall of a piston and to ignite fuel, which has been injected 
into the recessed portion, by ignition means. Another pro 
posal is made there with respect to the timing of the above 
ignition. 

Japanese Patent Application Laid-Open (Kokai) No. HEI 
4-6535, on the other hand, discloses a Spark-ignition internal 
combustion engine of the cylinder injection type. It is 
proposed to form a top wall of a piston with a deep dish 
portion, which corresponds to the recessed portion described 
above, and a shallow dish portion located around the deep 
dish portion and further to form a bottom of the shallow dish 
portion into an upwardly convex Surface. Fuel, which has 
been injected toward the Shallow dish portion, is caused to 
widely spread in to a thin layer along the upwardly convex 
Surface. As a result, evaporation of the fuel is promoted, So 
that production of Smoke is reduced and a uniform air-fuel 
mixture is formed over a wide range to reduce knocking. 

If the area of the shallow dish portion is enlarged with a 
View toward improving combustion during high-load 
operation, in other words, the Velocity of evaporation of fuel, 
the injected fuel enters the shallow dish portion and spreads 
too much in the shallow dish portion during medium-load 
operation. This makes it difficult to allow a flame to propa 
gate from the deep shallow portion, leading to the problem 
that combustion is impaired and HC is produced. To over 
come this problem, the following construction is proposed in 
U.S. Pat. No. 5,109,816. 
An Outer edge portion is formed between the deep dish 

portion and the shallow dish portion located around the deep 
dish portion, with an edge portion interposed between the 
outer edge portion and the deep dish portion. During 
medium-load operation, fuel is injected in Such a way that 
the fuel So injected hits the edge portion between a fuel 
evaporating groove in the deep dish portion and the outer 
edge portion. After hitting the edge portion, the fuel is 
divided into two parts, one being on a side of the fuel 
evaporating groove and on a side of the Outer edge portion, 
as thin liquid layers. The evaporation of the fuel is therefore 
promoted, thereby preventing production of Smoke which 
may occur due to localized over-enrichment of fuel. The 
liquid layer formed inside the fuel-evaporating groove is 
caused to evaporate by a Swirl, whereby an air-fuel mixture 
to be ignited is formed near a Spark plug. Evaporation of the 
liquid layer at the outer edge portion is promoted because the 
liquid layer is thin. Further, the liquid layer at the outer edge 
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portion is prevented from over-flowing to the side of the 
shallow dish portion by a side wall of the outer edge portion. 
AS a result, an air-fuel mixture of an appropriate fuel 
concentration is formed inside the outer edge portion, 
thereby ensuring propagation of a flame from the deep dish 
portion to the outer edge portion and further to the shallow 
dish portion. 
To cause an air-fuel mixture to center around a Spark plug 

in a cylinder-injection, internal combustion engine making 
use of an air blast Valve, the following construction is 
proposed, for example, in U.S. Pat. No. 5,115,774. 
A groove is formed in a top wall of a piston. During a 

latter part of a compression Stroke, fuel is injected together 
with compressed air from the air blast valve toward the 
groove. The width of the groove as measured in a direction 
perpendicular to the direction of injection of the fuel is 
narrower than the longitudinal width of the groove and both 
Side walls defining the transverse width of the groove are 
located slightly outside a range of the fuel So injected. The 
injected fuel is therefore prevented from Spreading 
sidewards, whereby the air-fuel mixture is allowed to center 
around the Spark plug. 
To prevent injected fuel from directly hitting an inner wall 

of a cylinder and hence to avoid Seizure of a piston in a 
cylinder-injection internal combustion engine, the following 
construction is proposed, for example, in U.S. Pat. No. 
5,115,776. 
A groove is formed in a top wall of a piston and fuel is 

injected toward the groove. Described specifically, two fuel 
injection valves are provided, one directing exactly toward 
the groove when the position of the piston is high and the 
other directly precisely toward the groove when the position 
of the piston is low, whereby the fuel can be injected toward 
a center of the groove irrespective of the position of the 
piston. 
To form a combustible air-fuel mixture around a Spark 

plug with a Small injection amount of the fuel in a cylinder 
injection, internal combustion engine, the following con 
struction is proposed, for example, in U.S. Pat. No. 5,127, 
379. 

In a top wall of a piston, a groove is formed extending 
from a point below a Spark plug to another point below a fuel 
injection valve. In Spark-plug-Side parts of walls of the 
groove, arcuate Stepped portions are formed, respectively. 
The fuel, which has been injected toward the walls of the 
groove from the fuel injection valve, is therefore guided by 
the walls of the grooves so that the fuel is allowed to center 
around the Spark plug. At this time, the fuel Stuck on the 
walls of the groove is allowed to evaporate and center 
around the Spark plug while being Separated from the walls 
of the groove. 

In each of the conventional examples described above, a 
dimensional reduction of a combustion chamber has been 
achieved by forming a recessed portion only in a part of a top 
wall of a piston. Such a combustion chamber will hereinafter 
be called an “eccentric combustion chamber”. This compact 
combustion chamber is a means for improved combustion. 
In this Sense, each conventional example can be said to be 
a representative engines in which a certain improvement has 
been made in combustion. If a further improvement in 
combustion is desired, effective formation of a Swirl inside 
a combustion chamber is indispensable. Upon formation of 
Such a Swirl inside a combustion chamber, it is necessary to 
Suitably design not only the configuration of a top wall of a 
piston but also the configuration of an intake port through 
which intake air is fed to the combustion chamber (and, if 
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4 
necessary, the configuration of an intake passage commu 
nicating to an upstream end of the intake port). It is 
particularly preferred to employ Such a construction that the 
top wall of the piston and the intake port can cooperated with 
each other to enhance a Swirl. Regarding an eccentric 
combustion chamber capable of achieving a compact com 
bustion chamber, the top wall of its piston is, as disclosed in 
Japanese Utility Model Application Laid-Open (Kokai) No. 
HEI 3-52333, is formed in a configuration Suited for the 
formation of a vertical Swirl in a downward direction, that is, 
toward the top wall of the piston on an intake Side inside the 
combustion chamber. 

According to the Structure of the intake port disclosed in 
each of the conventional examples described above, it 
receives at the upstream Side thereof intake air from the 
intake-side Side wall of the cylinder head and is Suddenly 
bent downwardly in the cylinder head to introduce the intake 
air into the combustion chamber. Such an intake port Struc 
ture cannot provide the intake air flow, which has been 
introduced into the combustion chamber, with any Sufficient 
downward flow component, thereby making it difficult to 
sufficiently form the above-described vertical Swirl. 

Paying particular attention to an internal combustion 
engine of the cylinder injection type, an injector is mounted 
on a cylinder head in Such a way that the injector is oriented 
directly toward a combustion chamber. Taking into consid 
eration the requirement that a main body of the injector and 
the fuel fed through the injector should be kept apart from 
heat, it is desired to arrange the injector at a position as 
remote as possible from the Side of an exhaust port which 
becomes hot. With the construction that a passage extending 
from an intake port opens through a side wall of a cylinder 
head, however, it is often difficult to adopt the above 
described arrangement. 

In the case of an internal combustion engine of the Spark 
ignition type, it may be contemplated to achieve So-called 
lean burn and hence to improve the combustion efficiency by 
causing a rich air-fuel mixture to partly gather a Spark plug. 
In this case, it is necessary to arrange an injector So that fuel 
can be injected toward the Spark plug. With the construction 
that a passage extending from an intake port opens through 
a side wall of a cylinder head, however, it is often difficult 
to adopt the above-described arrangement. 

Multi-valve engines, led by 4-valve engines in which each 
cylinder is provided with two intake valves and two exhaust 
Valves, have become popular especially in recent years. In 
Such a multi-valve engine, the Spaces around its intake and 
exhaust passages become narrower So that a still more 
Stringent limitation is imposed on the Space for the arrange 
ment of the individual parts described above. This makes it 
more difficult to arrange the individual parts at optimal 
positions, respectively. 
To efficiently perform combustion with a small amount of 

fuel under lead burn conditions, it is more effective to form 
a compact combustion chamber and to make a rich air-fuel 
mixture gather in part near a Spark plug So that combustion 
is achieved. 
When a reduction in fuel consumption is achieved espe 

cially by lean burn, it is impossible to Substantially reduce 
NOX (nitrogen oxides) contained in exhaust gas despite the 
use of a lean air-fuel mixture. It is hence contemplated to add 
an exhaust gas recirculation System (hereinafter called the 
“EGR System') in which a part of exhaust gas is caused to 
flow into an intake pipe and is burned again to reduce the 
amount of NOX. In particular, a cylinder-injection, internal 
combustion engine is generally Suited for an EGR System So 
that the amount of NOx can be reduced by a large volume 
of EGR gas. 
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In a lean-burn, internal combustion engine, it is general 
that the intake pressure is high and the difference between 
the intake pressure and the exhaust pressure is Small. It is 
therefore difficult to feed sufficient EGR gas to each intake 
port, resulting in the problem that the EGR gas cannot be 
provided with any sufficient flow rate. 

Especially, a long EGR passage leads to a lower EGR gas 
temperature and also to Smaller EGR gas flow rate due to 
flow resistance. 

