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(54) FUEL INJECTOR

(57) A direct acting fuel injector (10) for use in an
internal combustion engine, the fuel injector (10) com-
prising an actuator (20); a hydraulic amplifier chamber
(31) for fuel; a valve needle (14) having an upper end
with a first diameter (Dnoz) and a related surface area
(SDnoz) which is exposed to fuel within the hydraulic
amplifier chamber (31), the valve needle (14) being mov-
able towards and away from a valve needle seating to
control the delivery of fuel through an injector outlet,
wherein the valve needle seating has a seat diameter
(Dseat) and arelated surface area (SDseat); and a plung-
er (30) having a second diameter (Dpc) and a related
surface area (SDpc) exposed to fuel within the hydraulic
amplifier chamber (31), the plunger (30) being actuable
by means of the actuator (20) to provide a force to the
valve needle (14) with an amplification factor determined
by the ratio of the second diameter (Dpc) to the first di-
ameter (Dnoz). The values for SDnoz, SDseat and SDpc
are selected such that they fall within an area (64; 82) of
a graph plotting SDnoz/SDseat against SDnoz/SDpc
which is bounded by an upper boundary (60; 80) and a
lower boundary (62; 84), wherein the upper boundary is
defined by [(SDnoz/SDpc x Factor1) + Offset1], wherein
Factor1 and Offset1 are independent of the fuel pressure
at which the injector (10) is operating.
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Description
Technical field

[0001] The presentinvention relates to a fuel injector for use in delivering high pressure fuel to an internal combustion
engine. In particular, but not exclusively, the invention relates to a fuel injector for use in a compression ignition internal
combustion engine. Another aspect of the invention relates to a method of manufacturing such a fuel injector.

Background

[0002] Both indirectand direct acting injectors are known for use in fuel injection systems. In an indirect acting injector,
a control valve arrangement is operable to control the pressure of fuel within a control chamber which acts on an upper
end of an injector valve needle. The pressure level within the control chamber determines the balance of forces on the
needle, and hence controls the precise timing of needle movement away from the seating for the valve needle to
commence injection. An actuator such as an electromagnetic actuator controls the control valve arrangement. The force
applied by the actuator is not linked directly to the valve needle movement, but controls the control valve arrangement
which in turn controls the force which is consequently applied to the valve needle via a hydraulic circuit.

[0003] In a direct acting injector, an actuator is coupled directly to the valve needle to control needle movement. Both
piezoelectric and electromagnetic direct acting injectors are known. In an electromagnetic direct acting injector, a sole-
noid-operated actuator controls movement of a plunger by applying a current through a solenoid. The plunger acts on
a chamber of fuel arranged at the upper end of a valve needle of a second, reduced diameter compared to that of the
plunger. The arrangement acts as a hydraulic amplifier by which the force of the plunger is transmitted to the valve
needle with an amplification factor determined by the ratio of the plunger diameter to the diameter of the valve needle.
As the plunger is actuated and pulled upwards, the volume of the chamber increases causing fuel pressure within the
control chamber to reduce and hence reducing the force tending to act to seat the valve needle. If the actuation force
is removed by removing or reducing the current applied to the solenoid, the plunger moves downwardly under a spring
force, reducing the volume of the control chamber and increasing fuel pressure in the control chamber so as to seat the
valve needle.

[0004] Directacting solenoid injectors are of interest for use in fuel injection systems because the need for the additional
parts and cost of the control valve arrangement of an indirect acting injector is avoided. In addition, such injectors avoid
the need for a return flow path for fuel, as required for an indirect acting injector, which reduces system cost. This also
reduces the dissipated energy loss and temperature, and so greatly improves overall system efficiency. However, existing
direct acting injectors have internal volume limitations which can lead to problems with pressure waves in the injector.
The multi-injection modes that are required for some injection regimes, which require close-timed injection events, cannot
therefore be realised easily. Moreover, dilation effects occur at the high fuel pressures required for modern fuel injection
systems (typically 2500-3000 bar) which can lead to wear problems in current direct acting injectors for diesel engines.
[0005] Itisanobjectof the invention to provide a direct acting injector which addresses the shortcomings of the prior art.

