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(54)  Fuel pump lubrication

(57) A high-pressure fuel pump assembly (200) for
use in an internal combustion engine is disclosed. The
fuel pump assembly (200) comprises a pumping plunger
(201; 301) for pressurising fuel within a pump chamber
(220) during a plunger pumping stroke, a rider member
(206) co-operable with a drive, and an interface member
(226; 326) forimparting drive from the rider member (206)
to the pumping plunger (201; 301) to perform the plunger

Lo

2Ula

pumping stroke, the interface member having an inter-
face side (236; 336). The interface member (226; 326)
comprises fluid flow means (250, 252, 254; 350, 352,
354, 368, 370, 372) for providing a fluid flow path from
the pump chamber (220) to the interface side (236; 336)
of the interface member (226; 326) such that, in use, a
hydrostatic lubricating fuel film is generated between the
interface member (226) and the rider member (206) on
pressurisation of fuel in the pump chamber (220).

28

/ Jo%e

Joi ]

2ie

202,

Printed by Jouve, 75001 PARIS (FR)



1 EP 2 530 316 A1 2

Description
Field of the invention

[0001] This invention relates to pump assemblies suit-
able for use in common rail fuel injection systems of in-
ternal combustion engines. In particular, though not ex-
clusively, the invention relates to an improved pumping
plunger for a high-pressure fuel pump, and an improved
fuel pump of the type having at least one pumping plunger
that is driven by an engine-driven cam or other appropri-
ate drive arrangement.

Background to the invention

[0002] Examples of common rail fuel pumps of radial
pump design are known from, for example, EP-A-
2048359. Figure 1 of the accompanying drawings is a
sectional view of one known radial fuel pump, which will
now be described to illustrate the prior art.

[0003] The pump 100 of Figure 1 comprises two pump-
ing plungers 102 that are approximately opposed across
the rotational axis C of an engine-driven cam 104. Each
plunger 102 is mounted within a plunger bore 106 pro-
vided in a respective pump head 108a, 108b. Each pump
head 108a, 108b is mounted to a main pump housing
110. The main pump housing 110, also known as a cam
box, defines an internal housing volume 112 within which
the cam 104 is received.

[0004] As the cam 104 is driven in use, the plungers
102 are caused to reciprocate within their bores 106 in
a phased, cyclical manner. As the plungers 102 recipro-
cate, each plunger 102 causes pressurisation of fuel with-
in a pump chamber 114 defined at one end of the asso-
ciated plunger bore 106. The delivery of fuel from the
pump chambers 114 to a high pressure supply line (not
shown) is controlled by means of delivery valves (not
shown). The high pressure line supplies fuel to acommon
rail (not shown), or other accumulator volume, for delivery
to downstream injectors of a common rail fuel system.
[0005] The cam 104 carries a cam ring, or cam rider
116, which is provided with a pair of flats 118, one for
each plunger 102. Each plunger 102 includes an integral
interface member in the form of a foot 120. The foot 120
cooperates with the respective flat 118 on the cam rider
116 so that, as the foot 120 is driven upon rotation of the
cam 104, drive is imparted to the plunger 102.

[0006] As each plunger 102 is driven radially outward,
the volume of the respective pump chamber 114 de-
creases. This part of the pumping cycle is referred to as
the pumping or forward stroke of the plunger 102, during
which fuel within the associated pump chamber 114 is
pressurised to a relatively high level.

[0007] After its pumping stroke, each plunger 102
moves radially inward, under the influence of a return
spring 122 in the form of a compression spring disposed
between the plunger foot 120 and a pump head housing
124 of the respective pump head 108a, 108b. This part
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of the pumping cycle is referred to as the filling or return
stroke of the plunger 102, during which fuel is drawn into
the associated pump chamber 114 from a relatively low-
pressure fuel supply (not shown).

[0008] Astherider 116ridesoverthe cam 104 toimpart
drive to the plungers 102 in an axial direction, a co-op-
erating region of the associated flat 118 of the rider 116
is caused to translate laterally over a base surface of
each plunger foot 120 in a reciprocal manner. This trans-
lation of the rider 116 with respect to the plunger feet 120
causes frictional wear of the feet 120 and the rider 116.
Such frictional wear of the plunger feet 120 and the rider
116 can lead not only to eventual component failure, but
also to increased local operating temperatures, which in
turn have a further impact on efficiency and durability of
the pump 100 as a whole.

[0009] The rider 116 tends to turn on its axis during
operation, and therefore each plunger foot 120 tend to
meettherespectiveriderflat 118 atasmallinclined angle,
instead of in a parallel configuration. This gives rise to
an edge contact between the foot 120 and the rider 116,
which can exacerbate the problem of frictional wear. In
particular, the edge contact results in a local temperature
increase, which undesirably heats other components
within the fuel pump assembly.

[0010] To reduce the problem of frictional wear at the
interface between the plunger foot 120 and the rider 116,
the base surface of each plunger foot 120 in the known
common rail fuel pump 100 of Figure 1 is formed as an
arcuate contact surface. The arcuate contact surface re-
duces friction wear between the foot 120 and the rider
116 member by enabling improved freedom of movement
between the foot 120 and the rider 116, particularly during
translational movement of the rider 116 with respect to
the foot 120 in use. This helps to avoid wear at the edges
of the plunger feet 120. Also, the arcuate contact surface
gives rise to a hydrodynamic lubrication condition at the
interface, since the arcuate surface assists in spreading
lubricant contained in the housing volume 112 to create
a lubricant film between the plunger foot 120 and the rider
116.