SUMMARY OF THE INVENTION 

An object of the present invention is to permit formation 
of a Sufficient, Vertical Swirl inside a cylinder of an internal 
combustion engine without failure So that Smooth intake and 
exhaust can be performed in the internal combustion engine 
and atomization of fuel and mixing of the fuel and air in a 
combustion chamber can be promoted. 

Another object of the present invention is to make it 
possible to arrange an injector, a Spark plug and the like in 
adequate positions at appropriate positions around an intake 
passage and exhaust passage of a cylinder block, for 
example, to arrange the injector in Such a way that fuel can 
be injected toward the Spark plug. 
A further object of the present invention is to sufficiently 

enlarge an intake passage and exhaust passage So that a 
Sufficient Volumetric efficiency can be achieved. 
A still further object of the present invention is to form a 

compact combustion chamber So that efficient and Stable 
combustion can be conducted as lean burn with a Smaller 
amount of fuel. 

A Still further object of the present invention is to assure 
a sufficient flow rate for EGR gas and to avoid a temperature 
drop in EGR gas in a lean burn engine So that the amount of 
NOX in exhaust gas can be Substantially reduced in a lean 
burn region. 
A still further object of the present invention is to make it 

possible to control the flow rate of EGR gas to be distributed 
to each cylinder independently from those of EGR gas to be 
distributed to the other cylinders. 

In one aspect of the present invention, there is thus 
provided an internal combustion engine having: 

a combustion chamber formed between a top wall of a 
piston fitted in a cylinder and a lower wall of a cylinder head, 

an intake port formed through the cylinder head on one 
Side of a reference plane in which a cylinder axis as a central 
axis of the cylinder is contained, Said intake port commu 
nicating through an intake opening with the combustion 
chamber, 

an exhaust port formed through the cylinder head on an 
opposite side of the reference plane, Said exhaust port 
communicating through an exhaust opening with the com 
bustion chamber, and 

open/close valves disposed in the intake port and the 
exhaust port, respectively, the improvement wherein: 

the intake port is formed extending from the intake 
opening toward an upstream Side of the intake port along the 
cylinder axis, and 

the piston is provided at the top wall thereof with a 
recessed portion and a raised portion, Said recessed portion 
being formed at a location off-set toward Said one side to 
guide an intake air flow, which has been inducted into the 
combustion chamber, as a Swirl about an axis extending in 
parallel with a line which in turn extends at a right angle 
relative to the cylinder axis, and Said raised portion being 
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6 
formed on the opposite Side to extend in continuation with 
an upwardly gently sloping edge portion of the recessed 
portion, whereby the raised portion approaches the lower 
wall of the cylinder head at top dead center of the piston. 

Preferably, fuel injection means is disposed on a side of 
the intake port through a Side wall of the cylinder head, 
whereby Said fuel injection means faces the combustion 
chamber. The intake port can be wider on a Side remote from 
the cylinder axis than on a Side close to the cylinder axis. An 
intake pipe communicating with an upstream end of the 
intake port is preferably formed extending from an upper 
wall of the cylinder head toward the opposite side So that an 
intake passage portion formed of the intake pipe and the 
intake port is Smoothly curved. Exhaust passage constituting 
means communicating with the exhaust port can be formed 
extending through the cylinder head toward the opposite 
Side, an exhaust gas recirculation passage is arranged to 
connect the intake pipe to Said exhaust passage constituting 
means, and an exhaust gas recirculation Valve is inserted in 
the exhaust gas recirculation passage. 
An upstream portion of the intake port in the cylinder 

head can be curved toward an upper portion of the exhaust 
port on the opposite Side, an exhaust gas recirculation 
passage is arranged in the cylinder head to connect the intake 
port to the exhaust port, and an exhaust gas recirculation 
Valve is inserted in the exhaust gas recirculation passage. 
The intake port is desirably wider on a side remote from the 
cylinder axis than on a side close to the cylinder axis. 
An intake pipe communicating with the intake port can be 

formed extending from an upper wall of the cylinder head 
toward the opposite Side So that an intake passage portion 
formed of the intake pipe and an upstream Side of the intake 
port is Smoothly curved. Preferably, exhaust passage con 
Stituting means communicating with the exhaust port is 
formed extending toward the opposite Side through the 
cylinder head, an exhaust gas recirculation passage is 
arranged to connect the intake pipe to Said exhaust passage 
constituting means, and an exhaust gas recirculation valve is 
inserted in the exhaust gas recirculation passage. 

Desirably, an intake pipe communicating with the intake 
port is formed extending from an upper wall of the cylinder 
head toward the opposite Side, exhaust passage constituting 
means communicating with the exhaust port is formed 
extending toward the opposite Side through the cylinder 
head, an exhaust gas recirculation passage is arranged to 
connect the intake pipe to Said exhaust passage constituting 
means, and an exhaust gas recirculation Valve is inserted in 
the exhaust gas recirculation passage. The internal combus 
tion engine can be a multi-cylinder internal combustion 
engine and each cylinder can be provided individually with 
the exhaust gas recirculation passage. 
The internal combustion engine may further comprises 

Spark ignition means on the lower wall of the cylinder head. 
The Spark ignition means being arranged centrally in an 
upper part of the combustion chamber So that Said Spark 
ignition means extends along the cylinder axis. Preferably, 
Said fuel injection means is arranged to inject fuel toward the 
recessed portion formed in the top wall of the piston. Said 
fuel injection means can be set to perform injection of fuel 
during a latter part of a compression Stroke while the engine 
is operated under a low load and the engine is Set to conduct 
combustion as lean burn. Desirably, Said fuel injection 
means is Set in Such a manner that fuel is injected during a 
latter part of a compression Stroke of the engine to conduct 
combustion as lean burn while the engine is operated under 
a low load but fuel is injected during an intake Stroke of the 
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engine to conduct combustion at a air-fuel ratio higher than 
that for the lean burn while the engine is operated under a 
high load. 

The intake port can be wider on a side remote from the 
cylinder axis than on a Side close to the cylinder axis and the 
engine is Set to conduct combustion as lean burn. Preferably, 
an intake pipe communicating with the intake port is formed 
extending from an upper wall of the cylinder head toward 
the opposite Side So that an intake passage portion formed of 
the intake pipe and an upstream side of the intake port is 
Smoothly curved. Desirably, exhaust passage constituting 
means communicating with the exhaust port is formed 
extending toward the opposite Side through the cylinder 
head, an exhaust gas recirculation passage is arranged to 
connect the intake pipe to Said exhaust passage constituting 
means, and an exhaust gas recirculation Valve is inserted in 
the exhaust gas recirculation passage. 

The engine can be set to conduct combustion as lean burn, 
and an intake pipe communicating with the intake port can 
be formed extending from an upper wall of the cylinder head 
toward the opposite Side So that an intake passage portion 
formed of the intake pipe and an upstream Side of the intake 
port is Smoothly curved. Preferably, exhaust passage con 
Stituting means communicating with the exhaust port is 
formed extending toward the opposite Side through the 
cylinder head, an exhaust gas recirculation passage is 
arranged to connect the intake pipe to Said exhaust passage 
constituting means, and an exhaust gas recirculation valve is 
inserted in the exhaust gas recirculation passage. 

Preferably, the engine is set to conduct combustion as lean 
burn, an intake pipe communicating with the intake port is 
formed extending from an upper wall of the cylinder head 
toward the opposite Side, exhaust passage constituting 
means communicating with the exhaust port is formed 
extending toward the opposite Side through the cylinder 
head, an exhaust gas recirculation passage is arranged to 
connect the intake pipe to Said exhaust passage constituting 
means, and an exhaust gas recirculation Valve is inserted in 
the exhaust gas recirculation passage. 

The present invention can achieve the above objects of the 
present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects, features and advantages of 
the present invention will become apparent from the fol 
lowing description and the appended claims, taken in con 
junction with the accompanying drawings, in which: 

FIG. 1 is a schematic view illustrating the overall internal 
construction of a cylinder-injection, internal combustion 
engine according to a first embodiment of the present 
invention; 

FIG. 2 is a Schematic top plan view of a cylinder head in 
the cylinder-injection, internal combustion engine according 
to the first embodiment of the present invention; 

FIG. 3 is a schematic side view of the cylinder in the 
cylinder-injection, internal combustion engine according to 
the first embodiment of the present invention, as viewed in 
the direction of arrow D in FIG. 2; 

FIGS. 4(a) through 4(d) illustrate open/close states of a 
control valve of an exhaust gas recirculation System in the 
cylinder-injection, internal combustion engine according to 
the first embodiment of the present invention, in which 
FIGS. 4(a) and 4(c) are views taken from a side of an EGR 
passage while FIGS. 4(b) and 4(d) are enlarged views of a 
part G in FIG. 3; 
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FIG. 5 is an overall view schematically illustrating the 

internal construction of the cylinder-injection, internal com 
bustion engine according to the first embodiment of the 
present invention; 

FIG. 6 is a Schematic view showing an intake port and an 
exhaust port in the cylinder-injection, internal combustion 
engine according to the first embodiment of the present 
invention and is an enlarged fragmentary view of an intake 
port in FIG. 5; 

