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(54) LIQUID INJECTION DEVICE

(57) A liquid injection apparatus 10 includes an in-
jection unit 15 having piezoelectric/electrostrictive ele-
ments; a solenoid-operated discharge valve 14 for dis-
charging fuel under pressure into the injection unit; and
an electrical control unit 30. The electrical control unit
sends a solenoid valve open-close signal to the sole-
noid-operated discharge valve on the basis of operating
conditions of an engine, whereby liquid fuel is fed under
pressure to the injection unit from the solenoid-operated
discharge valve. At least during periods in which the

pressure of liquid in the injection unit is in the process
of increasing or lowering because of generation or stop-
page of the solenoid valve open-close signal, the elec-
trical control unit activates the piezoelectric/electrostric-
tive elements, thereby atomizing injected fuel. When the
liquid pressure in the injection unit is a constant low
pressure because of disappearance of the solenoid
valve open-close signal, the electrical control unit inac-
tivates the piezoelectric/electrostrictive elements,
thereby reducing electrical power consumption.
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Description
TECHNICAL FIELD

[0001] The present invention relates to a liquid injec-
tion apparatus for injecting liquid in atomized form into
a liquid injection space.

BACKGROUND ART

[0002] Conventionally known liquid fuel injection ap-
paratus include a fuel injection apparatus for use in an
internal combustion engine. The fuel injection apparatus
for use in an internal combustion engine is a so-called
electrically controlled fuel injection apparatus, which is
in wide use and includes a pressure pump for pressu-
rizing liquid, and a solenoid-operated injection valve. In
the electrically controlled fuel injection apparatus, fuel
which is pressurized by the pressure pump is injected
from an injection port of the solenoid-operated injection
valve. Thus, particularly at the time of valve-opening or
valve-closing operation for opening or closing the sole-
noid-operated injection valve, the velocity of injected lig-
uid (injection velocity) is low. As a result, liquid droplets
of injected fuel assume a large size and are not of uni-
form size. Such a size of liquid droplets of fuel and non-
uniformity of liquid droplets of fuel increase the amount
of unburnt fuel during combustion, leading to increased
emission of harmful exhaust gas.

[0003] Meanwhile, conventionally, there has been
proposed a liquid droplet ejection apparatus configured
such that liquid contained in a liquid feed path is pres-
surized through operation of a piezoelectric electrostric-
tion element so as to eject the liquid from an outlet in
the form of fine liquid droplets (see, for example, Patent
Document 1). Such an apparatus utilizes the principle
of a conventional ink jet ejection apparatus (see, for ex-
ample, Patent Document 2) and can eject finer liquid
droplets (liquid droplets of injected fuel) of uniform size
as compared with the above-mentioned electrically con-
trolled fuel injection apparatus, thereby exhibiting excel-
lent fuel atomization performance.

(Patent Document 1)

Japanese Patent Application Laid-Open (kokai) No.
S54-90416 (p. 2, FIG. 5)

(Patent Document 2)

Japanese Patent Application Laid-Open (kokai) No.
H06-40030 (pp. 2-3, FIG. 1)

[0004] Meanwhile, an ink jet ejection apparatus can
inject fine liquid droplets as expected when used in a
relatively steady atmosphere with little variation in tem-
perature, pressure, and the like (e.g., in an office, a
classroom, or a like indoor space). However, a liquid
ejection apparatus which utilizes the principle of an ink
jet ejection apparatus usually fails to exhibit sufficient
fuel atomization performance when used under wildly
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fluctuating atmospheric conditions as found in an inter-
nal combustion engine, which involves fluctuating oper-
ating conditions. Under the present circumstances,
there has not been provided a liquid (fuel) injection ap-
paratus which utilizes the principle of an ink jet ejection
apparatus and can inject sufficiently atomized liquid
even when used in a mechanical apparatus involving
wildly fluctuating atmospheric conditions as in the case
of an internal combustion engine.

DISCLOSURE OF THE INVENTION

[0005] An object of the present invention is to provide
a liquid injection apparatus capable of stably injecting
liquid in the form of droplets of small size even when
used under wildly fluctuating conditions within a liquid
injection space.

[0006] The present invention provides a liquid injec-
tion apparatus comprising an injection device including
a liquid discharge nozzle, a first end of the liquid dis-
charge nozzle being exposed to a liquid injection space,
a piezoelectric/electrostrictive element which is activat-
ed by a piezoelectric-element drive signal, a chamber
whose volume is changed through activation of the pie-
zoelectric/electrostrictive element and which is connect-
ed to a second end of the liquid discharge nozzle, a lig-
uid feed path connected to the chamber, and a liquid
inlet establishing communication between the liquid
feed path and the exterior of the injection device; pres-
surizing means for pressurizing liquid; a solenoid-oper-
ated discharge valve including a solenoid-operated
open-close valve which is driven by a solenoid valve
open-close signal, and a discharge hole which is
opened and closed by the solenoid-operated open-
close valve, the solenoid-operated discharge valve re-
ceiving the liquid pressurized by the pressurizing
means, and discharging the pressurized liquid into the
liquid inlet of the injection device via the discharge hole
when the solenoid-operated open-close valve is driven
to open the discharge hole; and an electrical control unit
including piezoelectric-element-drive-signal generation
means for generating the piezoelectric-element drive
signal and solenoid-valve-open-close-signal generation
means for generating the solenoid valve open-close sig-
nal. The liquid discharged from the solenoid-operated
discharge valve is atomized by means of volume
change of the chamber, and injected into the liquid in-
jection space in the form of droplets from the liquid dis-
charge nozzle. The electrical control unit is configured
in such a manner as to generate the piezoelectric-ele-
ment drive signal to thereby activate the piezoelectric/
electrostrictive element at least when the pressure of lig-
uid in the liquid feed path is in the process of increasing
or lowering upon generation of the solenoid valve open-
close signal or stoppage of the generation of the sole-
noid valve open-close signal, and not to generate the
piezoelectric-element drive signal when the pressure of
liquid in the liquid feed path is a constant low pressure
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because of disappearance of the solenoid valve open-
close signal.

[0007] According to the above-described configura-
tion, liquid pressurized by the pressurizing means is dis-
charged into the injection device from the solenoid-op-
erated discharge valve. The liquid is atomized through
volume change of the chamber of the injection device
and is then injected from the liquid discharge nozzle.
Since pressure required for injection of liquid into the
liquid injection space is generated by the pressurizing
means, even when atmospheric conditions (e.g., pres-
sure and temperature) within the liquid injection space
fluctuate wildly due to fluctuations in, for example, op-
erating conditions of a machine to which the apparatus
is applied, the liquid can be injected and fed stably in
the form of expected fine droplets.

[0008] In a conventional carburetor, the flow rate of
fuel (liquid) is determined according to air velocity within
an intake pipe, which is a liquid droplet discharge space,
and the degree of atomization varies depending on the
air velocity. By contrast, the above-described liquid in-
jection apparatus of the present invention can eject fuel
(liquid) by a required amount in a well-atomized condi-
tion irrespective of air velocity. Additionally, in contrast
to a conventional apparatus in which assist air is fed to
a nozzle portion of a fuel injector so as to accelerate fuel
atomization, the liquid injection apparatus of the present
invention does not require a compressor for feeding as-
sist air, thereby lowering costs.

[0009] Furthermore, the electrical control unit gener-
ates the piezoelectric-element drive signal to thereby
activate the piezoelectric/electrostrictive element at
least when the pressure of liquid in the liquid feed path
is in the process of increasing because of generation of
the solenoid valve open-close signal or in the process
of lowering because of stoppage of generation of the
solenoid valve open-close signal. Therefore, evenin the
case where the injection velocity of liquid is not suffi-
ciently high to atomize the liquid sufficiently, because of
the injection pressure of the liquid being relatively low
at the time the pressure of the liquid is in the process of
increasing or lowering, the liquid can be appropriately
atomized by means of volume change of the chamber
caused through activation of the piezoelectric/electros-
trictive element.

[0010] The injection device is not required to perform
its operation for atomizing liquid during periods in which,
due to disappearance of the solenoid valve open-close
signal, the pressure of liquid contained in the liquid feed
path becomes the constant low pressure (a pressure
that the liquid contained in the liquid feed path reaches
as a result of continuation of a state in which liquid pres-
surized by the pressurizing means is not fed to the liquid
feed path and that may vary); i.e., during periods in
which liquid is not injected into the liquid injection space
from the liquid discharge nozzle of the injection device.
In view of the above, the electrical control unit is config-
ured not to generate the piezoelectric-element drive sig-
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nal in such a case. Thus, wasteful power consumption
by the liquid injection apparatus can be avoided.
[0011] In this case, preferably, the electrical control
unitis configured to start generation of the piezoelectric-
element drive signal immediately before a point of time
when, because of generation of the solenoid valve
open-close signal, the pressure of liquid contained in the
liquid feed path starts to increase from the constant low
pressure.

[0012] According to the above-described configura-
tion, at a point of time when, because of generation of
the solenoid valve open-close signal, the pressure of lig-
uid contained in the liquid feed path starts to rise; i.e.,
at a point of time when injection of liquid droplets from
the liquid discharge nozzle of the injection device may
start, the piezoelectric/electrostrictive element has al-
ready been driven by the piezoelectric-element drive
signal, and thus vibration energy has already been ap-
plied to the liquid. Therefore, from the beginning of in-
jection of the liquid, liquid droplets can be injected in a
reliably atomized condition.

[0013] Also, preferably, the above-described electri-
cal control unitis configured in such a manner as to con-
tinuously generate the piezoelectric-element drive sig-
nal up to a point of time immediately after the pressure
of liquid contained in the liquid feed path lowers to the
aforementioned constant low pressure as a result of
stoppage of generation of the solenoid valve open-close
signal.

[0014] Since, for a while after a point of time when
generation of the solenoid valve open-close signal is
stopped, the pressure of liquid contained in the liquid
feed path is higher than the aforementioned constant
low pressure, the injection of the liquid from the liquid
discharge nozzle of the injection device continues.
Therefore, through employment of the above-described
configuration, in which generation of the piezoelectric-
element drive signal is continued up to a point of time
immediately after the pressure of liquid contained in the
liquid feed path lowers to the aforementioned constant
low pressure as a result of stoppage of generation of the
solenoid valve open-close signal, the piezoelectric/elec-
trostrictive element can be driven by the piezoelectric-
element drive signal so as to apply vibration energy to
the liquid during a period in which the injection of liquid
droplets from the liquid discharge nozzle of the injection
device continues after stoppage of generation of the so-
lenoid valve open-close signal. As a result, even after
disappearance of the solenoid valve open-close signal
(until termination of injection of liquid), the liquid can be
injected in a reliably atomized condition.

[0015] Meanwhile, in any of the above-described lig-
uid injection apparatuses, the electrical control unit is
preferably configured not to generate the piezoelectric-
element drive signal during periods in which the pres-
sure of liquid in the liquid feed path is a constant high
pressure (which may vary slightly) because of genera-
tion of the solenoid valve open-close signal.
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[0016] When the pressure of liquid in the liquid feed
path increases to a sufficiently high pressure because
of generation of the solenoid valve open-close signal,
the velocity of liquid injected into the liquid injection
space from the liquid discharge nozzle of the injection
device (the injection velocity, or the travel velocity of a
liquid column) becomes sufficiently high, whereby the
liquid assumes the form of droplets of a relatively small
size by virtue of surface tension. Therefore, in such a
case, the electrical power consumption of the liquid in-
jection apparatus can be reduced by stopping the gen-
eration of the piezoelectric-element drive signal as in the
case of the above-described configuration.

[0017] Also, the electrical control unit may be config-
ured in such a manner as to generate the piezoelectric-
element drive signal, when the pressure of liquid in the
liquid feed path is higher than the aforementioned con-
stant low pressure because of generation of the sole-
noid valve open-close signal, and as to generate the so-
lenoid valve open-close signal such that the pressure of
liquid contained in the liquid feed path increases imme-
diately after start of generation of the solenoid valve
open-close signal and subsequently lowers gradually at
a pressure change rate whose absolute value is smaller
than that of a pressure change rate at the time of the
increase of the liquid pressure.