[0011] In fuel pumps such as that shown in Figure 1,
one important factor that determines the amount of fric-
tional wear at the interface between the plunger and the
rider is the output pressure of the pump. At higher output
pressures, the load acting to push the plunger towards
the rider increases, and therefore the problems associ-
ated with wear are intensified. To meetincreasingly strin-
gent emissions regulations, however, it is desirable to
increase the pump output pressure to allow fuel injection
at greater injection pressures. For example, it would be
desirable to provide a pump with an output pressure of
2500 bar or even higher.

[0012] Another strategy to reduce emissions from in-
ternal combustion engines is the use of start-stop sys-
tems and hybrid powertrains. In both cases, the internal
combustion engine of a vehicle is stopped during normal
operation of the vehicle, for example when the vehicle is
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stationary in traffic. With such systems, the fuel pump of
the vehicle may start and stop operating substantially
more times than in conventional vehicles where the en-
gine continues to run until switched off by the operator.
Hydrodynamic lubrication of the plunger/rider interface
results from relative movement of the rider with respect
to the plunger, and therefore the film of lubricant at the
interface is lost when the pump stops. Accordingly, re-
peatedly stopping and re-starting the pump can also re-
sult in increased wear.

[0013] Against this background, it would be desirable
to provide a fuel pump assembly in which the above-
described problems due to wear are further reduced or
mitigated, particularly at high pump output pressures.

Summary of the invention

[0014] From a first aspect, the present invention re-
sides in a high-pressure fuel pump assembly for use in
an internal combustion engine, the fuel pump assembly
comprising a pumping plunger for pressurising fuel within
a pump chamber during a plunger pumping stroke, arider
member co-operable with a drive, and an interface mem-
berforimparting drive from the rider member to the pump-
ing plunger to perform the plunger pumping stroke. The
interface member has an interface side that is co-oper-
able with the rider member.

[0015] The pump assembly further comprises fluid flow
means for providing a fluid flow path from the pump cham-
ber to the interface side of the interface member such
that, in use, a hydrostatic lubricating fuel film is generated
between the interface member and the rider member on
pressurisation of fuel in the pump chamber.

[0016] Advantageously, by generating a hydrostatic lu-
brication condition between the interface member and
the rider member, friction, and hence wear, between the
interface member and the rider member is reduced. The
lubricating fuel film also serves to cool the interface mem-
ber and the rider member.

[0017] Furthermore, because the hydrostatic lubricat-
ing fuel film is generated on pressurisation of fuel in the
pump chamber, the lubrication is maximised during the
part of the pumping cycle of the fuel pump assembly in
which the load between the interface member and the
rider member is at is highest.

[0018] Providing fluid flow means in accordance with
the present invention results in the loss of pressurised
fuel from the pump chamber and an increase in dead
volume. However, the inventors of the present invention
have discovered that the benefits of reducing wear and
improving cooling that arise as a result of the invention
provide a desirable overall improvement in pump per-
formance.

[0019] Preferably, the fluid flow means comprises a
hydrostatic pocket in the interface side of the interface
member. The hydrostatic pocket may, for example, com-
prise a recess in the interface side of the interface mem-
ber.
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[0020] The fluid flow means may comprise a restrictor
for creating a pressure drop in the fluid flow path between
the pump chamber and the hydrostatic pocket. In this
way, the fuel pressure in the hydrostatic pocket can be
controlled such that a hydrostatic lubricating film is
formed when the fuel in the pump chamber is pressurised
above a threshold pressure. The threshold pressure may
depend on the relative speed of movement of the rider
member with respect to the interface member. The re-
strictor may comprise an orifice with a restricted cross-
sectional area compared to the remainder of the fluid flow
means.

[0021] The interface member may comprise a hydro-
dynamic contact surface adjacent to the hydrostatic
pocket such that, in use, a hydrodynamic lubricating fuel
film is generated between the interface member and the
rider member on relative translational movement of the
interface member relative to the rider member. In this
way, a lubricating fluid film can be generated between
the interface member and the rider member even when
the fuel in the pump chamber is not pressurised, for ex-
ample on start-up of the pump or during a filling or return
stroke of the pumping plunger. In other words, the hy-
drodynamic lubricating fluid film maintains lubrication
when the hydrostatic fluid film is not present, so long as
there is relative translational movement between the in-
terface member and the rider.

[0022] Translational movement of the interface mem-
ber relative to the rider member is reciprocal. When the
direction of relative movement reverses, the sliding ve-
locity momentarily falls to zero. No hydrodynamic lubri-
cation occurs at this time. However, during the pumping
stroke, lubrication is maintained even in the absence of
sliding movement by virtue of the hydrostatic lubricating
film generated by the fluid flow means.

[0023] The contactsurface may comprise a non-planar
region. For example, the contact surface or a part thereof
may be arcuate, frustoconical, part spherical, part toroi-
dal or a similar shape so that the contact surface defines
a generally convex or bellied shape. In one preferred
embodiment, the contact surface comprises aninner pla-
nar region and an outer frustoconical region. The hydro-
static pocket may be circular in plan, in which case and
the contact surface may be annular and surrounds the
pocket. By providing a suitable arcuate, bellied, generally
convex or non-planar contact surface, small rotational
movements of the rider member with respect to the con-
tact surface can be accommodated, thereby avoiding
wear and localised heating that may otherwise occur due
to an edge contact between the interface member and
the rider member.

[0024] In one embodiment, the interface member is
integral with the pumping plunger.

[0025] In another embodiment, the interface member
is engageable with the pumping plunger. For example,
the interface member may be engaged or engageable
with a stem of the pumping plunger. When the interface
member is a separate component to the pumping plung-
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er, interface member and the pumping plunger can be
made from two different materials, each being optimised
for the conditions under which the respective compo-
nents operate.