FIG. 7 is a schematic view showing the intake port in the 
cylinder-injection, internal combustion engine according to 
the first embodiment of the present invention, as viewed in 
the direction of arrow A in FIG. 5; 

FIG. 8 is a schematic view showing flows of intake air in 
the cylinder-injection, internal combustion engine according 
to the first embodiment of the present invention, as viewed 
in the direction of arrow B in FIG. 5; 

FIG. 9 a schematic overall perspective view showing the 
internal construction of the cylinder-injection, internal com 
bustion engine according to the first embodiment of the 
present invention; 

FIG. 10 is a fragmentary cross-sectional view showing the 
cross-sectional configuration of the intake port in the 
cylinder-injection, internal combustion engine according to 
the first embodiment of the present invention, as viewed in 
the direction of arrows X-X of FIG. 5; 

FIG. 11 corresponds to FIG. 5 and is a schematic view 
showing operation of the cylinder-injection, internal com 
bustion engine according to the first embodiment of the 
present invention; 

FIG. 12 diagrammatically illustrates a drive cycle when 
the cylinder-injection, internal combustion engine according 
to the first embodiment of the present invention is applied as 
a 4-cycle engine; 

FIG. 13 diagrammatically shows a drive cycle when the 
cylinder-injection, internal combustion engine according to 
the first embodiment of the present invention is applied as a 
2-cycle engine, 

FIGS. 14(a) through 14(c) diagrammatically illustrate 
advantageous effects of the cylinder-injection, internal com 
bustion engine according to the first embodiment of the 
present invention; 

FIGS. 15(a) and 15(b) diagrammatically depict advanta 
geous effects of the cylinder-injection, internal combustion 
engine according to the first embodiment of the present 
invention; 

FIG. 16 diagrammatically shows advantageous effects of 
the cylinder-injection, internal combustion engine according 
to the first embodiment of the present invention; 

FIG. 17 is a schematic view showing a conventional 
structure for the formation of a tumble flow, which will be 
referred to for comparison upon description of effects of a 
tumble flow in the cylinder-injection, internal combustion 
engine according to the first embodiment of the present 
invention; 

FIGS. 18(a) and 18(b) are schematic views showing 
conventional structures for the formation of a tumble flow, 
which will be referred to for comparison upon description of 
effects of a tumble flow in the cylinder-injection, internal 
combustion engine according to the first embodiment of the 
present invention; 

FIG. 19 corresponds to FIG. 1 and is a schematic view 
illustrating the overall internal construction of a cylinder 
injection, internal combustion engine according to a Second 
embodiment of the present invention; 
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FIG. 20 corresponds to FIG. 2 and is a schematic top plan 
View of a cylinder head in the cylinder-injection, internal 
combustion engine according to the Second embodiment of 
the present invention; 

FIG. 21 corresponds to FIG. 3 and is a schematic side 
View of the cylinder in the cylinder-injection, internal com 
bustion engine according to the Second embodiment of the 
present invention; 

FIG. 22 is a Schematic croSS-Sectional view showing a 
modification of the intake passage in the cylinder-injection, 
internal combustion engine; 

FIG. 23 is a Schematic plan view showing a modification 
of the construction of the intake and exhaust ports in the 
cylinder-injection internal combustion engine according to 
the first embodiment of the present invention; and 

FIG. 24 is a Schematic plan view showing another modi 
fication of the construction of the intake and exhaust ports in 
the cylinder-injection, internal combustion engine according 
to the first embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION AND PREFERRED 

EMBODIMENTS 

A description will first be made of the first embodiment of 
the present invention. 

Needless to Say, the internal combustion according to the 
present embodiment is of the reciprocal type and as shown 
in FIGS. 1 and 5, is a cylinder-injection, internal combustion 
engine in which fuel is injected directly into a cylinder 3A 
from an injector 18. 
A main body of this cylinder-injection, internal combus 

tion engine (hereinafter called the “internal combustion 
engine” or the “engine” for the sake of brevity) is primarily 
formed of a cylinder head I, a cylinder block 3 and an 
unillustrated crankcase. Inside the cylinder head 1 and the 
cylinder block 3, the cylinder 3A is formed. A piston 2 is 
fitted in the cylinder 3A. A reciprocal motion of the piston 
is converted to a rotational motion and is transmitted to an 
unillustrated crankshaft via a connecting rod (not shown). 

In the cylinder 3A, a combustion chamber 7 is formed 
between a top wall of the piston 2 and a lower wall of the 
cylinder head 1. Further, the cylinder head 1 is provided with 
an intake port 4 and an exhaust port 5 So that the intake port 
4 and the exhaust port 5 are communicated with the cylinder 
3A. The intake port 4 forms an intake passage while the 
exhaust port 5 forms an exhaust passage. The intake port 4 
and exhaust port 5 are arranged with an imaginary plane 40 
interposed therebetween, Said imaginary plane 40 containing 
a cylinder axis 42 as a central axis of the cylinder 3A 
(hereinafter called the “reference plane”). Accordingly, the 
intake port 4 is disposed on one side of the reference plane 
40 while the exhaust port 5 is arranged on the opposite side 
of the reference plane. 

Inside openings 4A,5A of these intake and exhaust ports 
4.5 to the combustion chamber, open/close valves, namely, 
an intake valve 13 and an exhaust valve 14 are arranged as 
illustrated in FIG.1. The openings 4A,5A to the combustion 
chamber are opened or closed by the intake and exhaust 
Valves 13,14, respectively. Incidentally, the internal com 
bustion engine is a 4-cylinder internal combustion engine 
and is constructed as a 4-valve internal combustion engine 
in which the cylinder head 1 is provided with two intake 
Valves and two exhaust valves per cylinder. 

Numerals 51.52 in FIG. 6 indicate axes of valve stems of 
the intake and exhaust valves 13,14. 
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To an upstream Side of the intake port 4, an intake 

manifold 8 as an intake pipe is communicated and connected 
to form an intake passage. Likewise, an exhaust manifold 9 
as an exhaust passage constituting means is communicated 
and connected to a downstream Side of the exhaust port 5 to 
form an exhaust passage. 

In the illustrated embodiment, the upstream side of the 
intake port 4 is open through an upper part of the cylinder 
head 1 and the intake manifold 8 is connected to this opening 
in the upper part of the cylinder head 1. An intake passage 
portion formed of the intake port 4 and the intake manifold 
8 is formed so that it curves smoothly. 
As is illustrated in FIG. 1, a Surge tank 21 and throttle 

Valve 22 are arranged on the upstream Side of the intake 
manifold 8. Air is inducted with its flow rate being con 
trolled in accordance with the opening of the throttle valve 
22. The air is fed to the intake manifold 8 of each cylinder 
via the Surge tank 21. Incidentally, a plenum chamber with 
a built-in inter cooler can be disposed instead of the Surge 
tank 21. 

The exhaust manifolds 9 arranged for the respective 
cylinders, on the other hand, merge on downstream sides 
thereof as depicted in FIG. 3 So that exhaust gas discharged 
from the respective combustion chambers is guided to an 
unillustrated muffler or the like. 

AS has been described above, each cylinder is provided 
with the two intake ports 4 on the side of the reference plane 
40. The two exhaust ports 5 are arranged on the opposite side 
of the reference plane 40. The two intake ports 4 are formed, 
as illustrated in FIGS. 1, 5, 6, 7 and 9, to extend at least at 
downstream Sides thereof toward the opening 4A to the 
combustion chamber along the cylinder axis 42. 

Incidentally, the cylinder head 1 is provided with an 
injector mount portion 1a and a Spark plug mount portion 1b. 
The injector 18 as fuel injection means and a Spark plug 20 
as Spark ignition means are disposed at the injector mount 
portion la and the Spark plug mount portion 1b So that an 
injection nozzle 18A and an igniting portion 20A are 
exposed to the combustion chamber 7. 

Namely, the Spark plug mount portion 1b is provided, as 
shown in FIGS. 1, 5, 7 and 9, centrally on the lower wall of 
the cylinder head 1, that is, at a central top of the combustion 
chamber 7, in other words, on the cylinder axis 42 or at a 
location near the cylinder axis 42. The Spark plug 20 is 
arranged with a downward orientation at the Spark plug 
mount portion 1b. The injector mount portion 1a, on the 
other hand, is located on the lower wall of the cylinder head 
1 at a location outside the intake port 4. The injector 18 is 
disposed at the injector mount portion 1a with the injection 
nozzle 18A facing the combustion chamber 7, so that fuel is 
injected directly into the combustion chamber 7. In the 
illustrated embodiment, especially, the injector 18 is 
arranged in Such a way that the fuel So injected can reach the 
vicinity of the igniting portion 20A of the Spark plug 20. 
A high-pressure pump 19 is connected to the injector 18 

via an accumulator 25. The injector 18 is controlled, for 
example, by an unillustrated controller, whereby fuel is 
injected in a predetermined amount at a predetermined 
timing. 

It is because of the provision of the two intake ports 4 on 
the cylinder head 1 in a direction extending along the 
cylinder axis 42 as described above that the injector mount 
portion 1a can be disposed outside the intake port 4. Such a 
construction of each intake port 4 permits a freer layout 
compared with a conventional bent intake passage So that a 
Space Sufficient to mount the injector 18 is obtained around 
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the opening 4A, especially on an outer Side of the intake port 
4, Said outer Side being remote from the exhaust port 5. 