Summary of the invention

[0006] Accordingly, the presentinvention provides a direct acting fuel injector for use in an internal combustion engine,
the fuel injector comprising an actuator; a hydraulic amplifier chamber for fuel; a valve needle having an upper end with
afirst diameter (Dnoz) and a related surface area (SDnoz) which is exposed to fuel within the hydraulic amplifier chamber,
the valve needle being movable towards and away from a valve needle seating to control the delivery of fuel through
an injector outlet, wherein the valve needle seating has a seat diameter (Dseat) and a related surface area (SDseat);
and a plunger having a second diameter (Dpc) and a related surface area (SDpc) exposed to fuel within the hydraulic
amplifier chamber, the plunger being actuable by means of the actuator to provide a force to the valve needle with an
amplification factor determined by the ratio of the second diameter (Dpc) to the first diameter (Dnoz). The values for
SDnoz, SDseat and SDpc are selected such that they fall within an area of a graph plotting SDnoz/SDseat against
SDnoz/SDpc which is bounded by an upper boundary and a lower boundary, wherein the upper boundary is defined by
[(SDnoz/SDpc x Factor1) + Offset1], wherein Factor1 and Offset1 are dependent of the fuel pressure at which the injector
is operating.

[0007] It may be preferable for the lower boundary to be defined by [(SDnoz/SDpc * Factor2) + Offset2], wherein
Factor2 and Offset2 are both dependent on the fuel pressure at which the injector is operating.

[0008] The present invention provides a reliable means for constructing not just an injector that works, but one for
which various functional aspects of injector operation are optimised and the injector performs well. The inventor has
established that the optimum values for Factor1 and Offset1 in the equations above are independent of fuel pressure,
wherein the optimum values of Factor2 and Offset2 in the equations above are dependent on the fuel pressure at which
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the injector is operating, which is typically around 2500-3000 bar. This provides a means for ensuring an injector of
accurate and reliable function is achieved, with the advantages of a low mass valve needle, good flow rates through the
injector outlets, a manageable injector envelope to fit within the engine space available, and good valve needle for close-
timed injection events, amongst other benefits.

[0009] By way of example, for operation at a fuel pressure of between 2500bar and 3000bar, Factor2 is between 1.1
and 1.9 and Offset2 is between 0.9 and 4.7.

[0010] Typically, for operation at a fuel pressure of approximately 3000bar, Factor2 is between 1.1 and 4.7 and
preferably between 1.15 and 4.5 and, Offset2 is approximately 4.3 plus or minus no more than 10% (and more preferably
no more than 5%).

[0011] In another example, for operation at a fuel pressure of between approximately 2500bar and approximately
3000bar, Factor1 is between 1.30 and 1.60 and preferably between 1.38 and 1.55 and, Offset1 is between 4.2 and 5.1,
preferably between 4.37 and 4.83.

[0012] In addition to the above requirements, SDnoz and SDpc may be further selected such that they satisfy Limit1
< SDnoz/SDpc < Limit2, where Limit1 is approximately 3.0 plus or minus no more than 10%, and Limit2 is approximately
3.75 plus or minus no more than 10%.

[0013] Limit1 may, in a preferred embodiment, be approximately 3.0 plus or minus no more than 5%. Limit2 may be
approximately 3.75 plus or minus no more than 5%.

[0014] In one embodiment, the plunger may be configured to have a range of travel (Ptravel) such that:

Plimit1 < Ptravel < Plimit2;

and the seat diameter (Dseat) is configured to satisfy the relationship:

Dseat < (Factor3 x Ptravel) + Offset3.

[0015] For example, Plimit1 is between 0.95 and 1.22 and Plimit2 is between 1.08 and 1.32 and Factor 3 is between
0.21 and 0.25 and Offset3 is between 0.68 and 0.82.

[0016] The seat diameter (Dseat) may be further selected so as to be no less than approximately 0.9 mm.