[0026] The interface member may be configured to ar-
ticulate with respect to the stem. In such a case, small
rotational movements of the rider member with respect
to the contact surface can be accommodated by articu-
lation of the interface member with respect to the stem.
The interface member may comprise socket means for
receiving an end of the stem remote from the pump cham-
ber. Alternatively, the end of the stem remote from the
pump chamber may comprise socket means for receiving
a projection or head portion of the interface member.
[0027] The plunger may comprise a first connecting
chamber provided in the stem and a second connecting
chamber provided in the interface member. The first and
second connecting chambers are co-operable to main-
tain fluid connection between the pump chamber and the
hydrostatic pocket during articulation of the interface
member with respect to the stem and serve to deliver
lubricant to the joint between the stem and the interface
member.

[0028] The interface member preferably comprises a
foot of the pumping plunger. In another embodiment, the
interface member comprises a tappet.

[0029] From a second aspect, the invention resides in
a pumping plunger for pressurising fuel within a pump
chamber of a high-pressure fuel pump. The pumping
plunger comprises a pumping end and an interface mem-
ber remote from the pumping end. The interface member
comprises an interface side having a hydrostatic pocket,
and the pumping plunger comprises passage means for
providing a fluid flow path between the pumping end and
the hydrostatic pocket and a restrictor for restricting fuel
flow into the hydrostatic pocket.

[0030] Optionally, the interface member comprises a
hydrodynamic, arcuate contact surface adjacent to the
hydrostatic pocket.

[0031] Preferred and/or optional features of the first
aspect of the invention may be present, alone or in ap-
propriate combination, in the second aspect of the inven-
tion also, and vice versa.

[0032] Itis to be noted thatin the context of the present
invention, the term ’contact surface’ and similar terms
used in the present description are to be interpreted as
including a surface that co-operates with an adjacent sur-
face by way of a load-bearing fluid film that lies between
the surfaces, as would be familiar to a person skilled in
the art.

Brief description of the drawings
[0033]
Figure 1 of the accompanying drawings, which has

already been referred to above, is a cross-sectional
view of a known fuel pump assembly.
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The present invention will now be described, by way
of example only, with reference to the remaining ac-
companying drawings, in which like reference nu-
merals are used for like features, and in which:

Figure 2 is a cross-sectional view of a fuel pump
assembly according to an embodiment of the present
invention;

Figure 3 is an enlarged cross-sectional view of part
of the fuel pump assembly of Figure 2;

Figure 4(a) is a cross-sectional view of a pumping
plunger of the fuel pump assembly of Figure 2;

Figure 4(b) is an enlarged cross-sectional view of
part of the pumping plunger of Figure 4(a); and

Figure 5is a cross-sectional view of another pumping
plunger suitable for use in the pump assembly of
Figure 2.

Detailed description of preferred embodiments of
the invention

[0034] Referring to Figure 2, there is shown, in a first
embodiment of the invention, a high pressure fuel pump
200 suitable for use in the fuel injection system of a com-
pression ignition internal combustion engine. In particu-
lar, the fuel pump 200 is suitable for use in delivering high
pressure fuel to a common rail of a common rail fuel in-
jection system (not shown).

[0035] Many aspects of the fuel pump 200 in Figure 2
are known, for example from fuel pumps of the type
shown in Figure 1 and described in EP-A-2048359, and
these parts will only be described briefly. However, the
fuel pump 200 comprises improved pumping plungers
201, which help to reduce frictional wear within the pump
and consequently allow the pump 200 to operate at an
output pressure in excess of that possible with known
pump designs.

[0036] The pump 200 includes a main pump housing
202 through which an engine-driven drive shaft (not
shown) extends. The drive shaft carries a cylindrical cam
204 that extends along a central cam axis C extending
perpendicularly to the plane of the drawing. The cam 204
carries a rider member in the form of a cam rider (or cam
ring) 206 which is provided with first and second flats
206a, 206b.

[0037] First and second pump heads 208a, 208b are
mounted on the main pump housing 202 at radial loca-
tions approximately opposed about the cam axis C, with
the cam 204 extending through an internal chamber or
volume 210 provided in the main pump housing 202.
Each pump head 208a, 208b includes a respective pump
head housing 212a, 212b.

[0038] The pump heads 208a, 208b are substantially
identical to one another. The structure of the first pump
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head 208a will now be described, and the skilled reader
will appreciate that this description applies also to the
second pump head 208b.

[0039] The first pump head 208a includes a pumping
plunger 201 which is reciprocable within a blind plunger
bore 216 to perform a pumping cycle having a pumping
stroke (or forward stroke) and a spring-assisted return
stroke. The plunger bore 216 is defined partly within the
pump head housing 212a and partly within a plunger sup-
port tube 218 which extends from a lower surface of the
pump head housing 212a. The blind end of the bore 216
defines, together with the pump head housing 212a, a
pump chamber 220. Reciprocating movement of the
plunger 201 within the bore 216 causes pressurisation
of fuel within the pump chamber 220 during a pumping
stroke.

[0040] Referring now to Figures 3, 4(a) and 4(b), the
plunger 201 of the first pump head 208a broadly com-
prises a stem 222, an ankle 224, and an integral interface
member in the form of a foot 226. The plunger 201 is
integrally moulded from carbon steel (for example
16MnCr5), alloy steel (for example EN ISO 683-17
100Cr6 + AC), or high speed steel (for example M50,
M2) and may be coated with a diamond-like carbon (DLC)
coating to make it more hard-wearing and to reduce fric-
tion. Whilst a coating is not always essential, it is partic-
ularly beneficial in high pressure or high speed pumps.
Alternative coatings may also be used as appropriate,
depending on the structure of the pump and its applica-
tion.