[0018] According to the above-described configura-
tion, since the pressure of liquid contained in the liquid
feed path increases steeply immediately after start of
generation of the solenoid valve open-close signal, in-
jection of liquid droplets is started immediately upon
generation of the solenoid valve open-close signal. Sub-
sequently, the pressure of liquid contained in the liquid
feed path continues to lower in a relatively gradual man-
ner. Therefore, the velocity of a preceding injected liquid
dropletis higher than that of a subsequent injected liquid
droplet, thereby reducing the possibility that liquid drop-
lets collide to form a liquid droplet of a greater size.
[0019] Moreover, preferably, the electrical control unit
is configured to change the frequency of the piezoelec-
tric-element drive signal in accordance with the pres-
sure of liquid contained in the liquid feed path.

[0020] Since the pressure of liquid contained in the
liquid feed path determines the velocity of liquid injected
from the liquid discharge nozzle (injection velocity), the
degree of atomization of liquid varies with the pressure
of the liquid. Therefore, through employment of the
above-described configuration, in which the frequency
of the piezoelectric-element drive signal is changed ac-
cording to the liquid pressure in the liquid feed path, lig-
uid droplets of a desired size can be obtained.

[0021] In this case, preferably, the electrical control
unitchanges the piezoelectric-element drive signal such
that the frequency of the piezoelectric-element drive sig-
nal increases with an increase in the pressure of liquid
in the liquid feed path.

[0022] As the pressure of liquid in the liquid feed path
increases, the velocity of liquid injected from the liquid
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discharge nozzle increases, and the flow rate of liquid
injected from the liquid discharge nozzle increases.
Therefore, through application of the piezoelectric-ele-
ment drive signal whose frequency increases with the
pressure of liquid in the liquid feed path, the size of liquid
droplets obtained through atomization can be rendered
uniform, irrespective of the liquid pressure.

[0023] Further preferably, the electrical control unit is
configured in such a manner as to decrease the quantity
of volume change of the chamber, caused by the piezo-
electric-element drive signal, with an increase in the
pressure of liquid in the liquid feed path.

[0024] As the pressure of liquid in the liquid feed path
increases, the velocity of liquid injected from the liquid
discharge nozzle increases. Thus, without an increase
of the volume change quantity (the maximum value of
volume change quantity; i.e., the maximum volume
change quantity) of the chamber, injected liquid droplets
assume a relatively small size by virtue of surface ten-
sion. Therefore, when the pressure of liquid in the liquid
feed path is high, a reduction in volume change quantity
of the chamber does not lead to an excessive increase
in liquid droplet size. Thus, through employment of the
above-described configuration, in which the piezoelec-
tric-element drive signal is changed such that the vol-
ume change quantity of the chamber decreases with an
increase in the pressure of liquid in the liquid feed path,
the chamber volume can be prevented from changing
to an unnecessarily great extent (i.e., the piezoelectric/
electrostrictive element can be prevented from deform-
ing by an unnecessarily large amount), to thereby re-
duce the electrical power consumption of the liquid in-
jection apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS
[0025]

FIG. 1 is a schematic diagram showing a liquid in-
jection apparatus according to a first embodiment
of the present invention and applied to an internal
combustion engine.

FIG. 2 is a view showing a solenoid-operated dis-
charge valve and an injection unit shown in FIG. 1.
FIG. 3 is an enlarged sectional view showing por-
tions of the solenoid-operated discharge valve and
the injection unit shown in FIG. 2, the portions being
located near the distal end portion of the solenoid-
operated discharge valve.

FIG. 4 is a plan view of the injection device shown
in FIG. 2.

FIG. 5 is a sectional view of the injection device cut
by a plane extending along line 1-1 of FIG. 4.

FIG. 6 is a detailed block diagram of an electrical
control unit shown in FIG. 1.

FIG. 7 is a timing chart showing signals generated
in the electrical control unit shown in FIG. 6.

FIG. 8 is a detailed circuit diagram of the electrical
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control unit shown in FIG. 6.

FIG. 9 shows a timing chart (A) showing a solenoid
valve open-close signal supplied to the solenoid-
operated discharge valve, a timing chart (B) show-
ing liquid pressure in a liquid feed path, a timing
chart (C) showing a piezoelectric-element drive sig-
nal to be applied to piezoelectric/electrostrictive el-
ements, and a timing chart (D) showing timings at
which the intake valve is opened.

FIG. 10 is a view showing the condition of liquid in-
jected from the liquid injection apparatus shown in
FIG. 1.

FIG. 11 is a timing chart showing the action of a lig-
uid injection apparatus according to a second em-
bodiment of the present invention.

FIG. 12 is a timing chart showing the action of a lig-
uid injection apparatus according to a third embod-
iment of the present invention.

FIG. 13 is a timing chart showing the action of a lig-
uid injection apparatus according to a fourth em-
bodiment of the present invention.

FIG. 14 is a timing chart showing the action of a lig-
uid injection apparatus according to a fifth embodi-
ment of the present invention.

FIG. 15 a timing chart showing a piezoelectric-ele-
ment drive signal, among others, in a period of time
when liquid pressure in the liquid feed path is in the
process of increasing in the liquid injection appara-
tus according to the fifth embodiment.

FIG. 16 is a timing chart showing the action of a lig-
uid injection apparatus according to a modification
of the fifth embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE INVENTION

[0026] Embodiments of a liquid injection apparatus
(liquid atomization apparatus, liquid feed apparatus, or
liquid droplet discharge apparatus) according to the
present invention will be described with reference to the
drawings. FIG. 1 schematically shows the configuration
of a first embodiment of a liquid injection apparatus 10
according to the present invention. The liquid injection
apparatus 10 is applied to an internal combustion en-
gine, which is a mechanical apparatus requiring atom-
ized liquid.

[0027] The liquid injection apparatus 10 is adapted to
inject atomized liquid (liquid fuel; e.g., gasoline; herein-
after may be called merely "fuel") into a liquid injection
space 21 defined by an intake pipe (intake port) 20 of
an internal combustion engine such that the injected at-
omized liquid is directed to the back surface of an intake
valve 22. The liquid injection apparatus 10 includes a
pressure pump (fuel pump) 11, which serves as a pres-
surizing means; a liquid feed pipe (fuel pipe) 12, in which
the pressure pump 11 is installed; a pressure regulator
13, which is installed in the liquid feed pipe 12 on the
discharge side of the pressure pump 11; a solenoid-op-
erated discharge valve 14; an injection unit (atomization
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unit) 15, which includes at least a plurality of chambers
having respective piezoelectric/electrostrictive ele-
ments formed on their walls and a plurality of liquid dis-
charge nozzles in order to atomize fuel to be injected
into the fuel injection space 21; and an electrical control
unit 30 for sending a solenoid valve open-close signal
serving as a drive signal, and a piezoelectric-element
drive signal for changing the chamber volume (for acti-
vating the piezoelectric/electrostrictive elements), to the
solenoid-operated discharge valve 14 and the injection
unit 15, respectively.

[0028] The pressure pump 11 communicates with a
bottom portion of a liquid storage tank (fuel tank) 23 and
includes an introduction portion 11a, to which fuel is fed
from the liquid storage tank 23, and a discharge portion
11b connected to the liquid feed pipe 12. The pressure
pump 11 takes in fuel from the liquid storage tank 23
through the introduction portion 11a; pressurizes the fu-
el to a pressure (called "pressure pump discharge pres-
sure") which enables injection of the fuel into the fuel
injection space 21 via the pressure regulator 13, the so-
lenoid-operated discharge valve 14, and the injection
unit 15 (even when the piezoelectric/electrostrictive el-
ements of the injection unit 15 are inactive); and dis-
charges the pressurized fuel into the liquid feed pipe 12
from the discharge portion 11b.

[0029] Pressure in the intake pipe 20 is applied to the
pressure regulator 13 through unillustrated piping. On
the basis of the pressure, the pressure regulator 13 low-
ers (or regulates) the pressure of fuel pressurized by the
pressure pump 11 such that the pressure of fuel in the
liquid feed pipe 12 extending between the pressure reg-
ulator 13 and the solenoid-operated discharge valve 14
becomes a pressure (called "regulation pressure") that
is higher by a predetermined pressure (a constant pres-
sure) than the pressure in the intake pipe 20. As a result,
when the solenoid-operated discharge valve 14 is
opened for a predetermined time, fuel is injected into the
intake pipe 20 in an amount substantially proportional
to the predetermined time, irrespective of pressure in
the intake pipe 20.

[0030] The solenoid-operated discharge valve 14 is a
known fuel injector (solenoid-operated. open-close in-
jection valve) which has been widely employed in an
electrically controlled fuel injection apparatus of an in-
ternal combustion engine. FIG. 2 is a front view of the
solenoid-operated discharge valve 14, showing a sec-
tion of a distal end portion of the valve 14 cut by a plane
including the centerline of the valve 14 and a section of
the injection unit 15—which is fixedly attached to the
valve 14—cut by the same plane. FIG. 3 is an enlarged
sectional view showing portions of the solenoid-operat-
ed discharge valve 14 and the injection unit 15 shown
in FIG. 2, the portions being located near the distal end
portion of the solenoid-operated discharge valve 14.
[0031] AsshowninFIG. 2, the solenoid-operated dis-
charge valve 14 includes a liquid introduction port 14a,
to which the liquid feed pipe 12 is connected; an external
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tube portion 14c, which defines a fuel path 14b commu-
nicating with the liquid introduction port 14a; a needle
valve 14d, which serves as a solenoid-operated open-
close valve; and an unillustrated solenoid mechanism
for driving the needle valve 14d. As shown in FIG. 3, a
conical valve seat portion 14c-1—which assumes a
shape similar to that of a distal end portion of the needle
valve 14d—is provided at a center portion of the distal
end of the external tube portion 14c; and a plurality of
discharge holes (through-holes) 14c-2—which estab-
lish communication between the interior (i.e., the fuel
path 14b) of the external tube portion 14c and the exte-
rior of the external tube portion 14c—are provided in the
vicinity of an apex (a distal end portion) of the valve seat
portion 14c-1. The discharge holes 14c-2 are inclined
by an angle 6 with respect to an axis CL of the needle
valve 14d (solenoid-operated discharge valve 14). No-
tably, the view is not shown, but when the external tube
portion 14c is viewed along the axis CL, the plurality of
discharge holes 14c-2 are arranged at uniform circum-
ferential intervals.

[0032] Through employment of the above configura-
tion, the solenoid-operated discharge valve 14 functions
in the following manner: the needle valve 14d is driven
by the solenoid mechanism so as to open the discharge
holes 14c-2, whereby the fuel contained in the fuel path
14bis discharged (injected) via the discharge holes 14c-
2. This state is represented as "the solenoid-operated
discharge valve 14 is opened." The state in which the
needle valve 14d closes the discharge holes 14c-2 is
represented as "the solenoid-operated discharge valve
14 is closed." Since the discharge holes 14-2¢ are in-
clined with respect to the axis CL of the needle valve
14d, fuel discharged as mentioned above is injected in
such a manner as to spread out (in a cone shape) along
the side surface of a cone whose centerline coincides
with the axis CL.

[0033] As shown in FIG. 2, the injection unit 15 in-
cludes an injection device 15A, an injection device fixa-
tion plate 15B, a retaining unit 15C for retaining the in-
jection device fixation plate 15B, and a sleeve 15D for
fixing the distal end of the solenoid-operated discharge
valve 14.

[0034] As shown in FIG. 4, a plan view showing the
injection device 15A, and FIG. 5, a sectional view of the
injection device 15A cut by a plane extending along line
1-1 of FIG. 4, the injection device 15A assumes the
shape of a substantially rectangular parallelepiped
whose sides extend in parallel with mutually orthogonal
X-, Y-, and Z-axes, and includes a plurality of ceramic
thin-plate  members (hereinafter called "ceramic
sheets") 15a to 15f, which are sequentially arranged in
layers and joined under pressure; and a plurality of pie-
zoelectric/electrostrictive elements 15g fixedly attached
to the outer surface (a plane extending along the X-Y
plane and located toward the positive side along the Z-
axis) of the ceramic sheet 15f. The interior of the injec-
tion device 15A includes a liquid feed path 15-1; a plu-
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rality of (herein seven per row, 14 in total) mutually in-
dependent chambers 15-2; a plurality of liquid introduc-
tion holes 15-3 for establishing communication between
the chambers 15-2 and the liquid feed path 15-1; a plu-
rality of liquid discharge nozzles 15-4, one end of each
of the liquid discharge nozzles 15-4 being substantially
exposed to the liquid injection space 21 so as to estab-
lish communication between the chambers 15-2 and the
exterior of the injection device 15A; and a liquid inlet
15-5.

[0035] The liquid feed path 15-1 is a space defined by
the side wall surface of an oblong cutout which is formed
in the ceramic sheet 15¢c and whose major and minor
axes extend along the X- and Y-axis, respectively; the
upper surface of the ceramic sheet 15b; and the lower
surface of the ceramic sheet 15d.

