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(57)  Anelectromagnetically actuatable fluid injection
valve (1) is disclosed. It comprises a coil (7) for providing
a magnetic field when an operating current is applied to
said coil. The fluid injection valve (1) comprises at least

Electromagnetically actuatable fluid injection valve

two components (8, 9) configured and arranged to be
magnetized by said coil (7) which are separated from one
another by a gap at least in places. The gap is at least
partially filled with a ferrofluid (14).
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Description

[0001] The invention concerns an electromagnetically
actuatable fluid injection valve.

[0002] Electromagnetically actuatable fluid injection
valves are often used for dosing fuel into gasoline or die-
sel engines.

[0003] Usually, such valves may comprise at least two
components which are magnetized during operation of
the valve. When the two components are separated by
agap - e . g.due to a surface roughness of said compo-
nents, due to manufacturing tolerances, due to deforma-
tion, due to mounting conditions or due to design require-
ments - the gap may reduce the magnetic performance
of the valve. In particular, the opening transient of the
valve may not be as fast as is desirable. In addition, the
dimensions of the air gap may be hard to control so that
there is a high risk of large part-to-part tolerances. There-
fore, the valve opening time may vary from valve to valve,
which makes a precise control of the injected amount of
fuel difficult.

[0004] Itis therefore an object of the invention to pro-
vide an improved valve which enables a particularly pre-
cise and/or efficient fluid injection. Furthermore, it is an
object of the invention to provide a method for producing
such a valve.

[0005] These objects are achieved by an electromag-
netically actuatable fluid injection valve and a method
according to the independent claims. Advantageous em-
bodiments and developments of the fluid injection valve
are specified in the dependent claims.

[0006] An electromagnetically actuatable fluid injec-
tion valve is specified. Preferably, the fluid injection valve
is a fuel injection valve which is in particular configured
for dosing fuel directly into a combustion chamber of an
internal combustion engine.

[0007] The fluid injection valve comprises a valve body
with a fluid inlet portion and a fluid outlet opening. In par-
ticular, the valve body has a longitudinal axis. Expedient-
ly, the valve body may have a cavity which extends
through the valve body in longitudinal direction and hy-
draulically connects the fluid inlet portion to the fluid outlet
opening.

[0008] The fluid injection valve further comprise a fluid
flow blocking component - such as a valve needle - which
is preferably received in the cavity of the valve body. The
fluid flow blocking component is adapted to inhibit a fluid
flow between said fluid inlet portion and said fluid outlet
opening when arranged in a blocking position, and to
allow said fluid flow between said fluid inlet portion and
said fluid outlet opening when arranged in a release po-
sition. The fluid flow blocking component is in particular
axially displaceable relative to the valve body away from
the blocking position towards the release position for en-
abling fluid flow through the fluid outlet opening.

[0009] Additionally, the valve comprises a coil for pro-
viding a magneticfield and an armature which is arranged
in said magnetic field when an operating current is ap-
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plied to the coil. The armature is in particular arranged
in the cavity and axially displaceable relative to the valve
body in reciprocating fashion. The caoil is preferably po-
sitioned outside of the valve body and positionally fix with
respect to the valve body. The coil is in particular a so-
lenoid.

[0010] By means of the magnetic field, the coil is pref-
erably operable to displace the armature, in particular for
opening the valve. The armature is mechanically cou-
pled, directly or indirectly, to said fluid flow blocking com-
ponent in order to move said fluid flow blocking compo-
nent from the blocking position to the release position -
i.e. for opening the valve when the operating current is
applied to said coil. It is also conceivable that the elec-
tromagnetic actuator assembly comprising the coil and
the armature is additionally or alternatively configured for
closing the valve, i.e. for displacing the fluid flow blocking
component from the release position to the blocking po-
sition. However, it is preferred that the fluid flow blocking
component is biased towards the blocking position by
means of a return spring for closing the valve.

[0011] The fluid injection valve comprises at least two
components which are configured and arranged to be
magnetized by said coil. The two components are sep-
arated from one another by a gap at least in places. The
gap is partially or completely filled with a ferrofluid.
[0012] Aferrofluid is in this contexta magnetizable fluid
and may in particular also be denoted as a superpara-
magnetic fluid. The ferrofluid has in particular a viscosity
which is basically independent of the magnetic field. Pref-
erably, the ferrofluid is a Newtonian fluid with and without
exposure to the magnetic field.