[0041] The stem 222 of the plunger 201 is generally
cylindrical, with aradius of about 3.25 mm, and comprises
a first end 228 facing the pump chamber 220. A second,
opposed end 230 of the stem 222 merges contiguously
with the ankle 224. The plunger 201 is radially symmet-
rical about a central axis A of the plunger 201 (shown in
Figures 4(a) and 4(b)).

[0042] The ankle 224 of the plunger provides a filleted
transition between the stem 222 and the foot 226. The
fillet radius of the ankle 224 is selected to be about 3.5
mm. It has been determined that up to a fillet radius of
3.5 mm, the strength of the plunger increases with an
increase in fillet radius, whilst an increase of fillet radius
beyond 3.5 mm generally does not lead to significant
additional advantages. Therefore, if modification is de-
sired, a fillet radius in the range of 2.5 to 4.5 mm, pref-
erably 3 mm to 4 mm, or most preferably 3.3 mm to 3.7
mm may be selected to maximise both stress resistance
and space efficiency. However, the invention encom-
passes plungers having any suitable fillet radius.
[0043] To assist the pumping plunger 201 in perform-
ing a return stroke following a pumping stroke, the ankle
224 defines a stepped spring seat 232 for receiving a
helical spring 234. As shown in Figures 2 and 3, the spring
234 is disposed between the spring seat 232 and the
pump head housing 212a.

[0044] The foot 226 of the plunger 201 is discoid in
plan and, in this example, has a radius of about 10.7 mm.
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The radius is determined by the geometry of the spring
234, which in turn is optimised to produce maximum sta-
bility for the cooperative movement of the plunger 201
and the rider 206. The spring is supported on the spring
seat 232 without any overhang. However, the skilled per-
son will appreciate that the spring geometry and the ra-
dius of the foot 226 may be modified if desired.

[0045] The foot 226 comprises a distal side 235, which
is contiguous with the ankle 224, and a proximal side 236
for engaging the first flat 206a of the cam rider 206. Co-
operation of the cam rider 206 and the foot 226 of the
plunger 201 allows drive from the cam 204 to be imparted
to the plunger 201 to effect the pumping stroke.

[0046] As shown in Figures 2, 3 and 4(a), the plunger
201 includes fluid flow means to provide an axial flow
path from the first end 228 to the proximal side 236 of
the plunger foot 226. The fluid flow means comprises an
axially-extending flow passage 250 that communicates
with a disc-shaped recess, referred to hereafter as a hy-
drostatic pocket 252, in the proximal side 236 of the
plunger foot 226. As shown additionally in Figure 4(b),
the axial passage 250 communicates with the pocket 252
by way of a restriction orifice or restrictor 254 that has a
substantially smaller diameter than the axial passage
250.

[0047] The pocket 252 is positioned centrally on the
proximal side 236 of the plunger foot 226. An annular
contact region 238 is defined by the remainder of the
proximal side 236 of the foot 226, around the pocket 252.
The restrictor 254 is disposed adjacent to the pocket 252,
in the plunger foot 226 and remote from the first end 228
of the plunger 201.

[0048] As shown most clearly in Figure 4(b), in this
example the contact region 238 comprises a generally
convex, annular contact surface 240 defining afirst, inner
annular region 240a which is substantially planar and lies
in a plane perpendicular to the plunger axis A, and a
second, outer annular region 240b which is frustoconical.
The inner region 240a defines a land that surrounds the
pocket 252.

[0049] In the outer frustoconical region 240b, the con-
tact surface is inclined at an angle of approximately 3°
to the contact surface in the planar inner region 240a.
The inner and outer regions 240a, 240b meet at a radi-
used transition. The inner region 240a has a diameter of
approximately 14 mm.

[0050] The contact surface 240 therefore slopes gen-
erally upwardly (in the orientation shown in Figure 4(b))
from the horizontal, moving from the periphery of the
pocket 252 towards the edge of the foot 226. Accordingly,
the contact surface 240 describes a generally convex or
bellied shape.

[0051] The contact surface 240 meets the edge of the
foot 226 at a radiused corner 242 defining a surface with
a radius of curvature of approximately 0.4 mm.

[0052] During operation of the pump 200, as the cam
rider 206 is caused to ride over the engine-driven cam
204, an axial drive force is imparted to the foot 226 of the
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plunger 201 of the first pump head 208a, causing the
plunger 201 to reciprocate within the plunger bore 216.
During the pumping stroke, the plunger 201 is driven ra-
dially outward from the shaft to reduce the volume of the
pump chamber 220. During the plunger return stroke,
which is effected by means of the spring 234, the plunger
201 is urged in a radially inward direction to increase the
volume of the pump chamber 220.

[0053] As the foot 226 of the plunger 201 is driven in
a radially outward direction, leading to movement of the
plunger 201 along its central axis A, a degree of relative
lateral sliding movement of the contact region 238 of the
foot 226 occurs across the associated flat 206a of the
rider 206, in a back and forth manner. This movement is
well known in the prior art and results from the movement
of the cam 204 carrying the cam rider 206. The contact
region 238 of the foot 226 slides across the flat 206a in
a similar manner during the return stroke.

[0054] The fluid flow means, comprising the axial pas-
sage 250, the pocket 252 and the restrictor 254, assists
in lubricating the interface between the foot 226 and the
rider 206, as will now be explained.