[0036] Each of the chambers 15-2 is an elongated
space (a longitudinally extending liquid flow path por-
tion) defined by the side wall surface of an oblong cutout
formed in the ceramic sheet 15e and having major and
minor axes extending along the direction of the Y-axis
and the direction of the X-axis, respectively, the upper
surface of the ceramic sheet 15d, and the lower surface
of the ceramic sheet 15f. One end portion with respect
to the direction of the Y axis of each of the chambers
15-2 extends to a position located above the liquid feed
path 15-1, whereby each of the chambers 15-2 commu-
nicates, at the position corresponding to the one end
portion, with the liquid feed path 15-1 via the cylindrical
liquid introduction hole 15-3 having diameter d and
formed in the ceramic sheet 15d. Hereinafter, the diam-
eter d may be called merely "introduction hole diameter
d." The other end portion with respect to the direction of
the Y axis of each of the chambers 15-2 is connected to
the other end of the corresponding liquid discharge noz-
zle 15-4. The above configuration allows liquid to flow
in the chambers 15-2 (flow path portions) from the liquid
introduction holes 15-3 to the side toward the liquid dis-
charge nozzles 15-4.

[0037] Each of the liquid discharge nozzles 15-4 in-
cludes a cylindrical through-hole which is formed in the
ceramic sheet 15a and has diameter D and whose one
end (a liquid injection port or an opening exposed to the
liquid injection space) 15-4a is substantially exposed to
the liquid injection space 21; and cylindrical communi-
cation holes 15-4b to 15-4d, which are formed in the ce-
ramic sheets 15b to 15d, respectively, such that their
size (diameter) increases stepwise toward the corre-
sponding chamber 15-2 from the liquid injection port
15-4a. The axes of the liquid discharge nozzles 15-4 are
in parallel with the Z-axis. Hereinafter, the diameter D
may be called merely "nozzle diameter D."

[0038] The liquid inlet 15-5 is a space defined by the
side wall of a cylindrical through-hole which is formed in
the ceramic sheets 15d to 15f at an end portion of the
injection device 15A as viewed in the positive direction
of the X-axis and at a substantially central portion of the
injection device 15A as viewed along the Y-axis. The
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liquid inlet 15-5 is adapted to establish communication
between the liquid feed path 15-1 and the exterior of the
injection device 15A. The liquid inlet 15-5 is connected
to an upper portion of the liquid feed path 15-1 on an
imaginary plane located within the boundary plane be-
tween the ceramic sheets 15d and 15c. A portion which
partially constitutes the liquid feed path 15-1 and faces
the imaginary plane; i.e., a portion of the upper surface
of the ceramic sheet 15b, is a plane portion in parallel
with the imaginary plane.

[0039] The shape and size of the chambers 15-2 will
be additionally described. Each of the chambers 15-2
assumes a substantially rectangular cross section as
cut at its longitudinally (along the direction of the Y-axis)
central portion (flow path portion) by a plane (X-Z plane)
perpendicular to the direction of liquid flow. Major axis
L (length along the Y-axis) and minor axis W (length
along the X-axis, or length of a first side of the rectangle)
of the elongated flow path portion are 3.5 mm and 0.35
mm, respectively. Height T (length along the Z-axis, or
length of a second side perpendicular to the first side of
the rectangle) of the flow path portion is 0.15 mm. In
other words, in the rectangular cross-sectional shape of
the flow path portion, the ratio (T/W) of the length (height
T) of the second side, which is perpendicular to the first
side (minor axis W) on which the piezoelectric/electros-
trictive element is provided, to the length of the first side
(minor axis W) is 0.15/0.35=0.43. Preferably, the ratio
(T/W) is greater than zero (0) and smaller than one (1).
Through selection of such aratio (T/W), vibration energy
of the piezoelectric/electrostrictive elements 15g can be
efficiently transmitted to fuel contained in the corre-
sponding chambers 15-2.

[0040] The diameter D of the liquid discharge nozzle
end portion 15-4a and the diameter d of the liquid intro-
duction hole 15-3 are 0.031 mm and 0.025 mm, respec-
tively. In this case, preferably, cross-sectional area S1
(FWXT) of the flow path of the chamber 15-2 is greater
than cross-sectional area S2 (=r(D/2)2) of the liquid dis-
charge nozzle end portion 15-4a and greater than cross-
sectional area S3 (=n-(d/2)2) of the liquid introduction
hole 15-3. Also, preferably, for atomization of liquid, the
cross-sectional area S2 is greater than the cross-sec-
tional area S3.

[0041] The piezoelectric/electrostrictive elements
15g are slightly smaller than the corresponding cham-
bers 15-2 as viewed in plane (as viewed from the posi-
tive direction of the Z-axis); are fixed to the upper sur-
face (a wall surface including a side of the rectangular
cross-sectional shape of the flow path portion of each
chamber 15-2) of the ceramic sheet 15f in such a man-
ner as to be disposed within the corresponding cham-
bers 15-2 as viewed in plane; and are activated (driven)
in response to a piezoelectric-element drive signal DV
(also called a "piezoelectric/electrostrictive-element
drive signal DV") which piezoelectric-element-drive-sig-
nal generation means (circuit) of the electrical control
unit 30 applies between unillustrated electrodes provid-
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ed on the upper and lower surfaces of each of the pie-
zoelectric/electrostrictive elements 15g, thereby caus-
ing deformation of the ceramic sheet 15f (upper walls of
the chambers 15-2), and an associated volume change
AV of the corresponding chambers 15-2.

[0042] The following method is employed for fabricat-
ing the ceramic sheets 15a to 15f and a laminate of the
ceramic sheets 15a to 15f.

1: Ceramic green sheets are formed from zirconia
powder having a particle size of 0.1 to several mi-
crometers.

2: The ceramic green sheets are punched by use
of punches and dies so as to form cutouts corre-
sponding to those in the ceramic sheets 15a to 15e
shown in FIG. 5 (cutouts corresponding to the
chambers 15-2, the liquid introduction holes 15-3,
the liquid feed path 15-1, the liquid discharge noz-
zles 15-4, and the liquid inlet 15-5 (see FIG. 4)).
3: The ceramic green sheets are arranged in layers.
The resultant laminate is heated under pressure,
then subjected to firing for 2 hours at 1,550°C for
integration.

[0043] The piezoelectric/electrostrictive elements
15g each being sandwiched between electrodes are
formed on the completed laminate of ceramic sheets at
positions corresponding to the chambers 15-2. Thus is
fabricated the injection device 15A. Through such fab-
rication of the injection device 15A in a monolithic form
from zirconia ceramics, characteristics of zirconia ce-
ramics allow the injection device 15A to maintain high
durability against frequent deformation of the wall sur-
face 15f effected by the piezoelectric/electrostrictive el-
ements 15g; and a liquid injection device having a plu-
rality of liquid discharge nozzles 15-4 can be implement-
ed in such a small size of up to several centimeters in
overall length and can be readily fabricated at low cost.
[0044] AsshowninFIGS.2and 3, the thus-configured
injection device 15A is fixedly attached to the injection
device fixation plate 15B. The injection device fixation
plate 15B assumes a rectangular shape slightly larger
than the injection device 15A as viewed in plane. The
injection device fixation plate 15B has unillustrated
through-holes formed therein such that, when the injec-
tion device 15A is fixedly attached thereto, the through-
holes face the corresponding liquid injection ports 15-4a
of the injection device 15A, thereby exposing the liquid
injection ports 15-4a to the exterior of the injection de-
vice 15A via the through-holes. The injection device fix-
ation plate 15B is fixedly retained at its peripheral portion
by means of the retaining unit 15C.

[0045] The retaining unit 15C assumes an external
shape identical with that of the injection device fixation
plate 15B as viewed in plane. As shown in FIG. 1, the
retaining unit 15C is fixedly attached to the intake pipe
20 of the internal combustion engine at its peripheral
portion by use of unillustrated bolts. As shown in FIG.
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2, athrough-hole whose diameter is slightly greater than
that of the external tube portion 14c of the solenoid-op-
erated discharge valve 14 is formed in the retaining unit
15C at a central portion thereof. The external tube por-
tion 14c is inserted into the through-hole.

[0046] As shown in FIGS. 2 and 3, the sleeve (a
closed space formation member) 15D assumes such a
cylindrical shape that its inside diameter is equal to the
outside diameter of the external tube portion 14c of the
solenoid-operated discharge valve 14 and that its out-
side diameter is equal to the inside diameter of the afore-
mentioned through-hole of the retaining unit 15C. One
end of the sleeve 15D is closed, and the other end is
opened. As shown in FIG. 3, an opening 15D-1 having
a diameter substantially equal to that of the liquid inlet
15-5 of the injection device 15A is formed in the closed
end portion of the sleeve 15D at the center thereof. An
O-ring groove 15D-1 a is formed on the outer surface of
the closed end portion of the sleeve 15D so as to sur-
round an inner circumferential wall surface used to form
the opening 15D-1.

[0047] The external tube portion 14c of the solenoid-
operated discharge valve 14 is press-fitted into the
sleeve 15D from the open end of the sleeve 15D until
the external tube portion 14c abuts the inside wall sur-
face of the closed end of the sleeve 15D. The sleeve
15D is press-fitted into the aforementioned through-hole
of the retaining unit 15C. At this time, an O-ring 16 fitted
into the O-ring groove 15D-1a abuts the ceramic sheet
15f of the injection device 15A.

[0048] In this manner, the solenoid-operated dis-
charge valve 14 and the injection unit 15 are assembled
together, whereby a closed cylindrical space is formed
between the discharge holes 14c-2 of the solenoid-op-
erated discharge valve 14 (a portion that can also be
said to be the closed end face (the outside face of the
closed end)—where the discharge holes 14c-2 are
formed—of the external tube portion 14c of the sole-
noid-operated discharge valve 14, or a portion that can
also be said to be the outside surface of a wall portion
of the cylindrical external tube portion 14c where the dis-
charge holes 14c-2 is formed) and the liquid inlet 15-5
of the injection device 15A. In this state, the axis of the
opening (closed cylindrical space) 15D-1 of the sleeve
15D coincides with the axis of the liquid inlet 15-5 of the
injection device 15A and with the axis CL of the needle
valve 14d. As described above, the sleeve 15D is dis-
posed between the discharge holes 14c-2 of the sole-
noid-operated discharge valve 14 and the liquid inlet
(liquid inlet portion) 15-5 of the injection device 15A, and
forms a closed cylindrical space—whose diameter is
substantially equal to that of the liquid inlet 15-5 and
whose axis coincides with the axis of the liquid inlet 15-5
and with the axis CL of the needle valve 14d—between
the discharge holes 14c-2 and the liquid inlet 15-5.
[0049] As mentioned previously, the discharge holes
14c¢-2 are inclined by angle 6 with respect to the axis CL
of the needle valve 14d (the axis of the closed cylindrical
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space). Accordingly, fuel discharged from the solenoid-
operated discharge valve 14 spreads out toward the in-
jection device 15A at the angle 6 with respect to the axis
CL, in the opening 15D-1 (i.e., the aforementioned
closed cylindrical space) of the sleeve 15D. In other
words, with increasing distance from the discharge
holes 14c-2 toward the liquid inlet 15-5, the distances
between the axis CL of the closed cylindrical space and
the paths of fuel discharged from the discharge holes
14c-2 increase.

[0050] In the present embodiment, the angle 6 is de-
termined such that the thus-discharged fuel reaches the
aforementioned plane portion of the liquid feed path
15-1 (the upper surface of the ceramic sheet 15b) with-
out reaching the inner circumferential wall surface (ex-
cluding the inner circumferential wall surface of the O-
ring groove 15D-1 a) which forms the opening 15D-1 (i.
e., the aforementioned closed cylindrical space) of the
sleeve 15D, and without reaching a wall surface WP
(represented in FIG. 3 by the double-dot-and-dash line)
which is formed through imaginary extension of the in-
ner circumferential wall surface to the plane portion of
the liquid feed path 15-1.

[0051] In other words, the solenoid-operated dis-
charge valve 14 is arranged and configured such that
the discharge flow line (represented in FIG. 3 by the dot-
and-dash line DL) of liquid discharged from the dis-
charge holes 14c¢-2 directly intersects the plane portion
of the liquid feed path 15-1 without intersecting the cy-
lindrical side wall of the opening 15D-1 which forms the
closed space of the sleeve 15D, and without intersecting
the side wall WP which is formed through imaginary ex-
tension of the side wall of the opening 15D-1 to the plane
portion of the liquid feed path 15-1.