[0013] The gap is preferably arranged on a dry side of
the valve, i.e., it is preferably not in contact with the fluid
flowing through the valve. In other words, the gap is hy-
draulically separated from the cavity of the valve body.
[0014] Theinventors have recognized that the relative-
ly long time required to move the fluid flow blocking ele-
ment from the blocking position to the release position is
caused by an undesirably slow development of the mag-
netic field when voltage is applied to the coil for feeding
the operating current to the coil. It is currently assumed
that this undesirably slow development of the field arises
from the fact that each component that is separated from
other magnetized components has to be magnetized
separately. Especially if at least one of the components
is relatively flat and arranged such that its dimensions in
the direction of the magnetic field lines are small, the
magnetization finally achieved may be energetically dis-
advantageous. That means that the magnetic field has
to provide a large amount of energy to the flat component
that is to be magnetized in order to establish magnetiza-
tion. This energy is removed from the field and the mag-
netic field thus develops at a significantly slower speed.
Therefore, the target field strength is reached more slow-
ly than is possible, which increases the time for moving
the flowing flow blocking component from the blocking
position to the release position.
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[0015] The invention makes use of the idea that,
through magnetization of the ferrofluid arranged between
both components, both components can be magnetized
together with said ferrofluid. For establishing this mag-
netization, significantly less energy is required and,
therefore, the target field strength can be established
much faster, leading to a faster movement of the fluid
flow blocking component from the blocking position to
the release position. In addition, the time required to
move the fluid flow blocking component from the blocking
position to the release position is much more predictable
because - due to the ferrofluid filling the gap - fabrication
tolerances do not significantly influence the amount of
energy required to establish magnetization.

[0016] The valve can be designed to be arranged in
the blocking condition when no operating current is ap-
plied to the coil. This arrangement is preferable for rea-
sons of safety. However, in general a ferrofluid would
provide the same advantages as described above in a
valve which is open when no currentis applied to the coil.
[0017] According to one embodiment of the valve, a
surface roughness of a surface which defines the gap of
at least one of said components is between 0.1 um and
10 pm. In particular, the surface roughness can be be-
tween 0.5 pm and 2 pm. The surface roughness is in
particular the roughness average R, which is an ampli-
tude parameter of the surface roughness which is well
known to a person skilled in the art.

[0018] In one embodiment, magnetic nanoparticles, in
particular ferromagnetic nanoparticles, are contained in
the ferrofluid. Preferably, the ferrofluid is a stable colloidal
suspension of the magnetic nanoparticles in a carrier flu-
id. The magnetic nanoparticles may have an average
diameter of less than 100 nm. Preferably, their average
diameter is less than 50 nm. For example, the average
diameter can be between 5 and 10 nm. The average
diameter is in this context in particular the median diam-
eter, often denoted as d50, of the nanoparticles. If the
nanoparticles are non-spherical, the so-called equivalent
diameter of the nanoparticles is used. The measurement
of the grain size can be effected by well known standard
techniques such as by evaluating a grinding surface or
by means of optical measurements.

[0019] In order to provide an optimal magnetic conti-
nuity, the nanoparticles responsible for the magnetic
properties of the ferrofluid are, according to a possible
embodiment, smaller than 1/10, preferably less than 1/20
and most preferably less than 1/50 of the maximal width
of the gap and/or of a surface roughness of at least one
of said components.

[0020] In order to prevent the nanoparticles contained
in the ferrofluid from clumping, said nanoparticles can be
coated. As coating, e.g., oleic acid, tetramethylammoni-
um hydroxide, citric acid or soy lecithin may be used.
[0021] The gap has a maximum width of less than 1
mm in one embodiment. Typically, the width is between
10 wm and 500 pm and preferably between 50 um and
150 pm.
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[0022] The at least two components can at least par-
tially comprise or consist of ferromagnetic material. In
the context of ferromagnetic components, the use of the
ferrofluid in the gap is particularly useful since, due to the
strong magnetization achieved in ferromagnetic compo-
nents, the total energy required to achieve the desired
magnetization is relatively large.

[0023] In one embodiment, the valve comprises a
housing containing said coil. Expediently, the housing
may laterally surround a portion of the valve body.
[0024] In another embodiment, the valve comprises a
separator that is arranged between said housing and said
armature. The separator may be disc-shaped, i.e. the
separator may be a separation disc.

[0025] The separation disc may be comprised by the
valve body. The separation disc preferably contributes
to seal the fluid inlet portion hydraulically from the hous-
ing. For example, the valve body comprises, in axial di-
rection from the fluid inlet portion to the fluid outlet open-
ing, a first tubular portion, the separation disc and a sec-
ond tubular portion. A cross-sectional area of the cavity
of the valve body is preferably larger in the region of the
first tubular portion than in the region of the second tu-
bular portion and is in particular reduced in stepped fash-
ion in the region of the separation disc. The second tu-
bular portion is in particular laterally surrounded by the
housing. The separation disc preferably extends radially
outward from the second tubular portion to the firsttubular
portion, in particular so as to form a bottom surface of
the cavity at a downstream end of the first tubular portion.
The main extension plane of the separation disc - i.e. in
particular the plane perpendicular to a central rotational
axis through the geometric center of gravity of the disc-
shape of the separation disc - is preferably perpendicular
to the longitudinal axis of the valve body.