[0017] In addition, or alternatively, SDnoz and SDseat are further selected such that the ratio SDnoz/SDseat falls
between an upper ratio limit of approximately 10.2 plus or minus no more than 10% (and more preferably no more than
5%), and a lower ratio limit of approximately 7.9 plus or minus no more than 10% (and more preferably no more than 5%).
[0018] According to another aspect of the invention, there is provided a method of manufacturing a direct-acting
solenoid fuel injector including an actuator; a hydraulic amplifier chamber for fuel; a valve needle having an upper end
with a first diameter (Dnoz) and a related surface area (SDnoz) which is exposed to fuel within the hydraulic amplifier
chamber, the valve needle being movable towards and away from a valve needle seating to control the delivery of fuel
through an injector outlet, wherein the valve needle seating has a seat diameter (Dseat) and a related surface area
(SDseat); the fuel injector further comprising a plunger having a second diameter (Dpc) and a related surface area
(SDpc) exposed to fuel within the hydraulic amplifier chamber, the plunger being actuable by means of the actuator to
provide a force to the valve needle with an amplification factor determined by the ratio of the second diameter (Dpc) to
the first diameter (Dnoz). The method comprises, for a range of values of SDnoz, SDseat and SDpc, plotting the ratio
SDnoz/SDseat against the ratio SDnoz/SDseat on a graph; determining an area on the graph bounded by an upper
boundary and a lower boundary; and selecting values for SDnoz and SDpc so that they fall within the determined area,
wherein the upper limit is defined by [(SDnoz/SDpc x Factor1) + Offset1], wherein Factor1 and Offset1 are dependent
of the fuel pressure at which the injector is operating.

[0019] Within the scope of this application it is expressly intended that the various aspects, embodiments, examples
and alternatives set out in the preceding paragraphs, in the claims and/or in the following description and drawings, and
in particular the individual features thereof, may be taken independently or in any combination. That is, all embodiments
and/or features of any aspect or embodiment can be combined in any way and/or combination with those in other aspects
and/or embodiments, unless such features are incompatible.

Brief description of the drawings

[0020] In order that the present invention may be more readily understood, an example of the invention will now be
described in detail with reference to the accompanying figures, in which:
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Figure 1 is a schematic cross section of a direct acting fuel injector of one embodiment of the invention, including
a plunger actuated by an electromagnetic actuator to move a valve needle of the injector;

Figure 2 is a cross section, taken along a plane 2-2 perpendicular to the longitudinal axis of the valve needle of the
injector in Figure 1, to illustrate a guide for the valve needle of the injector;

Figure 3 is a graph to illustrate the maximum available force available from the plunger as a function of plunger
travel for the fuel injector in Figure 1;

Figure 4 is a graph to illustrate the required force to lift the valve needle from a valve needle seating as a function
of the gap between magnetic parts of the actuator, for three different fuel pressure levels;

Figure 5 is a graph to illustrate a ’safe area’ for dimensions of the injector show in Figure 1 operating at a first
pressure level;

Figure 6 is a graph to show the valve needle seat diameter as a function of the travel of the plunger to illustrate a
‘safe area’ for the injector dimensions; and

Figure 7 is a graph to illustrate the 'safe area’ of working for dimensions of the injector show in Figure 1 operating
at a second pressure level that is different to the first pressure level of Figure 5.

Detailed description

[0021] For the purpose of the following description it will be appreciated that references to upper, lower, upward,
downward, above and below, for example, are not intended to be limiting and relate only to the orientation of the injector
as shown in the illustration.

[0022] The present invention relates to a fuel injector 10 of the type generally shown in Figure 1. The injector 10 is
suitable for use in a fuel injection system of an internal combustion engine, and particularly a diesel engine in which fuel
is typically injected into the engine at high pressure levels in excess of 2000 bar, and commonly as high as 3000 bar.
[0023] The injector 10 includes an injection nozzle 12 at its lower end including a valve needle 14 which is slidable
within a blind bore 16 provided in an injection nozzle housing 18 under the influence of an actuator, referred to generally
as 20, which also forms a part of the injector. The valve needle 14 is engageable with a valve needle seating (not
identified), defined at the blind end of the bore 16, to control the flow of fuel from the injector into a combustion chamber
of the engine. Fuel under high pressure is delivered to an internal injector volume 22 defined within the bore 16 through
a high pressure supply passage (to be described later). The internal injector volume 22 includes an upper region 22a
of enlarged diameter.