In the top wall of the piston 2 fitted in the cylinder 3A, a 
recessed portion (concave portion) 2A is formed as shown in 
FIGS. 5 and 9. This recessed portion 2A is located at a 
position eccentric toward the intake port 4 from the refer 
ence 40, is arranged at a part of a top portion of the piston 
2 right below the intake port 4, and is formed substantially 
in a downwardly convex, Spherical shape. 
On the top wall of the piston 2 at a location right below 

the exhaust port 5, a raised portion 2B is formed adjacent to 
the recessed portion 2A. This raised portion 2B is formed so 
that it continues at a top portion (ridge-line) 2D with a gently 
sloping, curved edge portion 2C of the recessed portion 2A. 
The top portion 2D is located on the cylinder head 1 at a 
location Somewhat eccentric toward the exhaust port 5 from 
the Spark plug 20, in other words, on the opposite Side of the 
reference plane 40. 
When the piston 2 has ascended close to top dead center, 

for example, is located at the final position during a com 
pression Stroke, a compact combustion chamber 7A is 
formed while being Surrounded by the recessed portion 2A 
of the piston 2, the inner wall IA of the cylinder and the 
cylinder head 1. 
As is also illustrated in FIG. 11, when the piston 2 has 

ascended close to top dead center, for example, is located at 
the final position during a compression Stroke, the raised 
portion 2B on the top wall of the piston 2 is located close to 
the top wall of the combustion chamber 7, said top wall 
being on the Side of the exhaust port 5, So that a Squish area 
2E is formed therebetween. 

By the downstream portion of the intake port 4, Said 
downstream portion extending along the cylinder axis 42, 
and the recessed portion 2A below the intake port 4, an 
intake air flow inducted through the intake port 4 flows 
downwardly toward the piston 2 and then upwardly along 
the recessed portion 2A of the piston 2 as shown in FIGS. 5, 
9 and 11, so that formation of a vertical vortex (hereinafter 
called the “reverse tumble flow”) TF is promoted. 

The flow directing toward the spark plug 20 at this time 
includes, in addition to the reverse tumble flow TF, the 
Squish SF formed in the Squish area 2E as the piston 2 
ascends as shown in FIG. 11. The squish SF is guided by the 
raised portion 2B and the top wall of the combustion 
chamber 7, so that the squish SF is a flow directing toward 
the top center of the combustion chamber 7. The squish SF 
and the reverse tumble flow TF collide against each other so 
that the air-fuel mixture is agitated and disturbance of the 
air-fuel mixture is enhanced. 
When fuel is injected at a latter Stage of a compression 

Stroke, the fuel is Surely received in the compact combustion 
chamber 7A and is prevented from Spreading to peripheral 
areas of the piston 2. It is therefore possible to reduce 
penetration of the fuel into a space between an outer 
peripheral wall of the piston 2 and an inner peripheral wall 
of the cylinder 3A. As a consequence, the compact com 
bustion chamber 7A can also contribute to a reduction in the 
concentration of HC in exhaust gas. 
AS to the croSS-Sectional configuration of each intake port 

4 in the first embodiment, a halfportion 4B of the intake port 
4, said half portion 4B being on a side of the reverse tumble 
flow TF (namely, an outer half portion of the intake port 4 
through which Outer half portion a main flow component 
forming the reverse tumble flow TF flows) is wider than the 
other half portion 4C (namely, an inner half portion of the 
intake port 4 through which inner half portion a flow 
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component Suppressing the reverse tumble flow TF flows) as 
shown in FIGS. 5, 6 and 10. A central axis Fl of the intake 
air flow through the intake port 4 is therefore offset toward 
the reverse tumble flow TF, in other words, toward the outer 
half portion 4B of the intake port 4. 

In this embodiment, especially, each intake port 4 is 
formed to have an approximately triangular cross-section as 
illustrated in FIG. 10. On an upstream side of the portion of 
the intake port 4, Said portion having the approximately 
triangular croSS-Section, the intake port 4 is formed So that 
the cross-sectional configuration gradually becomes a tri 
angle from an upstream portion of the intake port 4 or from 
a portion of the intake manifold more upstream of the intake 
port 4. In the vicinity of the opening 4A of the intake port 
4, the intake port 4 ha Such a triangular cross-section as 
shown in FIG. 8 so that its cross-section is widened on the 
opposite Side of the reference plane 40, namely, on a side 
closer to the cylinder inner wall 1A of the combustion 
chamber 7. 

AS a result, the intake air flow in the intake port 4 becomes 
Stronger on the side closer to the inner cylinder wall 1A (i.e., 
on the Side of the main flow component forming the reverse 
tumble flow TF) than on the other halfportion. As indicated 
at numerals 30 in FIG. 8, especially, intake air flows are 
enhanced at parts effective for the formation of the reverse 
tumble flow TF. 
On the other hand, the intake air flow becomes weak in the 

other half portion 4C so that intake air flows at parts 
inhibiting the formation of the reverse tumble flow TF and 
indicated by numerals 32 become significantly weaker com 
pared with the above-described flows at the parts 30. 
AS a result, the intake air flow inducted from the intake 

port 4 into the combustion chamber 7 descends inside the 
cylinder 3A toward the piston while being bent from the half 
portion 4B on the side of the reverse tumble flow TF to the 
other half portion 4C and is then deflected upwards by the 
above-described recessed portion 2A of the piston 2, 
whereby the reverse tumble flow is formed. 

Control of the fuel injection of the internal combustion 
engine is conducted in a manner as described next. 
ASSume, for example, that Such an internal combustion 

engine is a 4-cycle engine. AS is illustrated in FIG. 13, the 
intake valve 13 is opened in advance of 0° of TDC (an 
abbreviation of top dead center) to enter an intake stroke and 
the exhaust valve 14 is closed after 0 of TDC to complete 
the preceding exhaust Stroke. The piston 2 then descends to 
180 in terms of crank angle. During this, the reverse tumble 
flow TF is formed as shown in FIGS. 5 and 11 and fuel is 
injected from the injector 18 into this reverse tumble flow 
TF. 
The injection timing of the injector 18 is controlled such 

that, as is illustrated in FIG. 12, the injector 18 is driven to 
inject at a predetermined injecting time PH in an early Stage 
of intake upon high-Speed rotation but the injector 18 is 
driven to inject at a predetermined injection time PL in a 
latter Stage of compression upon low-speed rotation. 
By initiating in an early Stage the mixing of the fuel with 

the air forming the reverse tumble flow TF upon high-speed 
operation, it is possible to promote the homogenization of 
fuel and hence to achieve quick combustion. Upon low 
Speed operation, on the other hand, the injection of fuel is 
retarded pending the formation of the compact combustion 
chamber 7A. Fuel is then injected into the compact com 
bustion chamber 7A so that ignitability can be fully assured 
while also being disturbed by the squish SF. 

Then, a little ahead of 360° of TDC, the squish SF shown 
in FIG. 11 also acts so that a further disturbance is produced 



Re. 36,500 
13 

to the air-fuel mixture flowing from the compact combustion 
chamber 7A toward the spark plug 20 to further improve the 
combustibility. When a prescribed ignition time is reached 
immediately after that, the Spark plug 20 is energized to 
effect ignition as indicated by a triangle mark (A) in FIG. 
12). 
By the ignition, the internal cylinder preSSure of the 

combustion chamber 7 increases to push down the piston 2 
So that output power is produced. This combustion Stroke is 
conducted close to 540 in terms of crank angle. Near the 
crank angle of 480, the exhaust valve 14 is opened and an 
exhaust stroke is continued until the crank angle of 720 is 
passed. The intake valve 13 is then opened to conduct the 
next intake Stroke, whereby the four cycles have been 
completed. 

Formation of the compact combustion chamber 7A in a 
Spherical configuration makes it possible to reduce the heat 
loSS and also to achieve Stabilization during low-load opera 
tion. Since the mount portion of the injector 18 is located 
outside the paired intake ports 4A, it is relatively easy to 
improve the maintenance of the main body of the injector 18 
and fuel under cooler conditions. This makes it easier to 
assure the durability of the injector 18 and to eliminate 
heat-related troubles to the injector 18. 

Next assume, for example, that Such an internal combus 
tion engine is a 2-cycle engine. AS is shown in FIG. 13, a 
preceding combustion stroke is conducted from 0 of TDC. 
After 90 in terms of crank angle, the exhaust valve 14 is 
opened to enter an exhaust Stroke. After reaching near the 
crank angle of 120, the intake valve 13 is opened to also 
enter an intake (Scavenging) stroke. 

After BDC (an abbreviation of “bottom dead center”), the 
exhaust valve 14 is closed shortly before the crank angle of 
230 to enter a compression stroke. The injector 18 is driven 
for the predetermined injection time PH when the engine is 
operated at a high Speed under a high load but for the 
predetermined injection time PL when the engine is operated 
at a low speed under a low load, whereby fuel is injected. 
After then, the intake valve 13 is also closed to complete the 
intake and exhaust and a compression Stroke alone is per 
formed. 
When a predetermined ignition point before TDC is 

reached, the Spark plug 20 is energized to perform ignition 
as indicated by a triangle mark (A) in FIG. 13). By this 
ignition, the internal cylinder pressure of the combustion 
chamber 7 increases So that the piston 2 is pushed down to 
produce output power. 