[0026] The housing - or a portion of the housing - pref-
erably represents one of said at least two components.
The separator may alternatively or additionally represent
one of said at least two components. In an expedient
development, the housing or the portion of the housing
represents a first one of the two components and the
separation disc represents a second one of the two com-
ponents, i.e. the housing and the separation disc are
spaced apart from one another by the gap - in particular
an axial gap - at least in places. The armature, the sep-
aration disc, the gap and the coil preferably follow one
another in this order in longitudinal direction towards the
fluid outlet opening. The ferrofluid may be expediently
arranged between the separation disc and the housing
in this case, in particular to partially or completely fill the
axial gap.

[0027] In an exemplary method for producing produce
a valve according some of the embodiments described
above, the housing and the separation disk may be press-
fit in a first method step. Afterwards, a ferrofluid is intro-
duced into the gap between the housing and the sepa-
ration disc. Finally, the gap is sealed by overmolding.
[0028] Further advantages and advantageous embod-
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iments and developments of the fluid injection valve and
the method will become apparent and more readily ap-
preciated from the following description of an embodi-
ment of the present invention in connection with the ac-
companying drawings, in which:

Fig. 1 shows a cross-sectional drawing of a solenoid
injection valve,

Fig. 2a  shows a detail of the solenoid injection valve
of Fig. 1 according to the prior art, and

Fig. 2b  shows a detail of the valve of Fig. 1 according
to an embodiment of the invention.

[0029] Figure 1 shows asolenoidinjection valve 1 com-

prising a valve body 2 with a fluid inlet portion 3 and a
fluid outlet opening 4 extending along a longitudinal axis
L. In a blocking position, a needle 5 which serves as a
fluid flow blocking component blocks the outlet opening
4 by means of interaction with a valve seat. In the present
embodiment, the valve seat is integrated in the valve
body 2. Alternatively, the valve seat and the outlet open-
ing 4 may be comprised by a separate seat element which
is fixed to the valve body 2.

[0030] The needle 5 is connected to an armature 6.
More specifically, the needle 5 comprises a piston portion
and a sealing portion, downstream of the piston portion.
The piston portion and the sealing portion are arranged
coaxially and arranged so that the piston portion can be
pressed in longitudinal direction on an upstream end of
the sealing portion. The piston portion is fixed to the ar-
mature. The sealing portion is biased by a return spring
towards the blocking position.

[0031] In addition to the needle 5 and the armature 6,
the valve 1 comprises a solenoid coil 7 arranged in a
housing 8 and a separation disk 9 arranged between the
housing 8 and the armature 6. The separation disc 9 is
comprised by the valve body 2. By feeding an operating
current to the solenoid coil 7, a magnetic field can be
established which moves the armature 6 longitudinally
towards the coil 7 such that the needle 5 is axially moved
to a release position.

[0032] Both the housing 8 and the separation disk 9
are ferromagnetic. In a conventional configuration, the
development of the magnetic field could be delayed,
since a part of the energy introduced into the magnetic
field by the solenoid coil 7 may be absorbed by the hous-
ing 8 and the separation disk 9 in order to establish a
magnetization of said components.

[0033] A detail of the solenoid valve of Fig.1 according
to an exemplary embodiment of the invention is shown
in Figure 2b. In the embodiment shown in Figure 2b, a
ferrofluid 14 has been arranged in a gap between the
separation disk 9 and the housing 8. These components
thus have one common magnetic north pole 12 and one
common magnetic south pole 13. Figure 2a shows a cor-
responding design with no ferrofluid being arranged in