[0024] The injection nozzle housing 18 includes a lower region 18a of reduced diameter compared to a mid-region
18b of the injection nozzle housing of enlarged diameter, with an intermediate region 18c of the nozzle housing, of
intermediate diameter, separating the two regions 18a, 18b. An upper region 18d of the injection nozzle housing 18 is
of still further enlarged diameter compared to the mid region 18c. Finally, a top region 18e of the injection nozzle housing
forms a small upstand on top of the upper region 18d. The lower region 18a of the injection nozzle housing is provided
with a plurality of outlets (not shown) downstream of the valve needle seating to permit a flow of fuel from the internal
injector volume 22 into the combustion chamber when the valve needle 14 is unseated.

[0025] The valve needle 14 is of relatively short length and includes a lower tip region 14a of a relatively small diameter
which seats against the valve needle seating. The valve needle seating has a diameter Dseat and an equivalent surface
area taken through a plane perpendicular to the longitudinal valve needle axis of SDseat. An upper region 14b of the
valve needle is of relatively large diameter compared to the lower tip region 14a. The upper region 14b of the valve
needle has a first diameter Dnoz and defines an upper end surface 14c having a surface area SDnoz. Between the tip
region 14a and the upper region 14b of the valve needle, the valve needle is provided with a thrust surface which
experiences an upwardly directed force, tending to urge the valve needle away from the valve needle seating, due to
the surrounding fuel pressure within a lower chamber 24 defined within the bore 16.

[0026] Referring also to Figure 2, an annular guide member 26 is located within the bore 16 and provides a guiding
function for the upper region 14b of the valve needle as is moves towards and away from the valve needle seating. The
guide member 26 is of uniform diameter and the internal surface of the bore 16, in the region of the guide member, is
provided with a plurality of flats 28 to permit fuel to flow between the internal injector volume 22 and the lower chamber
24, past the guide member 26, and onwards to the outlets when the valve needle is unseated.

[0027] A plunger 30 is also received within the bore 16 and is positioned above the valve needle 14. The plunger 30
is spaced apart from the upper surface 14c of the valve needle 14 to define a space therebetween which defines a
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chamber 31 for receiving fuel. The chamber is located in a region of the injection nozzle housing 18 that is relatively
close to the valve needle seating and resides within the reduced diameter region of the nozzle housing (i.e. the lower
region 18a). The plunger 30 includes a lower region 30a of relatively long length and relatively small diameter, with a
first diameter Dpc, compared to an upper region 30b of relatively large length and relatively large (second) diameter. A
thrust surface of the plunger, between the upper and lower regions 30a, 30b, experiences an upward force, tending to
urge the plunger 30 away from the valve needle seating, due to fuel pressure within the internal injector volume 22. The
diameter of the plunger, Dpc, is smaller than the diameter of the upper surface 14c of the valve needle, Dnoz. Of
significance is the surface area of the end of the plunger, SDpc, at its lower end, compared to the surface area of the
upper surface 14c of the valve needle, SDnoz, as will be described in further detail below.