Here, the injector 18 is controlled to perform fuel injec 
tion for the predetermined injection time PH when the 
engine is operated at a high Speed under a high load but for 
the predetermined injection time PL when the engine is 
operated at a low Speed under a low load. 

By initiating mixing of fuel with air, which makes up the 
reverse tumble flow TF, in an earlier Stage when an engine 
is operated at a high Speed, it is therefore possible to achieve 
quick combustion. At a low speed, on the other hand, the 
injection of fuel is retarded pending the formation of the 
compact combustion chamber 7A and the fuel is then 
injected into the compact combustion chamber 7A. This 
makes it possible to form a relatively rich air-fuel mixture in 
the vicinity of the Spark plug 20 and, also assisted by the 
disturbing action of the Squish SF, Sure ignitability can be 
fully ensured. 

In the internal combustion engine according to this 
embodiment, the intake manifold 8 is bent toward the 
exhaust valve 14 on the cylinder head 1 as depicted in FIG. 
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1. As a consequence, the intake manifold 8 and the exhaust 
manifold 9 are located close to each other at certain portions 
thereof. 

Between the intake manifold 8 and the exhaust manifold 
9 for each cylinder, the exhaust gas recirculation (EGR) 
system 6 is arranged. Owing to the EGR system 6, the 
amount of NOX in exhaust gas can be reduced. 

This EGR system 6 is composed of an EGR passage 10, 
an EGR control valve 11, an ECU (electronic control unit) 
15 and a stepper motor 16, all of which will be described 
hereinafter. 

The EGR passage 10 is a passage for recirculating a part 
(will hereinafter be called “EGR gas”) of exhaust gas 
discharged from an exhaust side (the exhaust manifold 9 in 
this embodiment) to an intake side (the intake manifold 8 in 
this embodiment). Outside the cylinder head 1, the EGR 
passage 10 is provided between the intake manifold 8 and 
the exhaust manifold 9 at their parts where they are located 
close to each other, so that the manifolds 8 and 9 are 
communicated with each other. In this embodiment, the 
cylinders are individually provided with the EGR passage 
10. 

The EGR passage 10 has a large passage diameter Suffi 
cient to feed a large amount of EGR gas to the intake Side. 
To permit feeding of EGR gas to the intake manifold 8 

without cooling the EGR gas, the EGR passage 10 is 
thermally insulated, for example, by covering it with a 
heat-insulating material or the like. 

Inside each EGR passage 10, the EGR control valve 11 is 
provided. Depending on the opening of the EGR control 
valve 11, the flow rate of EGR gas to be fed into the intake 
manifold 8 can be adjusted. 
The EGR control valve 11 is constructed of a valve main 

body 11A and the stepper motor 16 as a drive system for 
driving the valve main body 11A. In this embodiment, the 
valve main body 11A of the control valve 11 arranged in 
each EGR passage 10 is provided as an integral unit with a 
rotor 16A as shown, for example in FIGS. 4(a) through 4(d). 
The EGR control valve 11 is therefore constructed as a 
rotary valve. Incidentally, FIGS. 4(a) and 4(b) show a state 
in which the EGR passage 10 is closed by the valve main 
body 11A of the EGR control valve 11. FIGS. 4(c) and 4(d), 
on the other hand, illustrates a state in which the EGR 
passage 10 has been fully opened. Further, FIGS. 4(a) and 
4(c) are Schematic view as viewed from the side of an axis 
of the EGR passage 10, while FIGS. 4(b) and 4(d) are 
Schematic views as viewed from a side relative to the EGR 
passage 10 and the rotor 16A. FIG. 4(b) is a view taken in 
the direction of arrow E in FIG. 4(a), while FIG. 4(d) is a 
view taken in the direction of arrow E in FIG. 4(c). 
As is illustrated in FIG. 4, the rotor 16A is arranged at 

approximately a right angle relative to the EGR passage 10 
and extends through the EGR passage 10. Each valve main 
body 11A has been formed by removing a part of the rotor 
16A. Depending on the angle of rotation of the rotor 16A, 
the cross-sectional area of the EGR passage 10 can be 
changed. 
The stepper motor 16 as a drive system serves to drive the 

rotor 16A. By suitably rotating the stepper motor 16 into a 
desired phase, the opening of the EGR control valve 11 can 
be adjusted. 

The stepper motor 16 is operated to set the control valve 
at a desired opening in accordance with a signal which is 
transmitted from the ECU (electronic control unit) 15 on the 
basis of information on various Sensors (not shown). 
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The construction of this EGR control valve 11 is not 
necessarily limited to Such a rotary valve but can be, for 
example, a butterfly valve Such as that employed in the 
throttle valve 22. 

Since the internal combustion engine as the first embodi 
ment of the present invention is constructed as described 
above, it can bring about the following effects and advan 
tageS. 

The intake port 4 is provided Substantially upright in the 
direction of the cylinder 3A so that the intake port 4 extends 
along the cylinder axis 42. There is hence a Sufficient Space 
around the opening 4A, especially at a location which is 
remote from the exhaust port 5 and is outside the intake port 
4. The injector 18, the spark plug 20 and the like can 
therefore be mounted in optimal orientations at optimal 
positions. 

Since the intake and exhaust passages can be enlarged, a 
Sufficient Volumetric efficiency can be assured. 

Successively following the Strokes, the operation of the 
internal combustion engine will be described. During an 
intake Stroke of the engine, firstly, an intake air flow enters 
the combustion chamber 7 from each intake port 4 through 
the opening 4A. 

During this intake Stroke, a part of exhaust gas discharged 
in the preceding exhaust Stroke flows as EGR gas into the 
intake port 4 through the EGR passage 10 while being 
regulated in flow rate by the EGR valve 11. The EGR gas is 
then mixed with air and flows into the combustion chamber 
7. 

Because the intake port 4 is disposed Substantially upright 
in the direction of the cylinder 3A and hence extends along 
the cylinder axis 42, the intake air flow flowed into the 
combustion chamber 7 advances downwards, that is, toward 
the piston 2. 

Each intake port 4 has an approximately triangular croSS 
sectional configuration with the half portion 4B, which is on 
the side of the reverse tumble flow TF, being more widened 
than the other half portion 4C, so that the central axis Fl of 
the air flow inducted through the intake port 4 is offset 
toward the reverse tumble flow TF. In the intake port 4, the 
intake air flow component in the halfportion 4B on the side 
of the reverse tumble flow is greater in amount than an 
intake air flow component in the other half portion 4C. 

The intake air flow component which advances into the 
combustion chamber 7 from the halfportion 4B of the intake 
port 4 on the side of the reverse tumble flow is a flow 
component which forms a reverse tumble flow. On the other 
hand, the intake air flow component advancing into the 
combustion chamber 7 from the other halfportion 4C of the 
intake port 4 is a flow component which prevents the reverse 
tumble flow. Formation of a reverse tumble flow can there 
fore be facilitated. 

The intake air flow inducted downwardly from an upper 
part of the combustion chamber 7 to a lower part of the 
combustion chamber 7 hits the recessed portion 2A in the top 
wall of the piston 2. It has flow distribution that facilitates 
a reverse tumble flow as described above. Further, the 
curved Surface configuration of the recessed portion 2A 
promotes the reverse tumble flow so that the intake air flow 
Smoothly changes its direction toward an upper part of the 
combustion chamber 7 while being guided by the curved 
Surface configuration of the recessed portion 2A. 
As a result, the reverse tumble flow TF is formed. 
Smooth intake and exhaust are therefore feasible in vari 

ous internal combustion engines Such as 4-cycle gasoline 
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engines and diesel engines. When the internal combustion 
engine is a 2-cycle gasoline engine, this tumble flow TF 
Serves as a Scavenging flow So that Sufficient Scavenging 
effect can be obtained, thereby making it possible to improve 
the power output performance. 

Through the injection nozzle 18A of the injector 18, fuel 
is injected directly into the combustion chamber 7 at a 
timing corresponding to an operation State of the engine. At 
low-speed rotation of the engine, for example, the fuel is 
injected at the timing indicated by symbol PL in FIG. 12 or 
13. At high-speed rotation of the engine, for example, the 
fuel is injected at the timing indicate by symbol PH in FIG. 
13 or 14. 

The fuel so injected is mixed with the air which has 
formed or is forming the reverse tumble flow TF as 
described above, whereby an air-fuel mixture is formed. 
The resulting air-fuel mixture reaches the vicinity of the 

Spark plug 20 centrally disposed in the top portion of the 
combustion chamber 7 while the air-fuel mixture is agitated 
fully by the reverse tumble flow TF and atomization of the 
fuel and mixing of the fuel with the air are promoted. The 
ignitability of the air-fuel mixture is improved, thereby 
making it possible to obtain a stable burning State. 

