
ENGINEERING TRANSACTIONS • Engng. Trans. • 65, 2, 269–287, 2017
Polish Academy of Sciences • Institute of Fundamental Technological Research (IPPT PAN)

National Engineering School of Metz (ENIM) • Poznan University of Technology

Research Paper

Improvement of Solenoid Valve Performance

by Axial Slots Inserted in the Armature

Robert GORAJ

Paul Gossen Str. 99, 91052 Erlangen, Germany
e-mail: robertgoraj@gmx.de

The article presents numerical investigations of the influence of axial slots inserted in
the armature of a solenoid valve (SV) on the magnetic and frictional force acting on the
armature during its movement. The numerical computations were performed using the method
of finite differences. The computational room of the magnetic solution was the radial air gap
of a SV. In the case of the fluid mechanical solution the computation room was the oil film.
Both of these rooms were functions of the circumferential position of the armature. These
computational rooms were transformed to the co-ordinate system in each they get a rectangle.
This transformation was performed by means of the Laplace operator derived using a function
shoal and the differential geometry. The computed distributions of magnetic energy density
in the radial air gap and the magnitude of the magnetic flux density on the side surface
of the eccentrically positioned armature in the magnet yoke were presented and discussed.
These distributions in the case of both slotted and non-slotted armature were visualised in
the transformed co-ordinate systems and compared to one another. Also the distribution of
the oil velocity in the oil film and the distribution of the shear stress vector at two different
temperatures were shown in figures.
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1. Introduction

Modern design of SVs uses sophisticated analytical and numerical computa-
tion methods for better understanding and the improvement of their magnetic,
fluid mechanical and thermal behaviour. In [1] an analytic formula for the esti-
mation of the inductive power caused by the pulse width modulation of the coil
current was derived. The inductive power was used as an input to the thermal
calculation having an objective to estimate the time dependent temperature dis-
tribution in the armature of the SV. For SVs in each the armature can be position
eccentrically in the sleeve, investigations of the existent eccentricity have been
reported very rarely in the literature. In most studies on SVs the thickness of the
radial gap is kept constant independent from the circumferential angle. In other
words, researchers take an assumption that the armature is placed concentri-
cally in the sleeve. This assumption implies the homogeneously distribution of
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radial magnetic forces over the armature circumference. In order to include the
effect of the armature eccentricity in the technical design, suitable computation
methods are requested. One of these methods presented in [2] considers a math-
ematical way of transforming the geometry of the radial air gap into rectangular
computation domain. The Laplace operator derived in [2] can be used for precise
and time efficient numerical computations using the finite differences method.
The objective of such computations is the estimation the transversal component
of the magnetic force acting on the armature of SVs as well as the magnetic per-
meance of the radial air gap. The derived Laplace operator can be also used in
fluid mechanical computations in order to estimate the velocity distribution in
the oil film and viscous shear forces acting on the armature during its movement.
The use of these algorithms allows performing computational investigations of
the influence of proposed constructional changes of SVs. Some of these changes
have the focus of the reduction of the transverse force by an introduction of
segmentation in the armature member [3]. Other construction ideas try to min-
imize the transversal force by the insertion of small radial slots in the armature
side surface [4]. In the literature one can find reports regarding investigations
about finite difference approaches [5], simulations [6] and thermal influences [7]
of SV. However, one cannot find hitherto any reports approaching the ques-
tion, on what is the impact of the insertion of axial slots in the SV armature.
This is mainly due to the fact that the idea [4] describes a relatively novel con-
cept which was not investigated so far. The insertion, which is the subject of
the present study, improves the performance of SVs especially at low operating
temperatures and reduces frictional wear. In the investigated case the number
of armature slots was set to ten. This number of armature slots was chosen
in a random manner. The presented numerical investigation of the influence of
armature slots has an objective to give a computational proof that there is at
least one number of slots for which the performance of the considered SV can be
increased. The idea protected by the patent [4] bases on a hypothetical assump-
tion, that slots having a relatively small depth reduce viscous friction without
significant worsening of the electromagnetic performance. This thesis ought to
be verified using both computational methods and measurements. However, be-
fore starting a complex optimisation process including the number, the depth
and the peripherical length of the slots, it is advisable to deliver in the very first
research step some basic evidence of the potential of the idea [4].