[0028] Towards its upper end, the plunger 30 carries a lower spring seat 32, which resides in the enlarged chamber
region 22a of the internal injector volume 22. The lower spring seat 32 is of annular form and defines an abutment surface
for a spring 36 which tends to urge the valve needle 14 towards the valve needle seating. An upper spring seat component
34 in the form of a sleeve is received within an upper region of the enlarged chamber region 22a. The upper spring seat
component 34 is shaped to define a guide portion 34a for the upper region 30b of the plunger and also an abutment
surface for the upper end of the spring 36, together with a tubular portion which is fixed within the top of the enlarged
chamber 22a. The guide portion is shaped to define a clearance with the plunger which provides a flow path for fuel.
The guide portion 34ais defined by an annularflange or upstand provided at the lower end of the spring seat component 34.
[0029] The electromagnetic actuator arrangement 20 provided at the upper end of the injector serves to actuate plunger
movement and, consequently, movement of the valve needle 14. The actuator 20 is housed partly within the lower
injection nozzle housing 18 and partly within an upper injection nozzle housing 38. The actuator 20 includes a first
magnetic piece 40 which resides within the upper spring seat 34 and is spaced, by a fuel-filled gap 42, from a second
magnetic piece 44 upstream of the first magnetic piece 40. The first magnetic piece 40 is attached to the upper end of
the plunger 30 and includes an angled drilling 46. The second magnetic piece 44 is fixed within the upper injection nozzle
housing 38 and is provided with a vertical drilling 48. Together with the gap 42 and the angled drilling 46, the vertical
drilling 48 defines a flow path for high pressure fuel flowing into the injector from a high pressure fuel supply (e.g. a
common rail) into the enlarged chamber region 22 of the internal injector volume 22 and downstream towards the valve
needle 14.

[0030] The lower surface of the upper injection nozzle housing 38 and the upper surface of the lower injection nozzle
housing 18 are both of stepped form to define a region therebetween for housing a solenoid coil or winding 50 which
forms a part of the actuator 20. Radially inward of the winding 50, an annular non-magnetic piece or ring 52 is also
housed in this region. The annular non-magnetic piece 52 closes the gap 42 at its radially outer edge to prevent fuel
leakage.

[0031] The lower injection nozzle housing 18, the upper housing 38 and the actuator are housed within a cap nut 54
to retain the parts securely in position relative to one another.

[0032] In operation of the injector, valve needle movement is controlled by controlling the current that is applied to the
winding 50 of the actuator 20. When a current is applied to the winding 50, an electromagnetic field is generated which
attracts the first magnetic piece 40 towards the second magnetic piece 44, and therefore pulls the first magnetic piece
40 upwards, pulling the plunger 30 with it against the force of the spring 36. As the plunger 30 is pulled upwardly the
volume of the chamber 31 between the lower end of the plunger 30 and the upper surface 14c of the valve needle 14
is increased so that the pressure of fuel within the chamber 30 decreases. As a result, the downward force acting on
the upper surface 14c of the valve needle 14 is reduced and the valve needle 14 starts to lift. The force of the plunger
30 is amplified by fuel pressure within the chamber 31 due to the different ratios of the lower end of the plunger 30 and
the upper end surface 14c of the valve needle 14, with an amplification factor determined by the ratio of SDpc to SDnoz.
Once the valve needle 14 has lifted away from the valve needle seating, fuel that is delivered to the lower chamber 24
is able to flow out through the outlets into the combustion chamber. The presence of the hydraulic amplifier means that,
even for a relatively low force actuator, enough force can be transmitted to the valve needle 14 to lift the valve needle
14 from its seating.

[0033] When it is required to terminate injection, the current applied to the winding is removed, thereby reducing the
force applied to the plunger 30. As a result, the plunger is caused to move downwards, under the influence of the spring
36, reducing the volume of the chamber 31 between the end of the plunger 30 and the valve needle 14 and causing fuel
to be increased in the chamber 31. The increased fuel pressure in the chamber 31 results in an increased force being
applied to the valve needle 14 which overcomes the upwardly directed forces acting on the thrust surface of the valve
needle and causes the valve needle 14 to be seated, terminating injection through the outlets.

[0034] By controlling the current that is applied to the winding, injection can therefore be controlled to deliver single
or multiple injections of fuel with accurate and precise timing.

[0035] In selecting appropriate dimensions for the components of any injector there are many different factors to
consider, not all of which are readily compatible with one another. These factors include, but are not limited to, the space
available within the envelope of the injector to house all the components of the injector, the requirement for a relatively
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low mass of the moving components (e.g. the valve needle 14 and the plunger 30), which affects the response time, the
requirement for the injector to store a relatively large fuel volume of fuel to be injected (e.g. the internal injector volume
22 and the volume of the enlarged chamber 22a), the balance of forces on the valve needle 14 between the downward
forces tending to seat the valve needle 14 and the upward forces tending to unseat the valve needle 14 (e.g. due to fuel
pressure acting on the upwardly-directed thrust surfaces), the force capability of the actuator 20, and the requirement
for a satisfactory flow rate through the valve needle outlets when injecting. In addition, there is a limit on the minimum
diameter of the valve needle seating, which must be large enough to create a proper seat condition for the differential
angle at the seat, and so as to minimise the effects of seat migration, and also considering the requirement for the outlets
to be machined downstream of the seating. All these considerations make the act of optimising the injector design a
difficult and challenging task.