[0052] Through employment of the above configura-
tion, fuel which is discharged from the discharge holes
14c-2 of the solenoid-operated discharge valve 14 and
fed into the liquid feed path 15-1 via the liquid inlet 15-5
is introduced into the chambers 15-2 via the correspond-
ing liquid introduction holes 15-3. Vibration energy is ap-
plied to the fuel contained in the chambers 15-2, where-
by the fuel is injected in the form of fine (atomized) liquid
droplets into the intake pipe 20 via the liquid injection
ports 15-4a of the liquid discharge nozzles 15-4 and the
through-holes formed in the injection device fixation
plate 15B.

[0053] As shown in FIG. 6, the electrical control unit
30 includes an electronic engine control unit 31 and an
electronic fuel injection control circuit 32, which is con-
nected to the electronic engine control unit 31.

[0054] The electronic engine control unit 31 is con-
nected to sensors, such as an engine speed sensor 33
and an intake pipe pressure sensor 34. Receiving en-
gine speed N and intake pipe pressure P from these
sensors, the electronic engine control unit 31 deter-
mines the amount of fuel and injection start timing re-
quired for an internal combustion engine, and sends a
drive voltage signal to the electronic fuel injection con-
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trol circuit 32, the drive voltage signal relating to the de-
termined amount of fuel and the injection start timing.
[0055] The electronic fuel injection control circuit 32
includes a fuel injection control microcomputer 32a, a
solenoid-operated discharge valve drive circuit section
32b, and a piezoelectric/electrostrictive-element drive
circuit section 32c. The fuel injection control microcom-
puter 32a receives the aforementioned drive voltage
signal from the electronic engine control unit 31 and
sends a control signal based on the received drive volt-
age signal to the solenoid-operated discharge valve
drive circuit section 32b and the piezoelectric/electros-
trictive-element drive circuit section 32c.

[0056] As shown in the timing chart of FIG. 7, the so-
lenoid-operated discharge valve drive circuit section
32b outputs a solenoid valve open-close signal INJ of
rectangular wave to an unillustrated solenoid mecha-
nism of the solenoid-operated discharge valve 14. Upon
generation of the solenoid valve open-close signal INJ
(i.e., when the solenoid valve open-close signal be-
comes a high-level signal (valve opening signal)), the
needle valve 14d of the solenoid-operated discharge
valve 14 is moved to open the discharge holes 14c-2,
and thus fuel is discharged into the liquid feed path 15-1
from the solenoid-operated discharge valve 14 via the
liquid inlet 15-5 of the injection device 15A. By contrast,
when generation of the solenoid valve open-close signal
INJ is stopped (i.e., when the solenoid valve open-close
signal becomes a low-level signal (valve closing sig-
nal)), the needle valve 14d closes the discharge holes
14c-2, and thus discharge of fuel into the liquid feed path
15-1 is stopped.

[0057] As shownin FIG. 7, the piezoelectric/electros-
trictive-element drive circuit section 32c applies the pi-
ezoelectric-element drive signal DV of frequency f (pe-
riod T=1/f) between unillustrated electrodes of each of
the piezoelectric/electrostrictive elements 15g on the
basis of a control signal from the fuel injection control
microcomputer 32a. The piezoelectric-element drive
signal DV has such a waveform as to increase steeply
from 0 (V) to a predetermined maximum electric poten-
tial Vmax (V), subsequently maintain the maximum
electric potential Vmax for only a short period of time,
and then decrease steeply toward 0 (V).

[0058] The drive frequency f of the piezoelectric-ele-
ment drive signal DV is set to a frequency; for example,
near 50 kHz, equal to the resonance frequency (natural
frequency) of the injection device 15A, which depends
on the structure of the chambers 15-2, the structure of
the liquid discharge nozzles 15-4, the nozzle diameter
D, the introduction hole diameter d, the shape of a por-
tion of each of the piezoelectric/electrostrictive elements
15g which causes deformation of the ceramic sheet 15f,
liquid to be used, and the like.

[0059] When astate in which the solenoid valve open-
close signal INJ is generated (the solenoid valve open-
close signal INJ assumes a high level) continues, the
pressure of liquid contained in the liquid feed path 15-1
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converges to a constant high pressure, whereby injec-
tion of liquid from the liquid discharge nozzles 15-4 con-
tinues. When a state in which the solenoid-operated
open-close signal INJ is not generated (the solenoid
valve open-close signal INJ assumes a low level) con-
tinues, the pressure of liquid contained in the liquid feed
path 15-1 converges to a constant low pressure. At this
time, liquid is not injected from the liquid discharge noz-
zles 15-4.

[0060] The configuration and action of the above-de-
scribed solenoid-operated discharge valve drive circuit
section 32b and those of the above-described piezoe-
lectric/electrostrictive-element drive circuit section 32¢
will next be described in detail with reference to FIG. 7
and FIG. 8, which shows electric circuit diagrams of
these circuit sections.

[0061] AsshowninFIG. 8, the solenoid-operated dis-
charge valve drive circuit section 32b includes two Sch-
mitt trigger circuits ST1 and ST2; three field effect tran-
sistors (MOS FETs) MS1 to MS3; a plurality of resistors
RST1, RST2, and RS1 to RS4; and one capacitor CS.
Among these resistors, the resistors RST1 and RST2
are output current limiting resistors for the Schmitt trig-
ger circuits ST1 and ST2, respectively.

[0062] AsshowninFIG.7,when the electronic engine
control unit 31 outputs the drive voltage signal INJ,
which changes from a low level to a high level, to the
fuel injection control microcomputer 32a, the fuel injec-
tion control microcomputer 32a outputs to the Schmitt
trigger circuit ST1 a signal (not shown) which changes
from a high level to a low level. Also, the fuel injection
control microcomputer 32a outputs to the Schmitt trigger
circuit ST2 a signal (not shown) which changes from a
low level to a high level.

[0063] This causes the Schmitt trigger circuit ST1 to
output a high-level signal. Accordingly, the field effect
transistor MS3 turns ON (becomes electrically conduc-
tive). As a result, the field effect transistor MS1 also
turns ON. Since the Schmitt trigger circuit ST2 outputs
a low-level signal, the field effect transistor MS2 turns
OFF (becomes electrically nonconductive).

[0064] This causes the power supply voltage VP1 to
be applied to the capacitor CS and the solenoid-operat-
ed discharge valve 14 (the solenoid mechanism there-
of), and thus the capacitor CS is charged. At this time,
current flows to the solenoid-operated discharge valve
14, and after the elapse of time Td—which is a prede-
termined delay time (a so-called ineffective injection
time) stemming from an inductor component—the nee-
dle valve 14d starts to move. As a result, discharge of
liquid into the liquid feed path 15-1 from the solenoid-
operated discharge valve 14 starts, so that the liquid
pressure in the liquid feed path 15-1 starts to rise from
a constant low pressure.

[0065] Meanwhile, when the electronic engine control
unit 31 sends to the fuel injection control microcomputer
32a the drive voltage signal INJ which changes from a
high level to a low level, the fuel injection control micro-
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computer 32a outputs to the Schmitt trigger circuit ST1
a signal (not shown) which changes from a low level to
a high level. Also, the fuel injection control microcom-
puter 32a outputs to the Schmitt trigger circuit ST2 a
signal (not shown) which changes from a high level to
a low level.

[0066] This causes the Schmitt trigger circuit ST1 to
output a low-level signal. Accordingly, the field effect
transistor MS3 turns OFF, and thus the field effect tran-
sistor MS1 turns OFF. Also, since the Schmitt trigger cir-
cuit ST2 outputs a high-level signal, the field effect tran-
sistor MS2 turns ON. As a result, the power supply volt-
age VP1 is not applied to the capacitor CS and the so-
lenoid-operated discharge valve 14 (the solenoid mech-
anism thereof); and the capacitor CS is grounded via
the field effect transistor MS2, whereby charges stored
in the capacitor CS are discharged. Thus, application of
electricity to the solenoid-operated discharge valve 14
is stopped, and, after the elapse of a predetermined time
after the field effect transistor MS2 has been turned ON,
the needle valve 14d starts to move toward the initial
position. Accordingly, the amount of liquid discharged
into the liquid feed path 15-1 from the solenoid-operated
discharge valve 14 decreases; as a result, liquid pres-
sure in the liquid feed path 15-1 lowers toward the afore-
mentioned constant low pressure from the aforemen-
tioned constant high pressure.

[0067] The above is the action of the solenoid-oper-
ated discharge valve drive circuit section 32b. Notably,
the capacitor CS functions to maintain voltage to be ap-
plied to the solenoid mechanism of the solenoid-oper-
ated discharge valve 14 when the power supply voltage
VP1 is applied to the solenoid mechanism. Next, the pi-
ezoelectric/electrostrictive-element drive circuit section
32c will be described.

[0068] As shown in FIG. 8, the piezoelectric/electros-
trictive-element drive circuit section 32c includes two
Schmitt trigger circuits ST11 and ST12; three field effect
transistors (MOS FETs) MS11 to MS13; a plurality of re-
sistors RST11, RST12, and RS11 to RS14; and two coils
L1 and L2. Among these resistors, the resistors RST11
and RST12 are output current limiting resistors for the
Schmitt trigger circuits ST11 and ST12, respectively.
[0069] AsshowninFIG.7,when the electronic engine
control unit 31 outputs to the fuel injection control micro-
computer 32a a signal which changes from a low level
to a high level, on the basis of this signal, the fuel injec-
tion control microcomputer 32a outputs, as a control sig-
nal (not shown), a pulse of a constant width (a rectan-
gular wave formed such that voltage drops to 0 (V) from
a constant voltage, is then maintained at 0 (V) for a pre-
determined period of time, and is subsequently restored
to the constant voltage) to the Schmitt trigger circuit
ST11 every elapse of period T (frequency f=1/T). The
fuel injection control microcomputer 32a outputs a sim-
ilar pulse, as a control signal, to the Schmitt trigger cir-
cuit ST12 in such a manner as to slightly lag the control
signal sent to the Schmitt trigger circuit ST11.
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[0070] When a pulse is input to the Schmitt trigger cir-
cuit ST11, the Schmitt trigger circuit ST11 outputs a
high-level signal. Accordingly, the field effect transistor
MS13 turns ON; as a result, the field effect transistor
MS11 also turns ON. At this point of time, the Schmitt
trigger circuit ST12 outputs a low-level signal; thus, the
field effect transistor MS12 remains OFF. Therefore,
since the power supply voltage VP2 is applied to the pi-
ezoelectric/electrostrictive elements 15g via the coil L1
and the resistor RS11, the piezoelectric/electrostrictive
elements 15g cause deformation of the ceramic sheet
15f, whereby the corresponding chambers 15-2 de-
crease in volume.

[0071] Subsequently, the pulse input to the Schmitt
trigger circuit ST11 disappears. This causes the Schmitt
trigger circuit ST11 to output a low-level signal, and thus
the field effect transistors MS13 and MS11 turn OFF.
Even at this point of time, no pulse is input to the Schmitt
trigger circuit ST12. Therefore, the Schmitt trigger circuit
ST12 outputs a low-level signal, and thus the field effect
transistor MS12 remains OFF. As a result, the piezoe-
lectric/electrostrictive elements 15g retain stored charg-
es, whereby the electric potential between electrodes of
each of the piezoelectric/electrostrictive elements 15g
is maintained at the maximum value Vmax.

[0072] Subsequently, the fuel injection control micro-
computer 32a inputs the aforementioned pulse to the
Schmitt trigger circuit ST12 only. This causes the Sch-
mitt trigger circuit ST12 to output a high-level signal, and
thus the field effect transistor MS12 turns ON. As a re-
sult, the piezoelectric/electrostrictive elements 15g are
grounded via the resistor RS12, the coil L2, and the field
effect transistor MS12, whereby charges stored in the
piezoelectric/electrostrictive elements 15g are dis-
charged. Thus, the piezoelectric/electrostrictive ele-
ments 15g begin to be restored to their initial shape,
whereby the corresponding chambers 15-2 increase in
volume.

[0073] As mentioned previously, such an action is re-
peated every elapse of the period T (frequency f=1/T),
whereby vibration energy is transmitted to liquid con-
tained in the chambers 15-2. The above is the action of
the piezoelectric/electrostrictive-element drive circuit
section 32c.