2. Definition of the problem

The simplified layout of the investigated SV shown in Fig. 1 consists of
the following parts: (1) room filled with oil, (2) sleeve, (3) coil, (4) armature,
(5) rod, (6) magnet core, (7) plunger, (8) magnet yoke, (9) axial holes. Both the
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Fig. 1. Simplified layout of the SV (left) and the cross section of the armature [4].

oil and the material of the sleeve have the magnetic permeability equal to the
permeability of the vacuum. The outer side of the sleeve and the inner side of
the magnet yoke have same radii.
The armature has on its circumference some axial slots (shown in Fig. 1 on

the right) heaving the depth of:

(2.1) δ = R1 −R2.

The aim of the investigation is to determine the impact of these slots on the
forces acting on the armature. The investigation is restricted only to magnetic
force and both viscous and dry friction force. Furthermore, both the number
of the slots and their peripherical length defining by the ratio ϕ2/ϕ1 were kept
constant. In order to calculate these forces the outer contour of the armatu-
re was defined by the function ζ shown in Fig. 2. In the considered SV the
armature is not positioned concentrically in the sleeve by it is shifted toward
the sleeve of the value e.
The local thickness of the oil film hh or the local value of the air gap hm

was demonstrated symbolically by the function h. The distance ζ+hh indicates
the inner side of the sleeve and the distance ζ + hm indicates the inner side
of the magnet yoke. The room between the armature and the inner side of
the sleeve or between the armature and the inner side of the magnet yoke is
the computational room Ω in which the distribution of the oil velocity or the
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Fig. 2. Examples of a meshed computational room in different co-ordinate systems (left [11]).

distribution of magnetic field is to be determined. The position r inside the
computation room Ωrϕ is scaled with the function n that takes the value “zero”
on the armature contour and the value “one” on the inner side of the sleeve or
the inner side of the magnet yoke.

3. Valve operation principle

Figure 3 shows a simplified layout of a solenoid valve. The armature (2) of
the switching valve has the length Lh. It is located in the oil (6) oil having

Fig. 3. Simplified layout of a 2/2 solenoid valve ([2], with small modifications).
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the temperature T . Its z-axis is shifted from the z-axis of the sleeve (1) by the
distance e. This offset is defined as the armature eccentricity.
In the coil (4) flows a constant electric current, which causes the magnetic

field. The lines of the magnetic field extend through the sleeve, the radial air
gap, the armature, the axial air gap, the magnetic core (5) and the housing (3).
The length of the axial air gap hb equals to the distance from (5) to (2). The
length of the yoke pole equals Lm. Since the sleeve of the control valve is made
of a paramagnetic material (aluminum alloy), the radial air gap consists of the
thickness of the sleeve δu and the radial clearance between the armature and the
sleeve. The magnetic field causes the magnetic force Fm. The axial component
of this force sets the armature in motion. It moves in the z-direction with the
constant velocity u = u0(T )ez. The armature movement arises a pressure drop in
the oil equal p2−p1. The radial component of the magnetic force is in equilibrium
with the contact force Fk. During the armature movement the viscous share Fh
acts on the armature.

4. Differential operators and vector surface element

Remarks: In this section vectors and tensors, as it is common in the differen-
tial geometry which is widely spread e. g. in the relativistic mechanics, are not
marked using bold writings. Derivatives of scalar functions are written using the
indexing, for example ∂h/∂ϕ and ∂2h/∂ϕ2 are written shortly by hϕ and hϕϕ.
Similar indexing is used for components of tensors – see e.g. the metric tensor gij
in the Euclidean space. Furthermore, computation domains in both orthogonal
and curvilinear co-ordinate system are marked using the same indexing.
In order to find forces acting on the armature a calculation model was built

and solved numerically using the method of finite differences. As it will be show
in the next section this model was used to solve the Poisson’s differential equa-
tion. The co-ordinate system in which calculations were performed is the a,
α co-ordinate system. In this co-ordinate system the computation domain spec-
ified by the region Ωrϕ (Fig. 2 on the right) gets the rectangle Ωaα shown in
Fig. 4.
The transformation from the polar co-ordinate system r, ϕ to the a, α co-

ordinate system was performed using the transformation (4.1), (4.2):

n(a) = h(ϕ)−1 (r − ζ(ϕ)) ,(4.1)