[0055] During the pumping stroke of the plunger 201,
the increase in fuel pressure in the pump chamber 220
causes fuel to flow from the pump chamber 220 into the
hydrostatic pocket 252, by way of the axial passage 250
and the restrictor 254. The fuel pressure in the pocket
252 therefore increases, and fuel is forced between the
contact surface 240 and the flat 206a of the rider. To-
gether, the fuel pressure in the pocket 252 and the fuel
pressure acting on the contact surface 240, and partic-
ularly the inner planar region 240a of the contact surface,
result in a hydraulic force that acts to push the plunger
foot 226 away from the flat 206a of the rider 206 against
the fuel pressure in the pump chamber 220 and the force
of the biasing spring 234.

[0056] The diameter of the restrictor 254 and the di-
ameter of the pocket 252 are selected so that, when the
fuel pressure in the pump chamber 220 rises above a
threshold value during the pumping stroke, the fuel pres-
sure in the hydrostatic pocket 252 and the resulting fuel
pressure acting upwardly on the contact surface 240 that
surrounds the pocket 252 becomes sufficient for the foot
226 to lift from the flat 206a. In other words, a hydrostatic
lubrication condition is achieved during the pumping
stroke, in which the contact surface 240 is separated from
the flat 206a by a fuel film that supports substantially the
entire load acting across the interface.

[0057] The fuel flows from the hydrostatic pocket 252
between the contact surface 240 and the flat 206a into
the internal volume 210 of the pump housing 202. This
fuel flow helps to provide cooling at the interface between
the plunger 201 and the rider 206.

[0058] By virtue of the restrictor 254, the fuel pressure
in the hydrostatic pocket 252 during the pumping stroke
of the plunger 201 is lower than the fuel pressure in the
pump chamber 220. However, the fuel pressure in the
hydrostatic pocket 252 and in the surrounding region of
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the contact surface 240 acts over a larger cross-sectional
area of the plunger 201 than the fuel pressure in the pump
chamber 220, such that a net upward force on the plunger
201 can be achieved.

[0059] Intheillustrated example, the plunger stem 222
has a radius of approximately 3.25 mm, the hydrostatic
pocket 252 has a radius of approximately 3.5 mm, the
restrictor 254 has a diameter of approximately 50 pm,
and the axial passage has a diameter of approximately
1 mm. The features of the plunger 201 are dimensioned
such that, when the fuel pressure in the pump chamber
is approximately 2000 bar, the fuel pressure in the hy-
drostatic pocket 252 is approximately 800 bar. In this
case, the thickness of the fuel film that separates the
contact surface 240 and the rider flat 206a is between
approximately 5 um and approximately 10 pm.

[0060] In another example (not illustrated), the hydro-
static pocket has a radius of approximately 0.75 mm. In
this case, the pressure of fuel in the hydrostatic pocket
is approximately 1950 bar when the fuel pressure in the
pump chamber is approximately 2000 bar. Again, a load-
bearing fuel film of between approximately 5 wm and ap-
proximately 10 wm in thickness would be present at the
interface.

[0061] In further examples, the restrictor has a diam-
eter of between approximately 25 pm and 150 pm, and
preferably between approximately 50 pm and 100 pm.
[0062] Because the restrictor 254 is positioned adja-
cent to the pocket 252 and is separated from the pump
chamber 220 by the full length of the axial passage 250,
the pressure in the hydrostatic pocket 252 can be better
controlled compared to if the restrictor 254 were disposed
close to the first end 228 of the plunger, remote from the
pocket 252. However, in an alternative embodiment (not
illustrated), the restrictor can be positioned close to the
firstend of the plunger in order to reduce the dead volume
in communication with the pump chamber.

[0063] The shape of the contact surface 240 also con-
tributes to the improved wear performance of the plunger
201 of the present invention, as will now be described.
[0064] During the pumping stroke, the driving force ap-
plied to the foot 226 of the plunger 201 acts in a direction
that passes through approximately the centre axis C of
the cam 204 and cam rider 206. The lateral or sliding
movement (or translation) of the foot 226 across the rider
206 generally leads to a misalignment of the axis of the
driving force with the central axis A of the plunger 201.
This misalignment varies sinusoidally throughout the
pumping cycle and causes variable turning moments
(torque) to be applied between the rider 206 and the foot
226 of the plunger 201.

[0065] As the plunger 201 co-operates with the rider
206, the convexly shaped structure of the contact surface
240 mitigates the frictional wear caused by the sliding
movement between the foot 226 and the cam rider 206
and the resulting variable turning moments. Specifically,
small rotational movements of the rider 206 about the
centre axis C of the cam 204 with respect to the plunger
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axis A are accommodated as aresult of the convex shape
of the contact surface 240, thereby advantageously re-
ducing friction, and any resultant wear and heat.

[0066] A further advantage of the contact region 238
of the foot 226 of the plunger 201 is that it is hydrody-
namically shaped and, in use, assists in maintaining the
load-bearing film of fuel between the contact surface 240
and the rider flat 206a during parts of the pumping cycle.
[0067] Inparticular, when the fuel pressure in the pump
chamber 220 is low, for example during start-up of the
pump or during the return stroke of the plunger 201, the
pressure of fuel in the hydrostatic pocket 252 may be
insufficient to cause hydrostatic lubrication of the inter-
face. However, by virtue of the shape of the contact re-
gion 238, a load-bearing, lubricating film of fuel is never-
theless maintained by virtue of the hydrodynamic lubri-
cation condition that results from the relative translational
reciprocal movement of the contact region 238 with re-
spect to the rider flat 206a.