[0074] Notably, hereinthe expression "to generate the
solenoid valve open-close signal INJ" means applying
the power supply voltage VP1 to the solenoid-operated
valve 14 via the field effect transistor MS1 and the like;
and the expression "to stop generation of the solenoid
valve open-close signal INJ" means stopping applica-
tion of the power supply voltage VP1 to the solenoid-
operated valve 14. The expression "to generate the pi-
ezoelectric-element drive signal DV" means performing
charge and discharge of the piezoelectric/electrostric-
tive elements 15g at the above-mentioned frequency f
(period T); and the expression "to stop generation of the
piezoelectric-element drive signal DV" means stopping
the above-described charge and discharge repeatedly
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performed on the piezoelectric/electrostrictive elements
15¢ (i.e., it means starting continuous grounding of the
piezoelectric/electrostrictive elements 15g via the field
effect transistor MS12).

[0075] Next, the action of the liquid injection appara-
tus 10 having the above-described configuration will be
described with reference to the timing chart of FIG. 9.
On the basis of engine operation conditions, such as en-
gine speed N and intake pipe pressure P, the electronic
engine control unit 31 determines time (fuel discharge
time Tfuel) during which the solenoid-operated dis-
charge valve 14 is opened. Further, the electronic en-
gine control unit 31 determines a timing (valve opening
timing) at which the solenoid-operated discharge valve
14 is caused to start opening. Here, time t2 of FIG. 9 is
assumed to be a valve opening timing in the present cy-
cle.

[0076] Attime t0, which occurs a predetermined time
before time t1, which in turn occurs a slight time (a so-
called ineffective injection time Td, which is a delay time
stemming from inductance of the solenoid mechanism
of the solenoid-operated discharge valve 14) before
time t2, the electronic engine control unit 31 sends to
the fuel injection control microcomputer 32a a signal
which instructs start of activation of the piezoelectric/
electrostrictive elements 15g. Further, when time t1 is
reached, the electronic engine control unit 31 sends a
drive voltage signal to the fuel injection control micro-
computer 32a until elapse, from time t1, of a time corre-
sponding to the sum of the ineffective injection time Td
and the fuel discharge time Tfuel determined as de-
scribed above.

[0077] Upon reception of the signal which instructs
start of activation of the piezoelectric/electrostrictive el-
ements 15g, the fuel injection control microcomputer
32a sends a control signal to the piezoelectric/electros-
trictive-element drive circuit section 32c and causes the
drive circuit section 32c to apply, from time t0, the pie-
zoelectric-element drive signal DV of frequency f be-
tween the electrodes of each of the piezoelectric/elec-
trostrictive elements 15g. Further, upon reception of the
drive voltage signal, the fuel injection control microcom-
puter 32a sends a control signal to the solenoid-operat-
ed discharge valve drive circuit section 32b. As a result,
the solenoid-operated discharge valve drive circuit sec-
tion 32b generates the solenoid valve open-close signal
INJ (a high-level signal) to the solenoid-operated dis-
charge valve 14 from time t1.

[0078] When time t2, which is slightly later than time
t1, is reached (that is, upon elapse of the ineffective in-
jection time Td of the solenoid-operated discharge valve
14), the needle valve 14d is moved, whereby the dis-
charge holes 14c-2 are opened (that is, the solenoid-
operated discharge valve 14 is opened). This causes
start of discharge/feed of fuel contained in the fuel path
14b into the liquid feed path 15-1 of the injection device
15A from the discharge holes 14c¢-2 via the closed cy-
lindrical space of the sleeve 15D and the liquid inlet 15-5
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of the injection device 15A. As a result, as shown in FIG.
9(B), the pressure of liquid contained in the liquid feed
path 15-1 starts to rise.

[0079] When, after time t2, the pressure of fuel con-
tained in the chambers 15-2 has increased to a sufficient
level (level sufficient for injection of fuel into the liquid
injection space 21), as shownin FIG. 10, fuel is extruded
(injected) from the end face of each of the liquid injection
ports 15-4a toward the liquid injection space 21 in the
intake pipé 20. At this time, since vibration energy in-
duced by the activation of the piezoelectric/electrostric-
tive elements 15g is applied to fuel contained in the cor-
responding chambers 15-2, constricted portions are
formed on the fuel which is extruded toward the liquid
injection space 21 from the end face of each of the liquid
injection ports 15-4a. Thus, a leading end portion of the
fuel leaves the remaining portion of the fuel while being
torn off at its constricted portion. As a result, uniformly
and finely atomized fuel is injected into the intake pipe
20.

[0080] As described above, the electrical control unit
30 starts generation of the piezoelectric-element drive
signal DV at time t0, which is immediately before time
t2 at which the pressure of liquid in the liquid feed path
15-1 starts to increase from the aforementioned con-
stantlow pressure upon generation of the solenoid valve
open-close signal INJ.

[0081] Accordingly, ata point of time at which injection
of liquid from the liquid discharge nozzles 15-4 of the
injection device 15A is likely to start, vibration energy
has already been applied to liquid through drive of the
respective piezoelectric/electrostrictive elements 15g
by means of the piezoelectric-element drive signal DV.
As a result, atomized liquid droplets can be injected,
without fail, from the beginning of injection of liquid.
[0082] Upon elapse from time t1 of the time corre-
sponding to the sum of the ineffective injection time Td
and the fuel discharge time Tfuel, and when time t3 is
reached, at which the drive voltage signal from the elec-
tronic engine control unit 31 disappears, the fuel injec-
tion control microcomputer 32a again sends a control
signal to the solenoid-operated discharge valve drive
circuit section 32b so as to cause the same to stop the
generation of the solenoid valve open-close signal INJ.
[0083] The fuel injection control microcomputer 32a
continues application of the piezoelectric-element drive
signal DV to the piezoelectric/electrostrictive elements
15g up to time t4 (time t4 immediately after time t3),
which occurs a predetermined time after time t3 and by
which the pressure of liquid in the liquid feed path 15-1
decreases to the aforementioned constant low pres-
sure, which is the stationary pressure during periods in
which the solenoid-operated discharge valve 14 is
closed. The fuel injection control microcomputer 32a
stops the generation of the piezoelectric-element drive
signal DV at time t4.

[0084] As described above, the electrical control unit
30 continues the generation of the piezoelectric-ele-
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ment drive signal DV up to time t4, immediately after the
pressure of liquid in the liquid feed path 15-1 has low-
ered to the aforementioned constant low pressure be-
cause of stoppage of the generation of the solenoid
valve open-close signal INJ.

[0085] For a period of time after time t3, at which the
generation of the solenoid valve open-close signal INJ
was stopped, the pressure of liquid in the liquid feed path
15-1 is higher than the aforementioned constant low
pressure, and thus injection of liquid from the liquid dis-
charge nozzles 15-4 of the injection device 15A contin-
ues. Therefore, the generation of the piezoelectric-ele-
ment drive signal DV is continued up to time t4, which
is immediately after the pressure of liquid in the liquid
feed path 15-1 has lowered to the aforementioned con-
stant low pressure because of stoppage of the genera-
tion of the solenoid valve open-close signal INJ.
[0086] By virtue of the above-described operation, in
a period after time t3, at which the generation of the so-
lenoid valve open-close signal INJ was stopped, the
drive of the piezoelectric/electrostrictive elements 15g
by means of the piezoelectric-element drive signal DV
is continued until injection of liquid from the liquid dis-
charge nozzles 15-4 of the injection device 15A ends,
whereby vibration energy can be applied to the liquid
during that period. As a result, liquid can be atomized
and injected, without fail, until injection of the liquid into
the liquid injection space 21 ends, even after disappear-
ance (after stoppage of generation) of the solenoid valve
open-close signal INJ.

[0087] Notably, preferably, in the above-described
embodiment, when Q (cc/min) represents the amount
of liquid to be discharged per unit time (discharge flow
rate) from the solenoid-operated discharge valve 14,
and V (cc) represents the volume of a liquid path formed
between the solenoid-operated discharge valve 14 and
the distal ends of the discharge nozzles 15-4 of the in-
jection device 15A, their ratio (V/Q) is 0.03 or less.
[0088] Herein, the volume V is the sum total of the
volume of the closed cylindrical space of the sleeve 15D,
the volume of the liquid inlet 15-5, the volume of the lig-
uid feed path 15-1, the volume of the chambers 15-2,
the volume of the liquid introduction holes 15-3, and the
volume of the liquid discharge nozzles 15-4.

[0089] Also, preferably, a time when the solenoid
valve open-close signal INJ assumes a high level is set
in such a manner as to only fall within a time when the
intake valve 22 of the internal combustion engine is
opened, as shown in FIG. 9. Through employment of
this feature, when fuel injected from the liquid injection
apparatus 10 reaches the intake valve 22, the intake
valve 22 is open, whereby the fuel can be taken directly
into a cylinder without adhesion to, for example, the
back surface of the intake valve 22, and the fuel injected
in an atomized condition is taken directly into the cylin-
der. Since the injected fuel does not adhere to the intake
valve 22 and the wall surface of the intake pipe 20, the
fuel economy of the internal combustion engine can be
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enhanced, and the amount of an unburnt gas contained
in exhaust can be reduced.

[0090] Notably, preferably, the velocity of fuel injected
in an atomized condition from the liquid discharge noz-
zles 15-4 (the velocity of liquid droplets or atomized
droplets) is varied according to the amount of lift of the
intake valve 22 and/or the intake air velocity (wind ve-
locity) within the intake pipe. By virtue of this, fuel inject-
ed in an atomized condition is taken directly into each
cylinder, and adhesion of fuel to the wall surface of the
cylinder is prevented more reliably. The velocity of fuel
injected in an atomized condition from the liquid dis-
charge nozzles 15-4 can be changed through changing
the waveform of the piezoelectric-element drive signal
DV applied to the piezoelectric/electrostrictive elements
159 (in particular, the rising speed or the highest voltage
of the piezoelectric-element drive signal DV), or chang-
ing the pressure of fuel (fuel pressure) to be fed to the
solenoid-operated discharge valve 14. The fuel pres-
sure can be changed through changing the regulation
pressure of the pressure regulator 13, or when the pres-
sure regulator 13 is not provided, the fuel pressure can
be changed through changing the discharge pressure
of the pressure pump.

[0091] Next, a liquid injection apparatus 10 according
to a second embodiment of the present invention will be
described. The liquid injection apparatus 10 according
to the second embodiment differs from the liquid injec-
tion apparatus 10 according to the first embodiment only
in a pattern for generating the solenoid valve open-close
signal INJ and the piezoelectric-element drive signal
DV. Thus, while the main focus is placed on the above
point of difference, the second embodiment will next be
described with reference to the timing chart of FIG. 11.
[0092] In the second embodiment, during periods in
which the liquid contained in the liquid feed path 15-1
stably has the aforementioned constant high pressure
as a result of opening of the solenoid-operated dis-
charge valve 14 (in a period between t13 to t15 in FIG.
11), the activation of the piezoelectric/electrostrictive el-
ements 15g (atomization of fuel through activation of the
piezoelectric/electrostrictive elements 15g) is stopped.
[0093] More specifically, when the electronic engine
control unit generates a drive voltage signal shown in
(A) of FIG. 11 at time t11, the fuel injection control mi-
crocomputer 32a generates the solenoid valve open-
close signal INJ for the solenoid-operated discharge
valve drive circuit section 32b. As a result, at time t12
(after passage of the ineffective injection time Td), the
solenoid-operated discharge valve 14 opens, whereby
the pressure of liquid in the liquid feed path 15-1 starts
to increase as shown in (C) of FIG. 11.

[0094] The fuel injection control microcomputer 32a
determines, through monitoring, whether time t12 has
been reached; i.e., whether the ineffective injection time
Td has elapsed from time t11. When the fuel injection
control microcomputer 32a determines that time t12 has
been reached, the fuel injection control microcomputer
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32a causes the piezoelectric/electrostrictive-element
drive circuit section 32c to generate the piezoelectric-
element drive signal DV. Subsequently, at time t13, by
which the pressure of liquid in the liquid feed path 15-1
has increased to the aforementioned constant high
pressure, the fuel injection control microcomputer 32a
causes the piezoelectric/electrostrictive-element drive
circuit section 32c to stop the generation of the piezoe-
lectric-element drive signal DV. The length of the period
between t12 and t13 is previously determined, and is
stored in the fuel injection control microcomputer 32a.