During high-speed and high-load operation, the mixing of 
the fuel with the air in the form of the reverse tumble flow 
TF is initiated in an early Stage So that quick combustion can 
be achieved. During low-speed and low-load operation, on 
the other hand, the fuel injection is retarded pending the 
formation of the compact combustion chamber 7A. Fuel is 
then injected into the compact combustion chamber 7A. A 
relatively rich air-fuel mixture can therefore be formed in the 
vicinity of the Spark plug 20 and, further assisted by dis 
turbing action of the Squish SF, Sufficient ignitability is 
achieved. 

By enhancing the reverse tumble flow TF as described 
above, the cylinder-injection internal combustion engine 
permits lean burn operation in a stable State with an air-fuel 
mixture leaner than the Stoichiometric air/fuel ratio without 
impairing the ignitability. 

After compression and expansion (explosion) in the com 
bustion chamber 7, the resulting gas is exhausted through the 
exhaust port 5 and then through the exhaust manifold 9. 
At this time, a portion of the exhaust gas is introduced as 

EGR gas into the EGR passage 10. The opening of the EGR 
control valve 11 disposed in the EGR passage 10 is adjusted 
depending on the operation State of the engine, So that the 
EGR gas is allowed to flow into the intake port 4 of each 
cylinder as described above. 

Here, the EGR control valve 11 is driven by the stepper 
motor 16 in accordance with a command from the ECU 15, 
whereby the EGR passage 10 is suitably regulated from a 
fully opened state to fully closed state. The EGR gas, which 
has recirculated in an adequate amount to the intake port 4 
of each cylinder, is mixed with air and is allowed to flow into 
the combustion chamber 7. By recirculating a portion of 
exhaust gas to an intake Side, the amount of NOX in the 
exhaust gas can be reduced. 
The EGR passage 10 is covered by an heat insulating 

material or the like So that the temperature of EGR gas does 
not drop. EGR gas of a high temperature can therefore be fed 
to the intake port 4 so that the amount of NOx in exhaust gas 
can be reduced while Stabilizing the State of combustion in 
the engine. 
The EGR passage 10 is arranged between the intake 

manifold 8 and the exhaust manifold 9 at their portions 
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where they become closer to each other, whereby the overall 
length of the EGR passage 10 is short. Here again, the 
temperature of EGR gas is prevented from dropping So that 
the above-described advantage can be enhanced. 

The EGR passage 10 is provided independently for each 
cylinder. This has made it possible to feed EGR gas evenly 
to the individual cylinders to that the distribution of EGR gas 
among the cylinders can be improved. 

In a lean-burn internal combustion engine like this 
embodiment, the pressure of intake air is generally high and 
the difference in pressure between the intake port 4 and the 
exhaust port 5 is Small in general. There is accordingly the 
potential problem that EGR gas may not be fed sufficiently. 
In the present invention, however, the EGR passages 10 are 
provided independently and have a Sufficiently large diam 
eter as described above. Each EGR passage 10 can therefore 
feed a large amount of EGR gas to the corresponding intake 
port 4. 

It is therefore possible to Significantly reduce the amount 
of NOx in exhaust gas, which NOx tends to occur in a large 
amount during lean burn. 

Regarding an engine equipped with the EGR System 6, a 
region in which a reduction in the amount of NOx and lean 
burn can be both achieved is indicated by hatching in FIGS. 
14(a), 14(b) and 14(c). 
The respective graphs of FIGS. 14(a) to 14(c) illustrate 

the results when the engine according to the present inven 
tion was operated under the below-described conditions. 
Namely, they show the results when the engine was operated 
by holding the engine Speed constant, maintaining the Volu 
metric efficiency mv constant at 45%, 35% and 25%, 
respectively, at the Stoichiometric air/fuel ratio, and fixing 
the feed amounts of fuel constant at the Volumetric 
efficiencies, and then adjusting the air/fuel ratio by the 
throttle opening. 

In each of these graphs of FIGS. 14(a) through 14(c), 
air/fuel ratios (A/F) are plotted along the axis of abscissas 
while mixing ratioS of EGR gas to the intake air are plotted 
along the axis of ordinates. 

Line a in each graph indicates a limit to the introduction 
of EGR gas, and shows that EGR gas above line a cannot be 
introduced. 

Line b, on the other hand, indicates EGR gas required to 
reduce the amount of NOx by 90% or more. To purify 
exhaust gas, it is necessary to operate the engine while using 
EGR gas in an amount above line b. 

Line c indicates the amount of EGR gas required to reduce 
combustion variations within 10%. A combustion variation 
Serves to give an indication upon judging the combustion 
Stability of an engine. If this variation is too high, combus 
tion in the engine is not Stabilized, resulting in an uncom 
fortable State of operation accompanied by variations in 
torque. 

In other words, line c indicates that, for Stable 
combustion, the engine must be operated with EGR gas 
below line c. 

Lean burn of an engine can therefore be achieved when 
the engine is operated inside a region Surrounded by the 
three lines, i.e., line a, line b and line c (indicated by 
hatching in the drawing). 

By operating the engine under conditions in the regions 
hatched in the drawings, low fuel consumption and a Sub 
stantial reduction in the amount of NOx can be achieved by 
lean burn while injecting fuel directly into the combustion 
chamber 7. 
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Here, advantageous effects available from the intake port 

4 having a triangular cross-section as described above will 
be described in comparison with other port Structures. 
A description is now made of the construction of two 

types of port Structure to be compared. One of these port 
Structures is provided with a mask 38 at a port opening as 
shown, for example, in FIG. 17. This mask will next be 
described in brief. The mask 38 is provided at the opening 
4A of an intake port, and covers a part of the other half 
portion 4C through which Such an intake air flow as pre 
venting the formation of the reverse tumble flow TF enters. 
The mask 38 can therefore promote the formation of the 
tumble flow TF. The mask 38 can take various forms such 
as Type A, Type B and Type C. Here, lines c represent 
characteristics when the mask 38 is of type B in FIG. 17. 
The other port is provided with a shroud (hereinafter 

called “port shroud”). The port shroud 34 or 36 is, as shown 
in FIG. 18, a raised portion disposed at a particular location 
inside the intake port 4 So that it can inhibit Such an intake 
flow component as inhibiting the formation of a tumble flow. 
By the port Shroud, it is possible to weaken Such an intake 
flow component as inhibiting the reverse tumble flow TF. 

FIG. 15(a) is a graph showing a relationship between 
valve lifts of an intake valve and reverse tumble ratios, while 
FIG. 15(b) is a graph illustrating a relationship between 
valve lifts of an intake valve and flow-rate coefficients. In 
these two graphs, curves A Show characteristics relating to 
the intake port 4 having an approximately triangular croSS 
Sectional configuration, curve B characteristics pertaining to 
an intake port having a conventional circular cross-sectional 
configuration, and curve C characteristics relating to a 
conventional circular intake port equipped with a mask 
similar to the mask 38 shown in FIG. 17. 

As is indicated by curve B in FIGS. 15(a) and 15(b), a 
conventional circular port can provide an intake air flow 
with a flow-rate coefficient but cannot practically obtain a 
reverse tumble ratio, because a reverse tumble component 
flows into the combustion chamber 7 from a part of the 
intake port 4, Said part being on a Side of an inner wall IA 
of the cylinder, and a flow component as inhibiting the 
formation of a reverse tumble flows in the combustion 
chamber 7 through another side of the intake port 4, said 
another Side being on a side of a center of the cylinder. 
Further, as the cross-section of the port is circular, these two 
flow components become flows of Substantially the same 
strength so that the formation of the reverse tumble flow TF 
is inhibited. 

If an intake air flow from the part of the intake port 4, said 
part being on the Side of the central axis 42 of the cylinder, 
is blocked using the mask 38 as indicated by curve C, the 
reverse tumble ratio can be improved to Some extent com 
pared with a conventional circular port as shown in FIG. 
15(a) but no sufficient flow-rate coefficient can be obtained 
as illustrated in FIG. 15(b). 
By forming the croSS-Section of a port into an approxi 

mately triangular cross-section, both a flow-rate coefficient 
and a reverse tumble ratio can be obtained Sufficiently. 
Namely, curves Ain FIGS. 15(a) and 15(b) indicate that the 
reverse tumble ratio can be made larger while retaining a 
flow-rate coefficient comparable with that available from a 
conventional port having a conventional circular croSS 
Section. 

FIG. 16 is a graph illustrating a relationship between 
reverse tumble ratioS and average flow-rate coefficients. 
FIG. 16 also show similar relationships when a circular port 
is provided with the mask 38, the port shrouds 34.36 or the 
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like as in the conventional art. Reverse tumble ratioS and 
average flow-rate coefficients have heretofore been in a 
trade-off relationship. They are hence plotted on and along 
a particular Straight line as indicated by a broken line D. 
Accordingly, an attempt to obtain a large reverse tumble 
ratio leads to a reduced average flow-rate coefficient while 
an attempt to obtain a large average flow rate coefficient 
results in a decreased reverse tumble ratio. 