[0068] Upon reversal of the direction of movement of
the contact region 238 with respect to the rider flat 2063,
which takes place at the mid-point of the pumping and
return strokes in this embodiment, the velocity of relative
translational movement momentarily drops to zero. At
the moment of reversal, therefore, no hydrodynamic lu-
brication is generated at the interface. However, during
the pumping stroke, the hydrostatic lubrication created
by the flow of fuel from the pump chamber 220 to the
hydrostatic pocket 252 serves to maintain the fluid film
between the contact region 238 and the rider flat 206a
even when the velocity of the relative translational move-
ment between the contact region 238 and the rider flat
206a drops to zero.

[0069] In summary, the plunger 201, by virtue of both
the hydrostatic pocket 252 and the hydrodynamic shaped
contact region 238 of its foot 226, succeeds in signifi-
cantly reducing friction at the plunger/cam rider interface.
A hydrodynamic lubricating film of fluid is generated be-
tween the plunger 201 and the rider 206 when the contact
region 238 undergoes translational movement with re-
specttotherider flat 206a, and the fluid film is augmented
and maintained under high pumping loads by the hydro-
static film generated by the fluid flow means comprising
the axial passage 250, the hydrostatic pocket 252, and
the restrictor 254.

[0070] It will be appreciated that the provision of fluid
flow means 250, 252, 254 to generate a hydrostatic lu-
brication condition at the plunger-rider interface results
in a parasitic loss of pressurised fuel from the pump
chamber 220. Also, the volume of the axial passage 250
acts as 'dead volume’ in the pumping operation, since
energy must be expended to compress the fuel in the
axial passage 250 but this compressed fuel cannot be
delivered in the pump output. These factors have a neg-
ative effect on the efficiency of the pump assembly 200.
However, it has been discovered by the inventors of the
present invention that the benefits of improved cooling
and reduced wear that are available by operating the
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plunger-rider contact in a hydrostatic lubrication regime
surprisingly outweigh the loss of efficiency, particularly
in pump applications that demand high output pressures,
long service life and high reliability, and which are used
in stop/start engine applications.

[0071] Because the fluid flow means connects the
pump chamber 220 to the plunger-rider interface, the
supply of lubricating fuel to the interface is maximised
during the periods of the pumping cycle when the fuel
pressure in the pump chamber 220 is relatively high. Ad-
vantageously, therefore, the hydrostatic lubrication pro-
vided by the fluid flow means has its maximum effect
when the load across the interface is at its maximum.
[0072] Inthepresentinvention,the generally convexly-
shaped contact region 238 of the pumping plunger 201
helps to mitigate the turning moments that arise due to
the tendency of the rider 206 to turn in use. An interme-
diate drive member, such as a tappet, between the plung-
er201 and therider 206 is not therefore required. Instead,
the pumping plunger 201 of the invention can advanta-
geously be brought into direct contact with the cam rider
206, which reduces costs and simplifies the fuel pump
200.

[0073] Whilst the need for a tappet is obviated by the
plunger 201 shown in Figures 2 to 4(b), the invention
nevertheless encompasses pumping assemblies includ-
ing one or more intermediate interface members such
tappets. Forinstance, the advantageous reduction of fric-
tion by an appropriately shaped contact surface in com-
bination with a hydrostatic pocket as described in respect
of the foot of the plunger of Figures 2 to 4(b) can alter-
natively or additionally be applied to a tappet.

[0074] A second embodiment ofthe invention compris-
es a pump assembly 200 as shown in Figures 2 and 3
above, but in which the pumping plunger is substituted
for an alternative pumping plunger 301 as shown in Fig-
ure 5.

[0075] The pumping plunger 301 used in the pump as-
sembly second embodiment of the invention shares
many features with the pumping plunger 201 used in the
pump assembly of the first embodiment of the invention,
and so the common features will not be described in de-
tail. Instead, reference should be made to the above de-
scription as necessary.

[0076] In this second embodiment, the plunger 301
comprises a shaft 322 and a foot member 360 that co-
operates with the shaft 322. A first end of the shaft 328
is received in the pump chamber of the pump head (not
shown in Figure 5), and the foot member 360 cooperates
with a second end 329 of the shaft 322 remote from the
first end 328. The foot member 360 is disposed between
the plunger shaft 322 and the rider flat (206a in Figures
2 and 3), and serves as an intermediate member to trans-
mit drive from the rider to the plunger shaft 322.

[0077] Thefootmember 360 comprises ashoulder 324
and an interface member in the form of a foot 326. The
shoulder 324 defines a stepped spring seat 332 for re-
ceiving the helical return spring (234 in Figures 2 and 3)
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of the pump assembly. In use, the spring is disposed
between the spring seat 332 and the pump head housing
(214a in Figures 2 and 3).

[0078] The second end 329 of the plunger shaft 322
is formed into a part-spherical ball member 362. The foot
member 360 is provided with a part-spherical recess or
socket 364, in which the ball member 362 of the shaft
322 is slidingly engaged. In this way, the foot member
360 is able to articulate with respect to the shaft 322.
[0079] In this embodiment, the ball member 362 of the
shaft 322 is retained by an annular lip 366 that extends
around the periphery of the socket 364. The lip 366 is
deformed inwardly during manufacture of the plunger 301
to retain the ball member 362. In other embodiments, the
lip 366 may be omitted and replaced with alternative re-
taining means, for example a retaining clip arrangement,
or the second end 329 of the shaft 322 may engage with
but not be retained in the socket 364.

[0080] The foot 326 is discoid in plan and comprises
a distal side 335, which is contiguous with the shoulder
324, and a proximal side 336 for engaging the first flat
(206a in Figures 2 and 3) of the cam rider (206 in Figures
2 and 3).