[0095] Notably, a piezoelectric/electrostrictive ele-
ment for detecting the liquid pressure in the liquid feed
path 15-1 may be provided separately. In this case, a
signal output from the piezoelectric/electrostrictive ele-
ment is input to the fuel injection control microcomputer
32a, and the fuel injection control microcomputer 32a is
configured to stop the generation of the piezoelectric-
element drive signal DV when the signal from the pie-
zoelectric/electrostrictive element indicates that the
pressure of liquid in the liquid feed path 15-1 has
reached the above-described predetermined high pres-
sure.

[0096] Subsequently, when the drive voltage signal
from the electronic engine control unit disappears at
time t14, the fuel injection control microcomputer 32a
causes the solenoid-operated discharge valve drive cir-
cuit section 32b to stop the generation of the solenoid
valve open-close signal INJ. As a result, at time t15 oc-
curring slightly after time t14 (that is, a point in time at
which the solenoid-operated discharge valve 14 starts
to close as a result of progress of discharge of the ca-
pacitor CS), the solenoid-operated discharge valve 14
starts to close. As a result, as shown in (C) of FIG. 11,
the pressure of liquid in the liquid feed path 15-1 starts
to decrease.

[0097] Meanwhile, the fuel injection control micro-
computer 32a determines, through monitoring, whether
time t15 has been reached; i.e., whether a predeter-
mined period of time has elapsed after time t14. When
the fuel injection control microcomputer 32a determines
that time t15 has been reached, the fuel injection control
microcomputer 32a again causes the piezoelectric/elec-
trostrictive-element drive circuit section 32c to generate
the piezoelectric-element drive signal DV. Subsequent-
ly, at time t16, by which the liquid contained in the liquid
feed path 15-1 has lowered to the above-described pre-
determined, constant low pressure, the fuel injection
control microcomputer 32a causes the piezoelectric/
electrostrictive-element drive circuit section 32c to stop
the generation of the piezoelectric-element drive signal
DV. The length of the period between t15 and t16 is pre-
viously determined, and is stored in the fuel injection
control microcomputer 32a.

[0098] Notably, in this case as well, a piezoelectric/
electrostrictive element for detecting the liquid pressure
in the liquid feed path 15-1 may be provided separately.
In this case, a signal output from the piezoelectric/elec-
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trostrictive element for detection is input to the fuel in-
jection control microcomputer 32a, and the fuel injection
control microcomputer 32a is configured to stop the gen-
eration of the piezoelectric-element drive signal DV
when the signal from the piezoelectric/electrostrictive el-
ement for detection indicates that the pressure of liquid
in the liquid feed path 15-1 has reached the aforemen-
tioned constant low pressure.

[0099] As described above, the liquid injection appa-
ratus 10 according to the second embodiment is config-
ured in such a manner that the electrical control unit 30
does not generate the piezoelectric-element drive signal
DV during periods (time t13 to time t15) in which the lig-
uid in the liquid feed path 15-1 is maintained at a con-
stant high pressure by means of the solenoid valve
open-close signal INJ.

[0100] When the pressure of liquid in the liquid feed
path 15-1 has increased to a sufficiently high pressure
(the aforementioned constant higher pressure) as a re-
sult of generation of the solenoid valve open-close sig-
nal INJ, the velocity of liquid injected into the liquid in-
jection space 21 from the liquid discharge nozzles 15-4
of the injection device 15A (the injection velocity, or the
travel velocity of a liquid column) becomes sufficiently
high, whereby the liquid assumes the form of droplets
of a relatively small size by virtue of surface tension.
Therefore, in such a case (time t13 to time t15), gener-
ation of the piezoelectric-element drive signal DV is
stopped as in the second embodiment, whereby the
power consumption of the liquid injection apparatus 10
can be reduced.

[0101] Next, a liquid injection apparatus 10 according
to a third embodiment of the present invention will be
described. The liquid injection apparatus 10 according
to the third embodiment differs from the liquid injection
apparatus 10 according to the first embodiment only in
a pattern for generating the solenoid valve open-close
signal INJ and the piezoelectric-element drive signal
DV. Thus, while the main focus is placed on the above
point of difference, the third embodiment will next be de-
scribed with reference to the timing chart of FIG. 12. No-
tably, (B) of FIG. 12 shows the duty ratio (or average
current) of the solenoid valve open-close signal INJ,
which will be described later.

[0102] In the third embodiment, when the pressure of
liquid contained in the liquid feed path 15-1 is higher
than the aforementioned constant low pressure as a re-
sult of opening of the solenoid-operated discharge valve
14; in other words, when liquid can be injected from the
liquid discharge nozzles 15-4, generation of the piezo-
electric-element drive signal DV is continued. Further,
the solenoid valve open-close signal INJ is generated
such that the pressure of liquid contained in the liquid
feed path 15-1 increases steeply immediately after start
of generation of the solenoid valve open-close signal
INJ and subsequently lowers gradually (slowly) at a
pressure change rate whose absolute value is smaller
than that of a pressure change rate at the time of the
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increase of the liquid pressure.

[0103] More specifically, when the electronic engine
control unit 31 generates a drive voltage signal shown
in (A) of FIG. 12 at time t21, the fuel injection control
microcomputer 32a causes the solenoid-operated dis-
charge valve drive circuit section 32b to generate the
solenoid valve open-close signal INJ. At time t21 and
immediately after time t21, the fuel injection control mi-
crocomputer 32a generates respective control signals
to the Schmitt trigger circuits ST1 and ST2 such that the
field effect transistor MS1 of the solenoid-operated dis-
charge valve drive circuit section 32b maintains the ON
state, whereas the field effect transistor MS2 maintains
the OFF state. In other words, a pulsing voltage which
changes between 0 (V) and the power supply voltage
VP1 (V) in a predetermined period Tp and whose duty
ratio (=(time during which VP1 (V) is maintained)/Tp) is
100% is applied to the solenoid-operated discharge
valve 14. Hereinafter, the duty ratio will be simply re-
ferred to as the "duty ratio of the solenoid valve open-
close signal INJ").

[0104] This causes the needle valve 14d of the sole-
noid-operated discharge valve 14 to start to move to-
ward its maximum movement position at time t22, which
is reached after the elapse of the ineffective injection
time Td, and thus the discharge holes 14¢-2 start to be
opened. Accordingly, as shown in (C) FIG. 12, the pres-
sure of liquid contained in the liquid feed path 15-1 starts
to rise steeply at a predetermined increase rate 1. At
and after time t22, the fuel injection control microcom-
puter 32a causes the piezoelectric/electrostrictive-ele-
ment drive circuit section 32c to generate the piezoelec-
tric-element drive signal DV.

[0105] Subsequently, at time t23, by which the pres-
sure of liquid contained in the liquid feed path 15-1 has
increased to the aforementioned constant high pres-
sure, the fuel injection control microcomputer 32a grad-
ually reduces the duty ratio of the solenoid valve open-
close signal INJ applied to the solenoid-operated dis-
charge valve 14. As a result, since the needle valve 14d
of the solenoid-operated discharge valve 14 starts to
gradually move toward the initial position, the opening
area of the discharge holes 14c-2 gradually reduces.
Accordingly, the pressure of liquid contained in the liquid
feed path 15-1 starts to lower at a predetermined reduc-
tion rate 02. At this time, the absolute value of the re-
duction rate a2 is smaller than that of the increase rate
ol.

[0106] Subsequently, at time t24, because of disap-
pearance of the drive voltage signal from the electronic
engine control unit 31, the fuel injection control micro-
computer 32a steeply reduces the aforementioned duty
ratio of the solenoid valve open-close signal INJ applied
to the solenoid-operated discharge valve 14. Then, at
time t25 when the duty ratio of the solenoid valve open-
close signal INJ applied to the solenoid-operated dis-
charge valve 14 becomes 0%, the fuel injection control
microcomputer 32a stops the generation of the solenoid
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valve open-close signal INJ.

[0107] As aresult, fromtime t24, the needle valve 14d
of the solenoid-operated discharge valve 14 moves fast-
er toward the initial position, and thus the opening area
of the discharge holes 14c-2 decreases steeply. Accord-
ingly, from time t26 subsequent to time t24, the pressure
of liquid contained in the liquid feed path 15-1 starts to
lower steeply at a predetermined reduction rate o3
whose absolute value is greater than that of the reduc-
tion rate a2. At time t27, the pressure of liquid contained
in the liquid feed path 15-1 becomes the aforementioned
constant low pressure. Notably, a time ranging from time
t24 to time t26 arises because of an operation lag of the
needle valve 14d.

[0108] Meanwhile, from time t22, the fuel injection
control microcomputer 32a continues generation of the
piezoelectric-element drive signal DV. At time t27, or
when a predetermined period of time elapses after time
t24, the fuel injection control microcomputer 32a stops
the generation of the piezoelectric-element drive signal
DV.

[0109] Notably, in this case as well, a piezoelectric/
electrostrictive element for detecting the liquid pressure
in the liquid feed path 15-1 may be provided separately.
In this case, a signal output from the piezoelectric/elec-
trostrictive element for detection is input to the fuel in-
jection control microcomputer 32a, and the fuel injection
control microcomputer 32a is configured to stop the gen-
eration of the piezoelectric-element drive signal DV
when the signal from the piezoelectric/electrostrictive el-
ement for detection indicates that the pressure of liquid
in the liquid feed path 15-1 has reached the aforemen-
tioned constant low pressure.

[0110] As described above, the liquid injection appa-
ratus 10 according to the third embodiment is configured
as follows. When the pressure of liquid in the liquid feed
path 15-1 is made higher than the constant low pressure
by means of the solenoid valve open-close signal INJ
(time t22 to time t27), the electrical control unit 30 gen-
erates the piezoelectric-element drive signal DV. Fur-
thermore, the electrical control unit 30 generates the so-
lenoid valve open-close signal INJ in such a manner that
immediately after start of generation of the solenoid
valve open-close signal INJ (time t22 to time t23), the
pressure of liquid contained in the liquid feed path 15-1
increases and then gradually lowers at the pressure
change rate a2 whose absolute value (|o.2|) is smaller
than that (Jo1]) of the pressure change rate a1 at the
time of pressure increase.

[0111] By virtue of the above-described configuration,
the pressure of liquid contained in the liquid feed path
15-1 steeply increases immediately after start of gener-
ation of the solenoid valve open-close signal INJ (time
t22 to time t23). Therefore, the generation of the sole-
noid valve open-close signal INJ leads to immediate
start of injection of liquid droplets. Subsequently, the
pressure of liquid contained in the liquid feed path 15-1
continues to lower in a relatively gradual manner (at re-
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duction rate o2). Therefore, the velocity of a preceding
injected liquid droplet is higher than that of a subsequent
injected liquid droplet, thereby reducing the possibility
that liquid droplets injected from the respective liquid
discharge nozzles 15-4 collide within the liquid injection
space 21 to form a liquid droplet of a greater size.
[0112] Next, aliquid injection apparatus 10 according
to a fourth embodiment of the present invention will be
described. The liquid injection apparatus 10 according
to the fourth embodiment differs from the liquid injection
apparatus 10 according to the first embodiment only in
a pattern for generating the solenoid valve open-close
signal INJ and the piezoelectric-element drive signal
DV. Thus, while the main focus is placed on the above
point of difference, the fourth embodiment will next be
described with reference to the timing chart of FIG. 13.
[0113] In the fourth embodiment, when the pressure
of liquid contained in the liquid feed path 15-1 is in the
process of increasing or lowering as a result of opening
and closing, respectively, of the solenoid-operated dis-
charge valve 14, the frequency f of the piezoelectric-el-
ement drive signal DV is set lower than that when the
liquid pressure is the aforementioned constant high
pressure. In other words, when the pressure of liquid
contained in the liquid feed path 15-1 is lower than the
aforementioned constant high pressure, the period of
volume change of each of the chambers 15-2 is set to
a longer time.

[0114] More specifically, when the drive voltage signal
from the electronic engine control unit 31 arises at time
t31, the fuel injection control microcomputer 32a causes
the solenoid-operated discharge valve drive circuit sec-
tion 32b to generate the solenoid valve open-close sig-
nal INJ. As a result, at time t32, which is reached after
the elapse of the ineffective injection time Td, the pres-
sure of liquid contained in the liquid feed path 15-1 starts
to rise, and, at time t33, reaches the aforementioned
constant high pressure.

[0115] Inthis liquid pressure rise period (from time t32
totime t33), the fuel injection control microcomputer 32a
causes the piezoelectric/electrostrictive-element drive
circuit section 32c to generate the piezoelectric-element
drive signal DV of a first frequency f1. In other words,
the frequency f of the piezoelectric-element drive signal
DV applied to the piezoelectric/electrostrictive elements
159 is set to the first frequency f1.