[0036] As aconsequence of these considerations, the inventor has invented a convenient and accurate methodology
for determining the optimum dimensions for an injector generally of the type shown in Figure 1 i.e. an injector with a
valve needle 14 and a plunger 30 coupled through a hydraulic amplifier, with the plunger 30 being operable by means
of an electromagnetic actuator 20 to move the valve needle 14.

[0037] For an electromagnetic actuator 20 such as that shown in Figure 1, the magnetic force, F, that can be exerted
on the plunger 30 is given by:

F=05*S*B2 /0

where S is the sectional area in the gap 42 between the first and second magnetic pieces 40, 44, B is the saturation
induction in the gap 42 and p0 is the fluid permeability in the gap. If the first and second magnetic pieces 40, 44 are
formed from a maximum performance magnetic material, such a FeCo, a theoretical force of around 110 Newtons (N)
can be applied by the actuator 20, which is applied to the plunger 30 directly. The diameter of the plunger bore 16 may
be around 9 mm and the plunger diameter, Dpc, does not exceed 8 mm to minimise the overall injector size. This gives
a relatively large internal volume 22 for receiving and storing fuel within the injector.

[0038] Figure 2is a graph to illustrate the maximum available plunger force (in Newtons) as a function of plunger travel
(i.e. the maximum range of movement of the plunger in millimetres) for a plunger having a diameter of 8mm and a
saturation induction, B, in the gap 42 of 2.3 Teslas (T). It can be seen from the graph that as the plunger travel increases,
the maximum available force that is available to be applied to the plunger 30 is reduced, in a linear relationship with
plunger travel. This places a limit on the maximum possible extent of plunger travel for any given actuator and force
capability.

[0039] In constructing the injector it is also necessary to consider the force requirement to lift the valve needle 14
against the forces tending to seat the valve needle 14, bearing in mind the high fuel pressures (typically 2500-3000 bar)
that are presentin the internal injector volume 22 which tend to act in this direction. Figure 4 illustrates the force required
to lift the valve needle 14 for three different fuel pressure levels, and illustrates that the force requirement increases as
the fuel pressure increases. Reducing the seat diameter, Dseat, reduces the force requirement to lift the valve needle,
but the hydraulic amplification is essential to provide an adequate lift force to the valve needle 14, as provided by the
arrangement of the plunger 30, the chamber 31 and the valve needle in Figure 1. Incorporating a hydraulic amplifier
between the plunger 30 and the valve needle 14 provides the necessary 'boost’ to the force from the actuator 20 that is
transmitted to the plunger 30, and hence to the valve needle 14, with the force on the valve needle 14 being proportional
to the ratio of the surface area of the lower end of the plunger that acts on fuel within the chamber 31 relative to the
surface area of the upper surface 14c¢ of the valve needle that is exposed to fuel within the chamber 31 (i.e. SDnoz/SDpc).
[0040] It has been identified that a minimum seat diameter of around 0.9mm marks a threshold for a safe and reliable
valve needle seating area given the flow requirements through the valve needle 14 when injecting. This also prevents
undesirable pressure loss in the sac region immediately downstream of the valve needle tip when the flow reaches the
injection nozzle outlets, and ensures that the force versus lift requirements are satisfied, particularly for pilot injections.
Figure 3 shows a graph to illustrate the ratio SDnoz/SDseat as a function of SDnoz/SDpc, and from where a 'safe area’
of operation can be identified within which the valve needle 14 can be lifted, the flow requirement through the valve
needle outlets is satisfied, and the gap between the first and second magnetic pieces 40, 44 of the actuator is not too
large so as to provide inadequate lift force to the plunger 30. In identifying this 'safe area’ (identified at 64) on the graph
of Figure 5, the inventor has realised that it is possible to establish a set of rules for dimensioning the injector so as to
operate effectively.