10

15

20

25

30

35

40

45

50

55

any kind of gap. Due to the surface roughness of the
housing 8 and separation disk 9, small gaps (not visible
in Fig. 2a) may be present so that, in particular, each of
said components has to be magnetized separately.
Therefore, the separation disk and the housing each may
have a magnetic north pole 10 and a magnetic south pole
11. In the case of the configuration according to Fig. 2a,
to achieve the magnetization condition of separation disk
10 may require a particularly large amount of energy,
which may be the case because both the magnetic north
pole 10 and the magnetic south pole 11 are flat and disk-
shaped. Therefore, the separation disk 10 will absorb a
significant amount of field energy after operating voltage
has been applied to the solenoid coil 7. The magnetiza-
tion condition of the configuration according to Fig. 2b is
achievable with significantly less energy. Therefore, less
energy is absorbed from the magnetic field provided by
the solenoid coil 7. Therefore, the target field distribution
is reached significantly faster than without the ferrofluid
14. This leads to a faster movement of the needle 5 from
the blocking position to the release position because the
force exerted on the armature 6 is significantly larger than
in the valve shown in Figure 2a. In the embodiment of
Figure 2b, the ferrofluid comprises magnetic particles
with an average diameter of 8 nm. The particles are coat-
ed with citric acid to prevent clumping. The gap between
the housing 8 and the separation disk 9 has a longitudinal
dimension of 100 wm, i.e., considering the size scale of
the gap, the ferrofluid can be considered a homogene-
ously magnetizable medium.

Claims

1. An electromagnetically actuatable fluid injection
valve (1) comprising:

- a valve body (2) comprising a fluid inlet portion
(3) and a fluid outlet opening (4),

- a fluid flow blocking component (5) configured
to inhibit a fluid flow between said fluid inlet por-
tion (3) and said fluid outlet opening (4) when
arranged in a blocking position, and to allow said
fluid flow between said fluid inlet portion (3) and
said fluid outlet opening (4) when arranged in a
release position,

- a coil (7) for providing a magnetic field when
an operating current is applied to said coil,

- an armature (6) arranged in said magnetic field
when the operating currentis applied to said coil
(7), wherein the armature (6) is mechanically
coupled to said fluid flow blocking component
(5) to move said fluid flow blocking component
(5) from the blocking position to the release po-
sition or from the release position to the blocking
position when said voltage is applied to said coil

(),
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wherein

- the fluid injection valve (1) comprises at least
two components (8, 9) configured and arranged
to be magnetized by said coil (7),

- said at least two components (8, 9) are sepa-
rated from one another by a gap at least in plac-
es, and

-said gapis atleast partially filled with a ferrofluid
(14).

The valve (1) according to the preceding claim, char-
acterized in that one of said components is a hous-
ing (8) containing said coil (7) and laterally surround-
ing a portion of the valve body (2).

The valve (1) according to the preceding claim, char-
acterized in that another of said components is a
separator, preferably a separation disc (9), arranged
between said housing (8) and said armature.

The valve (1) according to the preceding claim,
wherein the separation disc (9) is comprised by the
valve body (2) and contributes to hydraulically seal-
ing the fluid inlet portion(3) from the housing (8).

The valve (1) according to one of claims 3 or 4,
wherein a main extension plane of the separation
disc (9) is perpendicular to a longitudinal axis (L) of
the valve body (2) and the armature (6), the separa-
tion disc (9), the gap and the coil (7) follow one an-
other in this order in longitudinal direction towards
the fluid outlet opening (4).

The valve (1) according to one of the preceding
claims, wherein the gap containing the ferrofluid (14)
is delimited by said two components (8, 9) and an
overmolding.

The valve (1) according to one of the preceding
claims, characterized in that the surface roughness
of a surface of at least one of said components (8,
9) which defines said gap is between 0.1 pum and 10
wm, preferably between 0.5 pum and 2 pm.

The valve (1) according to one of the preceding
claims, characterized in that the ferrofluid (14) con-
tains ferromagnetic nanoparticles

The valve (1) according to the preceding claim,
wherein the ferromagnetic nanoparticles have an av-
erage diameter of less than 100 nm, preferably less
than 50 nm and most preferably between 5 and 10
nm.

The valve (1) according to claim 8 or 9, character-
ized in that an average diameter of ferromagnetic
nanoparticles contained in the ferrofluid (14) is less

10

15

20

25

30

35

40

45

50

55

1.

12.

13.

than 1/10, preferably less than 1/20 and most pref-
erably less than 1/50 of a maximal width of the gap
and/or a surface roughness of at least one of said
components.

The valve according to one of claims 8 to 10, char-
acterized in that the ferromagnetic nanoparticles
are coated, preferably with an oleic acid, tetrameth-
ylammonium hydroxide, citric acid or soy lecithin.

The valve (1) according to one of the preceding
claims, characterized in that the gap has a maxi-
mum width of less than 1 mm, preferably a maximum
width between 10 pm and 500 wm and most prefer-
ably a width between 50 pm and 150 pum.

A method for producing a valve with at least the fea-
tures of claims 3 and 6, containing the steps of:

1) press-fitting the housing (8) to the separation
disc (9),

2) introducing the ferrofluid (14) into the gap be-
tween the housing (8) and the separation disk
(9) and

3) sealing the gap by overmolding,

wherein the steps are carried out in the sequence
1), 2) and 3).
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