Incidentally, a star mark (fr) in the graph of FIG. 16 
corresponds to a port having a Substantially triangle croSS 
Section. This FIG. 16 also shows both a Sufficient flow rate 
coefficient and a Sufficient reverse tumble ratio can be 
obtained by forming the cross-section of each port into a 
Substantially triangular configuration. 
The ports equipped with the port shroud 34,36, 

respectively, can form a strong reverse tumble flow TF. 
However, their flow-rate coefficients are significantly 
reduced by the shrouds 34,36. For example, the marks “X” 
and "+” in FIG. 16 indicate flow-rate coefficients when the 
port shroud 34 of FIG. 18(a) and the port shroud 36 of FIG. 
18(b) are provided, respectively. As shown by these marks 
“X” and "+', a reduction in flow-rate coefficient cannot be 
avoided. 

As the types of the above-described mask38, three types, 
i.e., Mask A, Mask B and Mask C are contemplated as 
shown in a lower part of FIG. 17. Characteristics of the 
individual types are indicated by marks (O), A and D in 
FIG. 16. Of these, the characteristics of the mask B and the 
mask C lie on the Specific Straight line D showing the 
trade-off relationship. When the mask A is used, however, 
the reverse tumble ratio can be improved without substan 
tially lowering the flow-rate coefficient. 

Moreover, as indicated by Star marks (fr) in the graph of 
FIG. 16, the formation of a port cross-section into a sub 
Stantially triangular configuration makes it possible to obtain 
a Sufficient reverse tumble ratio while maintaining an aver 
age flow-rate coefficient Substantially equal to that available 
from a port having a circular cross-section. 

The second embodiment of the present invention will be 
described next. 

The second embodiment is different from the above 
described first embodiment only in the construction of the 
EGR System 6. The remaining Structure is constructed as in 
the first embodiment. A description will hence be made of 
those relating to the EGR system 6. 
As is shown in FIG. 19, an intake port 4 is disposed 

Substantially upright on an upper part of the combustion 
chamber 7 in the engine So that the intake port 4 extends 
along the cylinder axis 42. An intake manifold 8 is con 
nected to an upstream Side of the intake port 4. 

The upstream side of the intake port 4 is bent toward the 
exhaust port 5 and is disposed to extend through the cylinder 
head 1. Owing to this construction, the intake port 4 and the 
exhaust port 5 are disposed So that they become fully close 
to each other inside the cylinder head 1. 

Inside the cylinder head 1, an EGR passage 10 is provided 
one for each cylinder So that the intake port 4 and the exhaust 
port 5 are connected together. When exhaust gas is given off 
from the exhaust port 5, EGR gas is almost Simultaneously 
introduced into EGR passage 10, so that EGR gas is fed at 
a high temperature into the intake port 4. 
An EGR control valve 11 is arranged in each EGR 

passage 10. Depending on the opening of the EGR control 
valve 11, the flow rate of EGR gas to be fed to the 
corresponding intake port 4 is controlled. 
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The EGR control valve 11 is constructed as a rotor valve 

as in the first embodiment. A main body 11A of the EGR 
control valve 11 is formed on a rotor 16A which is arranged 
Substantially at a right angle relative to the EGR passage 10. 
The rotor 16A extends through the EGR passage 10 and, 
depending on the angle of rotation of the rotor 16A, the 
croSS-Sectional area of the EGR passage 10 is changed. 
The rotor 16A is driven by a stepper motor 16 and is 

rotated to a desire phase. Depending on this rotation, the 
EGR passage 10 is opened or closed. 
As is illustrated in FIGS. 20 and 21, the EGR system 6 is 

provided with an ECU 15 and the stepper motor 16 similarly 
to the first embodiment. By these elements, the valve 
opening of the EGR control valve 11 is controlled in 
accordance with the State of operation of the engine. 
AS the cylinder-injection, internal combustion engine 

according to the Second embodiment of this invention is 
constructed as described above, the EGR passage 10 is 
Shortened more Substantially than in the engine of the first 
embodiment and a large amount of EGR gas can hence be 
fed to the intake port 4 while maintaining it at high tem 
perature. Combustion in the engine can be Stabilized further. 
AS a consequence, the emission of NOX can be reduced 

Significantly. 
Further, by building the EGR passage 10 in the cylinder 

head 1, the EGR system 6 itself can be manufactured lighter 
in weight and Smaller in dimensions. 

In the internal combustion engine according to each of the 
embodiments described above, the upstream side of the 
intake port 4 is guided to a point above the cylinder head 1 
and the intake manifold 8 is connected to the intake port 4 
above the cylinder head 1. As is depicted in FIG. 22, the 
upstream side of the intake port 4 can be extended to a side 
of the cylinder head 1 and an unillustrated intake manifold 
can be connected to the intake port 4 on the Side of the 
cylinder head 1. In FIGS. 22 and 1, like reference numerals 
indicate like elements of Structure. 

In this internal combustion engine, an intermediate por 
tion of the intake port 4 is bent downwardly and, like the 
embodiments described above, a downstream side of the 
intake port 4 is formed extending downwardly and vertically 
over a desired length along the central axis 42 of the 
cylinder. 
Even with Such a structure of the intake port 4, a Space is 

obtained around the opening 4A because the downstream 
side of the intake port 4 is directed vertically and down 
Wardly over the desired length. This facilitates mounting of 
the injector 18 (shown by dotted lines), a Spark plug and the 
like and the reverse tumble flow TF can be produced, 
thereby bringing about advantageous effects Similar to those 
available from the embodiments described above. 
The internal combustion engine shown in FIG.22 is of the 

port injection type that the injector 18 is disposed in the 
intake port 4. By the injector 18, fuel is injected beforehand 
into air inside the intake port 4 So that an air-fuel mixture is 
formed there. This air-fuel mixture is inducted into the 
cylinder 3A during an intake Stroke. 
By forming the air-fuel mixture, which has advanced into 

the cylinder 3A, into a reverse tumble flow TF as described 
above, for example, during high-Speed and high-load 
operation, mixing of the air-fuel mixture can be fully pro 
moted and disturbance of the air flow can also be promoted 
during a compression Stroke of the like. Quick combustion 
can hence be achieved. 

During low-speed and low-load operation, for example, 
an air flow directed toward the spark plug 20 can be formed 
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by the compact combustion chamber 7. This fully promotes 
mixing of the air-fuel mixture and, assisted further by 
agitating action of a Squish, Sufficient ignitability and com 
bustion stability can be obtained. 
AS is understood from the foregoing, the construction of 

each internal combustion engine according to this invention 
can also be applied Successfully to port-injection internal 
combustion engines. 

In each of the embodiments described above, the internal 
combustion engine is constructed as a 4-valve internal 
combustion engine equipped with two intake valves and two 
exhaust valves. It is to be noted that the numbers of intake 
and exhaust valves in internal combustion engines according 
to the present invention are not limited to them. The present 
invention can be applied to various other constructions, for 
example, 3-valve internal combustion engines as shown in 
FIG. 23 and 5-valve internal combustion engines as shown 
in FIG. 24. 

In the 3-valve internal combustion engine illustrated in 
FIG. 23, a pair of intake ports 4.4 are arranged on one side 
of a reference plate 40 as in the above-described 
embodiments, and a single exhaust port 5 is disposed on an 
opposite Side of the reference plane 40. These intake and 
exhaust ports are Selectively opened or closed by their 
associated intake valves and exhaust valve (not shown), 
respectively. Like each of the embodiments described above, 
downstream portions of the intake ports 4.4 are formed 
extending vertically and downwardly over a desired length 
along a central cylinder axis 42 whereas upstream portions 
of the intake ports 4.4 are connected to an unillustrated 
intake manifold. Further, a downstream portion of the 
exhaust port 5 is connected to an exhaust manifold 9. A Spark 
plug 20 is disposed on a central cylinder axis 42 or at a 
position extremely close to the central cylinder axis 42. 

In the 5-valve internal combustion engine depicted in 
FIG. 24, three intake ports 4.4.4 are arranged on one side of 
a reference plane 40 and two exhaust ports 5.5 are disposed 
on an opposite Side of the reference plane 40. These intake 
and exhaust ports are Selectively opened or closed by their 
associated intake valves and exhaust valves (not shown), 
respectively. Like each of the embodiments described above, 
downstream portions of the intake ports 4.4.4 are formed 
extending vertically and downwardly over a desired length 
along a central cylinder axis 42. A Spark plug 20 is disposed 
on a central cylinder axis 42 or at a position extremely close 
to the central cylinder axis 42. 

These 3-valve internal combustion engines and 5-valve 
internal combustion engines as shown in FIG. 23 and FIG. 
24 can also bring about Similar effects and advantages to 
those available from the internal combustion engines of the 
embodiments. 

With respect to internal combustion engines having Such 
varieties of valve constructions, the present invention can 
also be applied, as in the embodiments, not only to 2-cycle 
or 4-cycle, Spark-ignition, internal combustion engines (for 
example, gasoline engines) but also to compression-ignition, 
internal combustion engines (for example, diesel engines). 
These various internal combustion engines can also bring 
about Similar effects and advantages to those described 
above. 

Although each cylinder is independently provided with an 
EGR passage and an EGR valve in each of the embodiments, 
EGR passages can be merged together and, for example, 
only one EGR valve can be provided to control EGR. As a 
still further alternative, the EGR system may be omitted. 