[0081] As in the first embodiment, the plunger 301 in-
cludes fluid flow means to provide an axial flow path from
the first end 328 to the proximal side 336 of the plunger
foot 326. In this second embodiment, the fluid flow means
comprises an axially-extending flow passage 350 in the
shaft 322 that communicates with a first connecting
chamber 368 in the form of a recess in the second end
329 of the shaft 322. The axial passage 350 communi-
cates with the first connecting chamber 368 by way of a
restrictor 354 that has a substantially smaller diameter
than the axial passage 350.

[0082] The fluid flow means further comprises a sec-
ond connecting chamber 370 in the foot member 360, in
the form of a recess that extends from the base of the
socket 364 towards the proximal side 336 of the plunger
foot 326. The second connecting chamber 370 is in fluid
communication with a disc-shaped hydrostatic pocket
352 in the proximal side 336 of the plunger foot 326, by
way of a short connecting passage 372.

[0083] The pocket 352 is positioned centrally on the
proximal side 336 of the plunger foot 326. In this embod-
iment, the depth of the pocket 352 decreases progres-
sively towards its edges. Preferred values for the diam-
eters of the axial passage 322, the pocket 352 and the
restrictor 354 are the same as those for the equivalent
features in the first embodiment of the invention.

[0084] An annular contact region 338 is defined by the
remainder of the proximal side 336 of the foot 326, around
the pocket 352. In this embodiment, the contact region
338 comprises a substantially planar contact surface
340.

[0085] In use of the plunger 301, the fluid flow means
comprising the axial passage 350, the restrictor 354, the
first and second connecting chambers 368, 370, the con-
necting passage 372 and the hydrostatic pocket 352
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serves to generate a load-bearing fluid film between the
plunger foot 326 and the rider flat that lubricates and cools
the interface during the pumping stroke of the plunger
301, as described above with reference to the first em-
bodiment of the invention.

[0086] In this embodiment, the contact surface 340 is
substantially planar. Because the foot member 332 can
articulate with respect to the shaft 322, small rotational
movements of the rider about the centre axis of the cam
with respect to the plunger axis A are accommodated by
re-orientation of the foot member 332 with respect to the
shaft 322. In this way, the substantially planar contact
surface 340 remains parallel to the rider flat during op-
eration, thereby advantageously avoiding edge contacts
and reducing friction, and any resultant wear and heat.
[0087] During articulation of the foot member 332, fluid
communication between the pump chamber and the hy-
drostatic pocket 352 is maintained by overlap of the first
and second connecting chambers 368, 370. The firstand
second connecting chambers 368, 370 also serve to pro-
vide lubricating fuel to the interface between the ball
member 362 and the socket 364. In the illustrated exam-
ple, the second connecting chamber 370 has a larger
diameter than the first connecting chamber 368, which
assists in the spreading of fuel at the articulating interface
between the ball member 362 and the socket 364. The
relative sizes of the two connecting chambers 368, 370
can be selected so as to control the degree of lubrication
at the articulating interface. It will be appreciated that any
arrangement of chambers or passages that maintains
flow between the axial passage 350 in the shaft 322 and
the hydrostatic pocket 352, and which permits some de-
livery of fuel to the ball member-socket interface could
be used.

[0088] In the second embodiment of the invention, lu-
brication of the plunger-rider interface is achieved prima-
rily by the hydrostatic lubrication achieved by the provi-
sion of the fluid flow means. However, it will be appreci-
ated that the plunger foot 326 could be provided with a
hydrodynamic contact surface to effect hydrodynamic lu-
brication at the interface, as in the first embodiment of
the invention.

[0089] In a variant of the second embodiment of the
invention, a ball-shaped or similar projection is provided
on the plunger foot, and the plunger is provided with a
socket for receiving the projection.

[0090] It will be appreciated that a number of modifi-
cations can be made to the present invention.

[0091] In particular, it will be apparent to a person
skilled in the art that each of the features of the fluid flow
means used to generate a hydrostatic lubrication condi-
tion at the plunger-rider interface could be modified to
optimise the performance of the pump assembly accord-
ing to particular operating conditions and design.
[0092] In general terms, the sizes of the features are
selected to provide sufficient lifting force on the plunger
to maintain a fluid film at the plunger-rider interface whilst
minimising loss of fuel from the pump chamber. Addition-
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ally, itis desirable to minimise the sensitivity of the system
to perturbations of the rider angle relative to the plunger
contact surface, which can increase the leak path for fuel
from the pump chamber. Accordingly, the cross-sectional
area of the hydrostatic pocket, the diameter of the restric-
tor, and the outer diameter of the plunger contact surface
are selected to maintain a fluid film at the interface even
whentherideris inclined at a small angle to perpendicular
with respect to the plunger axis.

[0093] Thediameterofthe plunger stem (and therefore
the cross-sectional area of the pumping chamber) also
influences the hydrostatic lubrication behaviour. Prefer-
ably, the plunger stem has a diameter between approx-
imately 6 mm and approximately 8 mm, and more pref-
erably between 6.5 mm and 7.5 mm.

[0094] The hydrostatic pocket may be shaped so as
to give rise to a particular pressure profile at the interface.
The plunger foot may be provided with an insert of bronze
or other bearing material, and the hydrostatic pocket and
the surrounding contact surface may be formed in the
insert. The restrictor may be located closer to the pump
chamber, so as to reduce the dead volume of fuel in com-
munication with the fuel in the pump chamber. For ex-
ample, the restrictor may be disposed at the first end of
the plunger, such that the restrictor opens into the pump
chamber. The diameter of the axial passage, which is
preferably around 1 mm, is chosen to allow the passage
to be formed by drilling during manufacturing, whilst itself
providing a degree of pressure reduction compared to
the pump chamber to limit the dead volume of the pump.
However, larger or smaller diameter axial passages may
be provided. For example, the axial passage may be suf-
ficiently narrow to that the axial passage itself acts as a
restricted passage, so that no separate restrictor is nec-
essary.