[0116] Subsequently, at time t33, by which the pres-
sure of liquid contained in the liquid feed path 15-1 has
increased to the aforementioned constant high pres-
sure, the fuel injection control microcomputer 32a sets
the frequency f of the piezoelectric-element drive signal
DV applied to the piezoelectric/electrostrictive elements
15¢g to a second frequency f2 higher than the first fre-
quency f1. Notably, such a change in frequency f is per-
formed through changing (shortening) the period T (see
FIG. 7) of pulses to be sent to the Schmitt trigger circuits
ST11 and ST12 from the fuel injection control microcom-
puter 32a.
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[0117] Subsequently, when the drive voltage signal
from the electronic engine control unit 31 disappears at
time t34, the fuel injection control microcomputer 32a
stops the generation of the solenoid valve open-close
signal INJ applied to the solenoid-operated discharge
valve 14. As a result, at time t35, which is reached after
the elapse of a predetermined time from time t34, the
pressure of liquid contained in the liquid feed path 15-1
starts to lower. Then, at time t36, the liquid pressure be-
comes the aforementioned constant low pressure.
[0118] Meanwhile, the fuel injection control micro-
computer 32a determines, through monitoring, whether
or not time t35 has been reached after elapse of a pre-
determined period of time after time t34. When the time
t35 has been reached, the fuel injection control micro-
computer 32a again sets the frequency f of the piezoe-
lectric-element drive signal DV applied to the piezoelec-
tric/electrostrictive element drive circuit section 32c to
the first frequency f1. The fuel injection control micro-
computer 32a stores the length of the period between
time t35 and time t36. At time t36; i.e., after elapse of a
period of the stored length from time t35, the fuel injec-
tion control microcomputer 32a stops the generation of
the piezoelectric-element drive signal DV.

[0119] Notably, in this case as well, a piezoelectric/
electrostrictive element for detecting the liquid pressure
in the liquid feed path 15-1 may be provided separately.
In this case, a signal output from the piezoelectric/elec-
trostrictive element for detection is input to the fuel in-
jection control microcomputer 32a, and the fuel injection
control microcomputer 32a is configured to change the
frequency of the piezoelectric-element drive signal DV
and stop the generation of the piezoelectric-element
drive signal DV, when, on the basis of the signal from
the piezoelectric/electrostrictive element for detection,
the pressure of liquid in the liquid feed path 15-1 is de-
tected to have reached the above-described constant
high and low pressures, respectively.

[0120] As described above, the liquid injection appa-
ratus 10 according to the fourth embodiment is config-
ured in such a manner that the electrical control unit 30
changes the frequency of the piezoelectric-element
drive signal DV according to the pressure of liquid in the
liquid feed path 15-1. In other words, as the pressure of
liquid inthe liquid feed path 15-1 increases, the electrical
control unit 30 applies the piezoelectric-element drive
signal DV having a higher frequency to the piezoelectric/
electrostrictive elements 15g, thereby increasing the
frequency of volume change of the chambers 15-2.
[0121] Since the pressure of liquid contained in the
liquid feed path 15-1 determines the velocity (injection
velocity) of liquid injected from each of the liquid dis-
charge nozzles 15-4, the degree of atomization of liquid
varies with the pressure of the liquid. Therefore, as in
the case of the above-described fourth embodiment,
through changing the frequency f of the piezoelectric-
element drive signal DV according to the pressure of lig-
uid contained in the liquid feed path 15-1, liquid droplets
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of a desired size can be obtained.

[0122] Also, in the above-described fourth embodi-
ment, the piezoelectric-element drive signal DV is
changed such that the frequency f of the piezoelectric-
element drive signal DV increases with an increase in
the pressure of liquid contained in the liquid feed path
15-1. This configuration is employed for the following
reason. As the pressure of liquid contained in the liquid
feed path 15-1 increases, the velocity of liquid injected
from the respective liquid discharge nozzles 15-4 in-
creases, and the flow rate of liquid injected from the re-
spective liquid discharge nozzles 15-4 (the length of a
liquid column extruded into the liquid injection space 21
per unit time from each of the liquid discharge nozzles
15-4) increases. Therefore, through application, to the
piezoelectric/electrostrictive elements 15g, of the piezo-
electric-element drive signal DV whose frequency f in-
creases with the pressure of liquid contained in the liquid
feed path 15-1, the size of liquid droplets obtained
through atomization can be rendered uniform, irrespec-
tive of the liquid pressure. Notably, in the above-de-
scribed embodiment, the frequency f of the piezoelec-
tric-element drive signal DV is changed in two stages,
consisting of the first frequency f1 and the second fre-
quency f2. However, the frequency f may be changed
continuously according to the pressure of liquid in the
liquid feed path 15-1.

[0123] Next, aliquid injection apparatus 10 according
to a fifth embodiment of the present invention will be de-
scribed. The liquid injection apparatus 10 according to
the fifth embodiment differs from the liquid injection ap-
paratus 10 according to the first embodiment only in a
pattern for generating the solenoid valve open-close sig-
nal INJ and the piezoelectric-element drive signal DV.
Thus, while the main focus is placed on the above point
of difference, the fifth embodiment will next be described
with reference to the timing chart of FIG. 14.

[0124] In the fifth embodiment, as in the case of the
second embodiment, during the period of time (ranging
fromtime t13totime t15in FIG. 14) when the liquid pres-
sure in the liquid feed path 15-1 is stabilized at the afore-
mentioned constant high pressure, atomization of fuel
effected through activation of the piezoelectric/electros-
trictive elements 15g (atomization of fuel through acti-
vation of the piezoelectric/electrostrictive elements 15g)
is stopped. Also, during the period of time when the
pressure of liquid contained in the liquid feed path 15-1
is in the process of increasing or lowering (ranging from
time t12 to time t13 and from time t15 to time t16), the
quantity of volume change of the chambers 15-2 caused
by the piezoelectric-element drive signal DV is reduced
with an increase in the liquid pressure.

[0125] More specifically, during the period of time
ranging from time t12 to time t13, the pressure of liquid
in the liquid feed path 15-1 increases with time. Accord-
ingly, the fuel injection control microcomputer 32a se-
quentially shortens voltage application time spans with
the elapse of time, without changing the period T be-
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tween start of application of the power supply voltage
VP2 to the piezoelectric/electrostrictive elements 15g
and start of subsequent application of the power supply
voltage VP2 to the piezoelectric/electrostrictive ele-
ments 15g.

[0126] More specifically, as shown in FIG. 15, while
the period T between times at which application of pow-
er supply voltage VP2 is started (the period of time rang-
ing from time t41 to time t45 and the period of time rang-
ing from time t45 to time t49) is held constant, times Tp1,
Tp3, and Tp5—which are voltage application time
spans during which the output signal of the Schmitt trig-
ger circuit ST11 is at high level—are gradually short-
ened with the elapse of time. Through employment of
this feature, as the pressure of liquid in the liquid feed
path 15-1 increases, the maximum voltage Vmax ap-
plied to the piezoelectric/electrostrictive elements 15g
lowers. Accordingly, the amount of deformation per ac-
tivation of each of the piezoelectric/electrostrictive ele-
ments 159 reduces, whereby the volume change quan-
tity AV in a single volume change of each of the cham-
bers 15-2 gradually decreases.

[0127] Similarly, in the period of time ranging from
time t15 to time t16 shown in FIG. 14, the pressure of
liquid contained in the liquid feed path 15-1 lowers with
the elapse of time. Accordingly, the fuel injection control
microcomputer 32a gradually prolongs voltage applica-
tion time spans with the elapse of time without changing
the period T of starting application of the power supply
voltage VP2 to the piezoelectric/electrostrictive ele-
ments 15g. Specifically, a time during which the output
signal of the Schmitt trigger circuit ST11 is at high level;
i.e., a voltage application time span, is prolonged with
the elapse of time. Through employment of this feature,
as the pressure of liquid in the liquid feed path 15-1 de-
creases, the amount of deformation per activation of
each of the piezoelectric/electrostrictive elements 15g
increases, whereby the volume change quantity AV in
a single volume change of each of the chambers 15-2
gradually increases.

[0128] As described above, the liquid injection appa-
ratus 10 according to the fifth embodiment is configured
in such a manner that the electrical control unit 30 re-
duces the quantity of volume change of each of the
chambers 15-1 effected by the piezoelectric-element
drive signal DV with an increase in the pressure of liquid
contained in the liquid feed path 15-1.

[0129] As the pressure of liquid contained in the liquid
feed path 15-1 increases, the velocity of liquid injected
from the liquid discharge nozzles 15-4 increases. Thus,
without an increase of the volume change quantity AV
(the maximum value of volume change quantity; i.e., the
maximum volume change quantity) of each of the cham-
bers 15-2, injected liquid droplets assume a ,relatively
small size by virtue of surface tension. Therefore, ac-
cording to the above-described fifth embodiment, in
which the quantity AV of volume change of each of the
chambers 15-2 effected by the piezoelectric-element
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drive signal DV decreases with an increase in the pres-
sure of liquid contained in the liquid feed path 15-1, the
volume of each of the chambers 15-2 can be prevented
from changing to an unnecessarily great extent (i.e., the
piezoelectric/electrostrictive elements 15g can be pre-
vented from deforming by an unnecessarily large
amount), thereby reducing the electrical power con-
sumption of the liquid injection apparatus 10.

[0130] Notably, in the above-described fifth embodi-
ment, while the pressure of liquid contained in the liquid
feed path 15-1 is the aforementioned constant high
pressure (from time t13 to time t15), generation of the
piezoelectric-element drive signal DV is suspended.
However, as shown in FIG. 16, the piezoelectric-ele-
ment drive signal DV may be continuously generated.
Also, the fourth embodiment and the fifth embodiment
may be combined; specifically, the frequency of the pi-
ezoelectric-element drive signal DV increases with an
increase in the pressure of liquid contained in the liquid
feed path 15-1, and the quantity AV of volume change
of each of the chambers 15-2 effected by the piezoelec-
tric-element drive signal DV decreases with an increase
in the liquid pressure.

[0131] As described above, in the liquid injection ap-
paratus according to the embodiments of the present
invention, fuel is pressurized by the pressure pump 11,
whereby fuel under pressure is injected into the liquid
injection space 21 in the intake pipe 20; therefore, even
when pressure in the liquid injection space 21 (intake
pressure) fluctuates, a required amount of fuel can be
stably injected.

[0132] Vibration energy is applied to fuel through var-
iation of the volume of the chambers 15-2 of the injection
device 15A, whereby the fuel is atomized and then in-
jected from the liquid discharge nozzles 15-4a. As a re-
sult, the present liquid fuel injection apparatus can inject
liquid droplets which are atomized to a highly fine de-
gree. Furthermore, since the injection device 15A in-
cludes a plurality of chambers 15-2 and a plurality of dis-
charge nozzles 15-4, even when bubbles are generated
within fuel, the bubbles tend to be finely divided, thereby
avoiding great fluctuations in the amount of injection
which would otherwise result from the presence of bub-
bles.

[0133] The direction of fuel discharge from the dis-
charge holes 14¢-2 of the solenoid-operated discharge
valve 14 is determined such that, with increasing dis-
tance from the discharge holes 14c-2 toward the liquid
feed path 15-1, the distances between the axis CL of
the closed cylindrical space and the paths of fuel dis-
charged from the discharge holes 14c-2 increase. Ac-
cordingly, discharged fuel produces a flow in a large re-
gion of the closed cylindrical space formed in the sleeve
15D. As a result, bubbles become unlikely to be gener-
ated, particularly in a corner portion (marked with solid
black triangles in FIG. 3) of the closed cylindrical space
in the vicinity of the discharge holes 14c-2 of the sole-
noid-operated discharge valve 14, or the performance
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of eliminating bubbles generated in the corner portion is
enhanced. Therefore, in the above-described liquid in-
jection apparatus, bubbles are unlikely to hinder a rise
in fuel pressure. Thus, since fuel pressure can be in-
creased as expected, fuel droplets can be injected in an
amount and at timing as required by mechanical appa-
ratus such as an internal combustion engine.

[0134] Also, the above-described liquid injection ap-
paratus are configured such that, before liquid dis-
charged from the solenoid-operated discharge valve 14
is injected into the liquid injection space 21 from the lig-
uid discharge nozzles 15-4, the flow of the liquid makes
a substantially right-angled turn at least once (in the
present example, four times).