[0041] For an injector operating at 3000bar, the limits of the safe working area of the graph in Figure 5 can be defined
by the following equation:
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(SDnoz/SDpc *Factor2 + Offset2) < SDnoz/SDseat < (S Dnoz/SDpc *Factor1 +
Offset1);

and more particularly:

(SDnoz/SDpc *1.2 + 4.3) < SDnoz/SDseat < (S Dnoz/SDpc *1.4666 + 4.6);

and where the upper and lower limits of the ratio SDnoz/SDseat are representative of the equation of the upper and
lower boundary lines, indicated at 60 and 62 respectively, on the graph shown in Figure 5 which delimit the safe area
of operation.

[0042] In addition, the ratio SDnoz/SDpc can be defined by:

3.0 < SDnoz/SDpc < 3.8.

[0043] It follows from these two limitations that:

Limit1 < SDnoz/SDseat < Limit2

where Limit1 is 7.9 and Limit2 is 10.2.

[0044] In addition, due to seat dimension limitation and the plunger travel safe working area, an additional relationship
can be established by considering the seat diameter, Dseat, as a function of the plunger travel, as shown in Figure 6.
[0045] The 'safe area’ of operation in Figure 6 can be represented by the following relationship;

0.95 mm < Dseat < (Factor3* plunger travel) + Offset3;

and

PLimit1 < plunger travel < PLimit2;

where Factor3 is 0.2307, Offset3 is 0.75316mm, PLimit1 is 1.07mm and PLimit 2 is 1.20mm.

[0046] These limits derive from the upper and lower boundary lines, 70 and 72 respectively, of the 'safe area’ of the
graph identified at 74 in Figure 6.

[0047] By adhering to the abovementioned rules for injector set-up, an effective and well-performing injector can be
realised.

[0048] For injector operation at a different pressure for example 2500 bar, the safe area of working for the injector is
shifted. Figure 7 shows the ratio SDnoz/SDseat as a function of SDnoz/SDpc for an injector of the type shown in Figure
1 operating at a pressure level of around 2500bar. The upper limit 80 of the safe area 82 is substantially the same as
the upper boundary 70 in Figure 6 for the injector when operating at 3000bar. This is because the upper boundary is
determined by the minimum seat diameter which can be safely achieved, regardless of any other variation in injector
dimensions. However, the lower limit 84 of the safe area 82 in Figure 7 has shifted downwards and so the following
limitations apply:

(SDnoz/SDpc *1.73333 + 1.0) < SDnoz/SDseat < (S Dnoz/SDpc *1.4666 + 4.6).

[0049] In other words, Factor2 is 1.73333, Offset2 is 1.0, Factor1 is 1.4666 and Offset1 is 4.6.

[0050] The optimum values for the multiplication factor, Factor1, and the offset valve, Offset1, of the upper boundary
limit are therefore independent of the operating pressure for the fuel injector, whereas the optimum value for the multi-
plication factor, Factor2, and the offset value, Offset2, of the lower boundary limit are dependent on the fuel pressure.
Typically, for example, the multiplication factors and the offset values (Factor1 and Offset1) for the upper boundary limit,
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may be between plus or minus 10 % of the values stated above, regardless of the fuel pressure at which the injector
operates, and more preferably within plus or minus 5% of the stated values, to ensure optimum injector functioning at
that fuel pressure, considering all of the aforementioned requirements and considerations.

[0051] Where reference is made to a value being "approximate”, it is intended that the value referred to need not be
exact but should approximate within a reasonable deviation to that value, typically no more than a 10% deviation from
the stated value.

[0052] It will be appreciated that many modifications may be made to the above examples without departing from the
scope of the present invention as defined in the accompanying claims.