[0095] The shape of the plunger, and in particular the
shape of the hydrodynamic contact surface of the plunger
foot could be varied, for example as described in EP-A-
2048359. In one alternative embodiment, the hydrody-
namic contact surface is part-toroidal in shape. At the
edge of the hydrostatic pocket, the hydrodynamic surface
is tangential to a plane perpendicular to the plunger axis,
and therefore to the rider flat. This avoids concentration
of stresses at the edge of the hydrostatic pocket. In a
further embodiment, a part-toroidal contact surface is
provided that is tangential to the plane perpendicular to
the plunger axis at a diameter greater than the diameter
of the hydrostatic pocket. In this way, the load acting on
the plunger foot is concentrated away from the edge of
the pocket.

[0096] Because the pumping plunger is subject to high
forces in use, the intersections of the fluid passages,
chambers and similar features and the steps, shoulders,
corners and similar features between parts of the plunger
are preferably radiused, rounded, filleted or otherwise
shaped to reduce stress concentrations, as will be famil-
iar to those skilled in the art.

[0097] Further modifications and variations not explic-
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itly described above may also be made without departing
from the scope of the invention as defined in the append-
ed claims.

Claims

1. A high-pressure fuel pump assembly (200) for use
in an internal combustion engine, the fuel pump as-
sembly (200) comprising:

a pumping plunger (201; 301) for pressurising
fuel within a pump chamber (220) during a
plunger pumping stroke;

a rider member (206) co-operable with a drive;
an interface member (226; 326) for imparting
drive from the rider member (206) to the pump-
ing plunger (201; 301) to perform the plunger
pumping stroke, the interface member having
an interface side (236; 336) co-operable with the
rider member (206); and

fluid flow means (250, 252, 254; 350, 352, 354,
368, 370, 372) for providing a fluid flow path from
the pump chamber (220) to the interface side
(236; 336) of the interface member (226; 326)
such that, in use, a hydrostatic lubricating fuel
film is generated between the interface member
(226) and the rider member (206) on pressuri-
sation of fuel in the pump chamber (220).

2. Afuel pump assembly according to Claim 1, wherein
the fluid flow means comprises a hydrostatic pocket
(252; 352) in the interface side (236; 336) of the in-
terface member (226; 326).

3. Afuel pump assembly according to Claim 2, wherein
the hydrostatic pocket (252; 352) comprises arecess
in the interface side (236; 336) of the interface mem-
ber (226; 326).

4. Afuel pump assembly according to Claim 2 or Claim
3, wherein the fluid flow means comprises a restrictor
(254; 354) for creating a pressure drop in the fluid
flow path between the pump chamber (220) and the
hydrostatic pocket (252; 352).

5. A fuel pump assembly according to any of Claims 2
to 4, wherein the interface member (226) comprises
a hydrodynamic contact surface (240) adjacent to
the hydrostatic pocket (252) such that, in use, a hy-
drodynamic lubricating fuel film is generated be-
tween the interface member (226) and the rider
member (206) on relative translational movement of
the interface member (226) relative to the rider mem-
ber (206).

6. Afuel pump assembly according to Claim 5, wherein
the contact surface (240) comprises a non-planar
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region.

A fuel pump assembly according to Claim 6, wherein
the contact surface (240) comprises an inner planar
region and an outer frustoconical region.

A fuel pump assembly according to any preceding
Claim, wherein the interface member (226) is integral
with the pumping plunger (201).

A fuel pump assembly according to any of Claims 1
to 7, wherein the interface member (326, 360) is en-
gageable with a stem (322) of the pumping plunger
(301).

The fuel pump assembly of Claim 9, wherein the in-
terface member (326, 360) is configured to articulate
with respect to the stem (322).

The fuel pump assembly of Claim 10, wherein the
interface member (326) comprises socket means
(364) for receiving an end of the stem (322) remote
from the pump chamber (220).

The fuel pump assembly of Claim 10 or Claim 11,
wherein the plunger (301) comprises a first connect-
ing chamber (368) provided in the stem (322) and a
second connecting chamber (370) provided in the
interface member (326), wherein the firstand second
connecting chambers (368, 370) are co-operable to
maintain fluid connection between the pump cham-
ber (220) and the hydrostatic pocket (352) during
articulation of the interface member (326) with re-
spect to the stem (322).

The fuel pump of any preceding Claim, wherein the
interface member comprises a foot (226; 326) of the
pumping plunger (226).

A pumping plunger (201; 301) for pressurising fuel
within a pump chamber (220) of a high-pressure fuel
pump, the pumping plunger (201; 301) comprising a
pumping end (228; 338) and an interface member
(226; 326) remote from the pumping end (228; 338);
wherein the interface member comprises an inter-
face side having a hydrostatic pocket (250; 350); and
wherein the pumping plunger (201; 301) comprises
passage means (252; 352) for providing a fluid flow
path between the pumping end (228; 338) and the
hydrostatic pocket (250; 350), and a restrictor (254;
354) for restricting fuel flow into the hydrostatic pock-
et (250; 350).

A pumping plunger (201) according to Claim 14,
wherein the interface member comprises a hydrody-
namic generally convex contact surface (240) adja-
cent to the hydrostatic pocket (250).
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