[0135] Specifically, in the present liquid injection ap-
paratus, since the liquid inlet 15-5 and the liquid feed
path 15-1 meet at right angles, the flow of liquid dis-
charged from the solenoid-operated discharge valve 14
makes a right-angled turn at a connection portion of the
liquid inlet 15-5 and the liquid feed path 15-1. Next, since
the major-axis direction of the liquid feed path 15-1 is in
parallel with the X-axis, and the axis of each of the liquid
introduction holes 15-3 is in parallel with the Z-axis, the
flow of liquid makes a right-angled turn at a connection
portion of the liquid feed path 15-1 and each of the liquid
introduction holes 15-3.

[0136] Furthermore, since the major axis of each of
the chambers 15-2 is in parallel with the Y-axis, and the
axis of each of the liquid introduction holes 15-3 is in
parallel with the Z-axis, the flow of liquid makes a right-
angled turn at a connection portion of each of the cham-
bers 15-2 and the corresponding liquid introduction hole
15-3. Also, since the major axis of each of the chambers
15-2 is in parallel with the Y-axis, and the axis of each
of the liquid discharge nozzles 15-4 is in parallel with
the Z-axis, the flow of liquid also makes a right-angled
turn at a connection portion of each of the chambers
15-2 and the corresponding liquid discharge nozzle
15-4.

[0137] According to the above-described configura-
tion, since the flow of liquid discharged from the sole-
noid-operated discharge valve 14 makes a right-angled
turn at least once, pulsation of liquid pressure which ac-
companies opening of the solenoid-operated discharge
valve 14 is reduced, thereby enabling stable injection of
liquid droplets. In other words, a dynamic pressure
which accompanies opening of the solenoid-operated
discharge valve 14 becomes a static pressure, and fuel
is injected under the static pressure. As a result, fuel
can be stably injected from the liquid discharge nozzles
15-4.

[0138] Particularly, in the above-described liquid in-
jection apparatus, the injection device 15A includes a
plurality of chambers 15-2 connected to the common lig-
uid feed path 15-1, and the flow of liquid discharged from
the solenoid-operated discharge valve 14 makes a sub-
stantially right-angled turn at a connection portion of the
liquid inlet 15-5 and the liquid feed path 15-1, whereby
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the pressure of liquid contained in the liquid feed path
15-1 is stabilized. Accordingly, the pressure of liquid
contained in the chambers 15-2 becomes a static pres-
sure to thereby be stabilized, thereby enabling dis-
charge of uniform liquid droplets from the liquid dis-
charge nozzles 15-4 connected to the corresponding
chambers 15-2.

[0139] The solenoid-operated discharge valve 14 is
arranged and configured such that the discharge flow
line (represented in FIG. 3 by the dot-and-dash line DL)
of liquid discharged from the discharge holes 14c-2 di-
rectly intersects a plane portion of the liquid feed path
15-1 (the upper surface of the ceramic sheet 15b) with-
outintersecting the side wall of the opening 15D-1 which
forms the closed cylindrical space of the sleeve 15D,
and without intersecting the side wall WP which is
formed through imaginary extension of the side wall of
the opening 15D-1 to the plane portion of the liquid feed
path 15-1.

[0140] As a result, since liquid discharged from the
solenoid-operated discharge valve 14 reaches the
plane portion of the liquid feed path 15-1 while maintain-
ing high kinetic energy (velocity), the liquid is strongly
reflected from the plane portion toward the discharge
holes 14c-2 in the closed cylindrical space. Accordingly,
since the flow of reflected liquid eliminates bubbles that
are stagnant in a corner portion (marked with solid black
triangles in FIG. 3) of the closed cylindrical space in the
vicinity of the discharge holes 14c¢-2, the amount of bub-
bles present in liquid decreases. Accordingly, in the
above-described liquid injection apparatus, a rise in lig-
uid pressure is less likely to be hindered by bubbles.
Thus, since liquid pressure can be increased as expect-
ed, liquid droplets can be injected in an amount and at
a timing as required by an internal combustion engine.
[0141] Furthermore, since the axis of each of the lig-
uid discharge nozzles 15-4 of the above-described em-
bodiments is in parallel with the Z-axis, liquid droplets
discharged into the liquid injection space 21 from the
liquid discharge nozzles 15-4 substantially do not inter-
sect in the process of flying, thereby avoiding formation
of liquid droplets of a greater size, which would other-
wise result from collision of fuel liquid droplets in the lig-
uid injection space 21. Thus, fuel can be sprayed in a
uniformly atomized condition.

[0142] In the liquid injection apparatus according to
the above-described embodiments, the electrical con-
trol unit 30 is configured in such a manner as to generate
the piezoelectric-element drive signal DV so as to acti-
vate the piezoelectric/electrostrictive elements 15g at
least when the pressure of liquid contained in the liquid
feed path 15-1isin the process of increasing or lowering
because of generation of the solenoid valve open-close
signal INJ or stoppage of generation of the solenoid
valve open-close signal INJ, and in such a manner as
not to generate the piezoelectric-element drive signal
DV when the pressure of liquid contained in the liquid
feed path 15-1 is a constant low pressure because of

10

15

20

25

30

35

40

45

50

55

18

34

disappearance of the solenoid valve open-close signal
INJ.

[0143] Accordingly, even in the case where the injec-
tion velocity of liquid is not sufficiently high to atomize
the liquid sufficiently, because of the pressure of liquid
contained in the liquid feed path 15-1 (and the chambers
15-2) being relatively low at the time of the pressure of
the liquid being in the process of increasing or lowering,
the liquid can be appropriately atomized by changing the
volume of the chambers 15-2 through activation of the
piezoelectric/electrostrictive elements 15g.

[0144] Also, when the pressure of liquid contained in
the liquid feed path 15-1 is a constant low pressure (a
pressure that the liquid contained in the liquid feed path
15-1 reaches as a result of continuation of a state in
which the liquid feed path 15-1 is not fed with liquid pres-
surized by the pressurizing means) because of disap-
pearance of the solenoid valve open-close signal INJ; i.
e., when liquid is never injected into the liquid injection
space 21 from the liquid discharge nozzles 15-4 of the
injection device 15A, the injection device 15A does not
need to perform the action of atomizing liquid. Thus, in
such a case, the electrical control unit 30 does not gen-
erate the piezoelectric-element drive signal DV. This al-
lows the liquid injection apparatus to avoid waste of
electricity.

[0145] Notably, the present invention is not limited to
the above-described embodiments, but may be modi-
fied in various forms without departing from the scope
of the invention. For example, the liquid injection appa-
ratus of the above-described embodiments are applied
to a gasoline-fueled internal combustion engine in which
fuel is injected into the intake pipe (intake port). Howev-
er, the liquid injection apparatus of the present invention
can be applied to a so-called "direct-injection-type gaso-
line-fueled internal combustion engine," in which fuel is
injected directly into cylinders. Specifically, when fuel is
injected directly into a cylinder by an electrically control-
led fuel injection apparatus which uses a conventional
fuel injector, fuel may be caught in a gap (crevice) be-
tween a cylinder and a piston, potentially resulting in an
increase in the amount of unburnt HC (hydrocarbon). By
contrast, when fuel is injected directly into a cylinder by
use of the liquid injection apparatus according to the
present invention, fuel is injected in an atomized condi-
tion into the cylinder, whereby the amount of fuel adhe-
sion to the inner wall surface of the cylinder can be re-
duced, or the amount of fuel entering the gap between
a cylinder and a piston can be reduced, thereby reduc-
ing exhaust of unburnt HC.

[0146] Furthermore, the liquid injection apparatus ac-
cording to the present invention is effectively used as a
direct injector for use in a diesel engine. Specifically, a
conventional injector involves a problem of failure to in-
ject atomized fuel, particularly in low-load operation of
the engine, in which fuel pressure is low. In this case, if
a common-rail-type injection apparatus is used, fuel
pressure can be increased to a certain extent even when
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the engine is rotating at low speed, and thus atomization
of injected fuel can be accelerated. However, since fuel
pressure is lower as compared with the case where the
engine is rotating at high speed, fuel cannot be suffi-
ciently atomized. By contrast, since the liquid injection
apparatus according to the present invention is config-
ured such that fuel is atomized through activation of the
piezoelectric/electrostrictive elements 15g, sufficiently
atomized fuel can be injected irrespective of engine load
(i.e., even when the engine is running at low load).

Claims
1. Aliquid injection apparatus comprising:

an injection device including a liquid discharge
nozzle, afirst end of the liquid discharge nozzle
being exposed to a liquid injection space, a pi-
ezoelectric/electrostrictive element which is ac-
tivated by a piezoelectric-element drive signal,
a chamber whose volume is changed through
activation of the piezoelectric/electrostrictive
element and which is connected to a second
end of the liquid discharge nozzle, a liquid feed
path connected to the chamber, and a liquid in-
let establishing communication between the lig-
uid feed path and the exterior of the injection
device;

pressurizing means for pressurizing liquid;

a solenoid-operated discharge valve including
a solenoid-operated open-close valve which is
driven by a solenoid valve open-close signal,
and a discharge hole which is opened and
closed by the solenoid-operated open-close
valve, the solenoid-operated discharge valve
receiving the liquid pressurized by the pressu-
rizing means, and discharging the pressurized
liquid into the liquid inlet of the injection device
via the discharge hole when the solenoid-oper-
ated open-close valve is driven to open the dis-
charge hole; and

an electrical control unitincluding piezoelectric-
element-drive-signal generation means for
generating the piezoelectric-element drive sig-
nal and solenoid-valve-open-close-signal gen-
eration means for generating the solenoid valve
open-close signal,

wherein the liquid discharged from the sole-
noid-operated discharge valve is atomized by
means of volume change of the chamber, and in-
jected into the liquid injection space in the form of
droplets from the liquid discharge nozzle,

the liquid injection apparatus being charac-
terized in that the electrical control unit is config-
ured in such a manner as to generate the piezoe-
lectric-element drive signal to thereby activate the
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piezoelectric/electrostrictive element at least when
the pressure of liquid in the liquid feed path is in the
process of increasing or lowering upon generation
of the solenoid valve open-close signal or stoppage
of the generation of the solenoid valve open-close
signal, and not to generate the piezoelectric-ele-
ment drive signal when the pressure of liquid in the
liquid feed path is a constant low pressure because
of disappearance of the solenoid valve open-close
signal.

A liquid injection apparatus according to claim 1,
wherein the electrical control unit is configured to
start generation of the piezoelectric-element drive
signal immediately before a point of time when, be-
cause of generation of the solenoid valve open-
close signal, the pressure of liquid contained in the
liquid feed path starts to increase from the constant
low pressure.

A liquid injection apparatus according to claim 1 or
2, wherein the electrical control unit is configured in
such a manner as to continuously generate the pi-
ezoelectric-element drive signal up to a point of time
immediately after the pressure of liquid contained
in the liquid feed path lowers to the constant low
pressure as a result of stoppage of generation of
the solenoid valve open-close signal.

A liquid injection apparatus according to any one of
claims 1 to 3, wherein the electrical control unit is
configured not to generate the piezoelectric-ele-
ment drive signal during periods in which the pres-
sure of liquid in the liquid feed path is a constant
high pressure because of generation of the solenoid
valve open-close signal.

A liquid injection apparatus according to any one of
claims 1 to 3, wherein the electrical control unit is
configured in such a manner as to generate the pi-
ezoelectric-element drive signal when the pressure
of liquid in the liquid feed path is higher than the
constant low pressure because of generation of the
solenoid valve open-close signal, and as to gener-
ate the solenoid valve open-close signal such that
the pressure of liquid contained in the liquid feed
path increases immediately after start of generation
of the solenoid valve open-close signal and subse-
quently lowers gradually at a pressure change rate
whose absolute value is smaller than that of a pres-
sure change rate at the time of the increase of the
liquid pressure.

A liquid injection apparatus according to any one of
claims 1 to 5, wherein the electrical control unit is
configured to change the frequency of the piezoe-
lectric-element drive signal in accordance with the
pressure of liquid contained in the liquid feed path.
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7. A liquid injection apparatus according to claim 6,
wherein the electrical control unit is configured to
change the piezoelectric-element drive signal such
that the frequency of the piezoelectric-element
drive signal increases with an increase in the pres- 5
sure of liquid in the liquid feed path.

8. Aliquid injection apparatus according to any one of
claims 1 to 7, wherein the electrical control unit is
configured in such a manner as to decrease the 170
quantity of volume change of the chamber, caused
by the piezoelectric-element drive signal, with an in-
crease in the pressure of liquid in the liquid feed

path.
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