The cylinder structure of the above internal combustion 
engine is applicable to internal combustion engines, in 
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principle, irrespective the number of cylinders per engine 
and is certainly applicable to Single-cylinder internal com 
bustion engines. 
We claim: 
1. In an internal combustion engine having: 
a combustion chamber formed between a top wall of a 

piston fitted in a cylinder and a lower wall of a cylinder 
head, 

an intake port formed through the cylinder head on one 
Side of a reference plane in which a central axis of the 
cylinder is contained, said intake port communicating 
through an intake opening with the combustion 
chamber, 

an exhaust port formed through the cylinder head on an 
opposite Side of Said reference plane, Said exhaust port 
communicating through an exhaust opening with the 
combustion chamber, and 

open/close valves disposed in the intake port and the 
exhaust port, respectively, the improvement compris 
ing: 

the intake port is formed extending upstream from the 
intake opening Substantially along the cylinder axis, 
and 

the piston is provided at the top wall thereof with a 
recessed portion and a raised portion, Said recessed 
portion being formed at a location off-set toward Said 
one side to guide an intake air flow, which has been 
inducted into the combustion chamber, as a Swirl about 
an axis extending in parallel with a line which in turn 
extends at a right angle relative to the cylinder axis, and 
Said raised portion being formed on the opposite Side of 
Said reference plane to extend in continuation with an 
upwardly gently sloping edge portion of the recessed 
portion, whereby the raised portion approaches the 
lower wall of the cylinder head at top dead center of the 
piston. 

2. An internal combustion engine of claim 1, wherein fuel 
injection means is disposed on a side of the intake port 
through a side wall of the cylinder head, whereby said fuel 
injection means faces the combustion chamber. 

3. An internal combustion engine of claim 2, wherein the 
intake port is wider on a Side remote from the cylinder axis 
than on a Side close to the cylinder axis. 

4. An internal combustion engine of claim 3, wherein an 
intake pipe communicating with an upstream end of the 
intake port is formed extending from an upper wall of the 
cylinder head toward the opposite Side of Said reference 
plane So that an intake passage portion formed of the intake 
pipe and the intake port is Smoothly curved. 

5. An internal combustion engine of claim 4, wherein 
exhaust passage means communicating with the exhaust port 
is formed extending through the cylinder head toward the 
opposite Side of Said reference plane, an exhaust gas recir 
culation passage is arranged to connect the intake pipe to 
Said exhaust passage means, and an exhaust gas recircula 
tion Valve is inserted in the exhaust gas recirculation pas 
Sage. 

6. An internal combustion engine of claim 2, wherein an 
upstream portion of the intake port in the cylinder head 
curves toward an upper portion of the exhaust port on the 
opposite Side of Said reference plane, an exhaust gas recir 
culation passage is arranged in the cylinder head to connect 
the intake port to the exhaust port, and an exhaust gas 
recirculation valve is inserted in the exhaust gas recircula 
tion passage. 

7. An internal combustion engine of claim 6, wherein the 
intake port is wider on a Side remote from the cylinder axis 
than on a Side close to the cylinder axis. 
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8. An internal combustion engine of claim 2, wherein an 
intake pipe communicating with the intake port is formed 
extending from an upper wall of the cylinder head toward 
the opposite side of Said reference plane So that an intake 
passage portion formed of the intake pipe and an upstream 
Side of the intake port is Smoothly curved. 

9. An internal combustion engine of claim 8, wherein 
exhaust passage constituting means communicating with the 
exhaust port is formed extending toward the opposite Side of 
Said reference plane through the cylinder head, an exhaust 
gas recirculation passage is arranged to connect the intake 
pipe to Said exhaust passage constituting means, and an 
exhaust gas recirculation valve is inserted in the exhaust gas 
recirculation passage. 

10. An internal combustion engine of claim 2, wherein an 
intake pipe communicating with the intake port is formed 
extending from an upper wall of the cylinder head toward 
the opposite Side of Said reference plane, exhaust passage 
means communicating with the exhaust port is formed 
extending toward the opposite side of Said reference plane 
through the cylinder head, an exhaust gas recirculation 
passage is arranged to connect the intake pipe to Said exhaust 
passage means, and an exhaust gas recirculation valve is 
inserted in the exhaust gas recirculation passage. 

11. An internal combustion engine of claim 10, wherein 
Said internal combustion engine is a multicylinder internal 
combustion engine and each cylinder is provided individu 
ally with the exhaust gas recirculation passage. 

12. An internal combustion engine of claim 2, further 
comprising Spark ignition means on the lower wall of the 
cylinder head, Said Spark ignition means being arranged 
centrally in an upper part of the combustion chamber So that 
Said Spark ignition means extends along the cylinder axis. 

13. An internal combustion engine of claim 12, wherein 
said fuel injection means is arranged to inject fuel toward the 
recessed portion formed in the top wall of the piston. 

14. An internal combustion engine of claim 13, wherein 
Said fuel injection means is Set to perform injection of fuel 
during a latter part of a compression Stroke while the engine 
is operated under a low load and the engine is set to conduct 
combustion as lean burn. 

15. An internal combustion engine of claim 13, wherein 
Said fuel injection means is Set in Such a manner that fuel is 
injected during a latter part of a compression Stroke of the 
engine to conduct combustion as lean burn while the engine 
is operated under a low load but fuel is injected during an 
intake Stroke of the engine to conduct combustion at a 
air-fuel ratio higher than that for the lean burn while the 
engine is operated under a high load. 

16. An internal combustion engine of claim 13, wherein 
the intake port is wider on a side remote from the cylinder 
axis than on a Side close to the cylinder axis and the engine 
is Set to conduct combustion as lean burn. 

17. An internal combustion engine of claim 16, wherein 
an intake pipe communicating with the intake port is formed 
extending from an upper wall of the cylinder head toward 
the opposite side of Said reference plane So that an intake 
passage portion formed of the intake pipe and an upstream 
Side of the intake port is Smoothly curved. 

18. An internal combustion engine of claim 17, wherein 
exhaust passage constituting means communicating with the 
exhaust port is formed extending toward the opposite Side of 
Said reference plane through the cylinder head, an exhaust 
gas recirculation passage is arranged to connect the intake 
pipe to Said exhaust passage means, and an exhaust gas 
recirculation valve is inserted in the exhaust gas recircula 
tion passage. 

19. An internal combustion engine of claim 12, wherein 
the engine is set to conduct combustion as lean burn, and an 
intake pipe communicating with the intake port is formed 
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extending from an upper wall of the cylinder head toward 
the opposite side of Said reference plane So that an intake 
passage portion formed of the intake pipe and an upstream 
Side of the intake port is Smoothly curved. 

20. An internal combustion engine of claim 19, wherein 
exhaust passage constituting means communicating with the 
exhaust port is formed extending toward the opposite Side of 
Said reference plane through the cylinder head, an exhaust 
gas recirculation passage is arranged to connect the intake 
pipe to Said exhaust passage means, and an exhaust gas 
recirculation valve is inserted in the exhaust gas recircula 
tion passage. 

21. An internal combustion engine of claim 12, wherein 
the engine is Set to conduct combustion as lean burn, an 
intake pipe communicating with the intake port is formed 
extending from an upper wall of the cylinder head toward 
the opposite Side of Said reference plane, exhaust passage 
means communicating with the exhaust port is formed 
extending toward the opposite side of Said reference plane 
through the cylinder head, an exhaust gas recirculation 
passage is arranged to connect the intake pipe to Said exhaust 
passage means, and an exhaust gas recirculation valve is 
inserted in the exhaust gas recirculation passage. 

22. An internal combustion engine of claim 1, wherein the 
edge portion of the recessed portion extends as an upward 
gentle Slope. 

23. In an internal combustion engine having: 
a combustion chamber formed between a top wall of a 

piston fitted in a cylinder and a lower wall of a cylinder 
head, 

an intake port formed through the cylinder head on One 
Side of a reference plane in which a cylinder axis as a 
central axis of the cylinder is contained, Said intake 
port communicating through an intake Opening with the 
combustion chamber, 

an exhaust port formed through the cylinder head on an 
opposite Side of the reference plane, Said exhaust port 
communicating through an exhaust opening with the 
combustion chamber, and 

open/close valves disposed in the intake port and the 
exhaust port, respectively, the improvement compris 
ing. 

the intake port is formed extending upstream from the 
intake opening Substantially along the cylinder axis 
and is connected at an upstream end thereof to an 
intake manifold in an upper part of Said cylinder head, 
and 

the internal combustion engine further comprises fuel 
injection means disposed in the cylinder head on the 
One Side of the reference plane So that the fuel injection 
means faces the combustion chamber. 

24. An internal combustion engine of claim 23, wherein 
the piston defines a recessed portion in the top wall thereof 
off-centered toward the One Side of the reference plane SO 
that the recessed portion is located Opposite the intake port. 

25. An internal combustion engine of claim 23, wherein 
the internal combustion engine further comprises an EGR 
passage for Selective communication between the exhaust 
port and the intake port, and while the engine is operated 
under a low load, exhaust gaS is introduced from the exhaust 
port into the intake port via the EGR passage in an intake 
Stroke of the engine and Said fuel injection means injects fuel 
into the combustion chamber in a Subsequent compression 
Stroke of the engine. 