Claims
1. Adirect acting fuel injector (10) for use in an internal combustion engine, the fuel injector comprising:

an actuator (20);

a hydraulic amplifier chamber (31) for fuel;

a valve needle (14) having an upper end (14b) with a first diameter (Dnoz) and a related surface area (SDnoz)
which is exposed to fuel within the hydraulic amplifier chamber (31), the valve needle (14) being movable towards
and away from a valve needle seating to control the delivery of fuel through an injector outlet, wherein the valve
needle seating has a seat diameter (Dseat) and a related surface area (SDseat); and

a plunger (30) having a second diameter (Dpc) and a related surface area (SDpc) exposed to fuel within the
hydraulic amplifier chamber 931), the plunger (31) being actuable by means of the actuator (20) to provide a
force to the valve needle (14) with an amplification factor determined by the ratio of the second diameter (Dpc)
to the first diameter (Dnoz);

wherein SDnoz, SDseat and SDpc are selected such that they fall within a safe area which upper boundary (60;
80) is defined by the equation:

SDnoz (SDnoz

= torl)+ t1
SDseat SDpc x factor ) offse

and wherein,

SDnoz

3.0<——< 3.8
SDpc

and wherein

(3.88 E-04 * pressure) + 0.289 < factor1 < (4.87 E-04 * pressure) + 0.285;

and wherein,

(1.26 E-03 * pressure) — 0.614 < offset 1 < (1.43 E-03 * pressure) — 0.405

the "pressure" being the injector operating pressure measured in bar;

2. The fuel injector as claimed in claim 1, wherein the lower boundary (62; 84) of the safe area is defined by [(SD-
Noz/SDpc x Factor2) + Offset2], wherein Factor2 and Offset2 are dependent on the fuel pressure at which the
injector (10) is operating.

3. The fuel injector as claimed in claim 2, wherein for operation at a fuel pressure of between 2500bar and 3000bar,
Factor2 being between 1.1 and 1.9, and Offset2 is between 0.9 and 4.7.
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The fuel injector as claimed in claim 3, wherein for operation at a fuel pressure of approximately 3000bar, Factor2
is between 1.1 and 4.7.

The fuel injector as claimed in claim 4, wherein for operation at a fuel pressure of approximately 3000bar, Factor2
is between 1.15 and 4.5.

The fuel injector as claimed in claim 3, wherein for operation at a fuel pressure of approximately 2500bar, Factor2
is between 1.55 and 1.90 and Offset2 is between 0.9 and 1.1.

The fuel injector as claimed in any of claims 1 to 6, wherein for operation at a fuel pressure of between 2500bar
and 3000bar, Factor1 is between 1.30 and 1.60 and Offset1 is between 4.2 and 5.1.

The fuel injector as claimed in claim 7, wherein for operation at a fuel pressure of between 2500bar and 3000bar,
Factor1 is between 1.38 and 1.55 and Offset1 is between 4.37 and 4.83.

The fuel injector as claimed in any of claims 1 to 8, wherein the plunger (30) is configured to have a range of travel
(Ptravel) such that:

Plimit1 < Ptravel < Plimit2,

and the seat diameter (Dseat) is configured to satisfy the relationship:

Dseat < (Factor3 x Ptravel) + Offset3,

where Plimit1 is between 0.95 and 1.22 and Plimit2 is between 1.08 and 1.32 and Factor 3 is between 0.21 and
0.25 and Offset3 is between 0.68 and 0.82.

The fuel injector as claimed in claim 9, wherein PLimit1 is between 1.02 and 1.19 and PLimit2 is between 1.14 and
1.26.

The fuel injector as claimed in claim 9 or claim 10, wherein Factor3 is between 0.17 and 0.29 and Offset3 is between
0.71 and 0.78.

The fuel injector as claimed in any of claims 1 to 11, wherein the seat diameter (Dseat) is selected so as to be no
less than 0.9 mm.

The fuel injector as claimed in any of claims 1 to 12, wherein SDnoz and SDpc are further selected such that they
satisfy Limit1 < SDnoz/SDpc < Limit2, where Limit1 is between 2.7 and 3.3 and Limit2 is between 3.4 and 4.1.

The fuel injector as claimed in any of claims 1 to 13, wherein the actuator is an electromagnetic actuator (20).
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