α = α(ϕ).(4.2)

In the co-ordinate system a, α the distance from the armature contour to
the inner side of the sleeve or to the inner side of magnet yoke is kept constant
in each circumferential position. This discretizing method is a relatively novel
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Fig. 4. Meshed computation domain of the Poisson’s differential equation in a,
α co-ordinate system [11].

computation method [2, 8]. It has this advantage in comparison to the Finite
Element Method (FEM) that regions with small magnetic or hydraulic gap in
which both magnetic flux density and viscous shear stress are the highest can
be automatically mesh more densely than regions with big gaps. This method
of discretizing allows an increase of computation precision with a simultaneous
reduction of the mesh node numbers. The method bases upon the idea of intro-
ducing a curvilinear co-ordinate system in each the computational domain gets
a rectangle. In order to find the Laplace operator in this co-ordinate system the
most general definition of this operator – the Laplace-Beltrami operator was
used. The Laplace-Beltrami operator of a scalar function V in any co-ordinate
system can be expressed using the Einstein notation widely spread in the dif-
ferential geometry [8–10]:

(4.3) ∇i∇iV =
1√
g
∂i
(√
ggij∂jV

)
.

gij in (4.3) is the contravariant metric tensor of the second rank. One can find
its general covariant form by [10]:

(4.4) gij =
∂Xk

∂qi
∂Xk

∂qj
.
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The k in (4.4) is the summation index. The position vector X is defined as:

(4.5) X = (n(a)h(ϕ) + ζ(ϕ)) er + zez.

The derivatives of the position vector (4.5) are:

Xa = nahe
r,(4.6)

Xα = α−1
ϕ




(nhϕ + ζϕ) cosϕ− (nh+ ζ) sinϕ

(nhϕ + ζϕ) sinϕ+ (nh+ ζ) cosϕ

0


,(4.7)

Xz = ez.(4.8)

The use of (4.4) gives the components of the covariant metric tensors:

g11 = (nah)
2,(4.9)

g12 =
nhϕ + ζϕ

αϕ
nah,(4.10)

g21 = g12,(4.11)

g22 =
(nhϕ + ζϕ)

2 + (nh+ ζ)2

α2
ϕ

.(4.12)

The determinant of the metric tensors is equal:

(4.13) g =
(nah)

2(nh+ ζ)2

α2
ϕ

.

The contravariant metric tensor is defined as [8]:

(4.14) gij = g−1
ij .

The components of the metric tensor in the contravariant form are [11]:

g11 =
1

(nah)2
+

(
nhϕ + ζϕ

nah (nh+ ζ)

)2

,(4.15)

g12 = −αϕ
nhϕ + ζϕ

nah (nh+ ζ)2
,(4.16)

g21 = g12,(4.17)

g22 =
α2
ϕ

(nh+ ζ)2
.(4.18)
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The Laplace-Beltrami operator simplifies in the considered case to:

(4.19) ∆ =
(
∂a
(√
gg11

)
+ ∂α

(√
gg21

)) ∂a√
g
+
(
∂α
(√
gg22

)
+ ∂a

(√
gg12

)) ∂α√
g

+ g11∂aa + g22∂αα + 2g12∂aα.

Performing of all differentiations needed in (4.19) yields the Laplace operator
on the 2-d basis [2, 11]:

(4.20) ∆ =
αϕϕ

(nh+ ζ)2
∂α +

(
1

(nh+ ζ)nah
− naa
h2n3a

+ 2
nhϕ + ζϕ

nah2(nh+ ζ)2
hϕ

−(nhϕ + ζϕ)
2 naa

h2n3a(nh+ ζ)2
− nhϕϕ + ζϕϕ

nah(nh+ ζ)2

)
∂a +

(
1

(nah)2
+

(
nhϕ + ζϕ

nah(nh+ ζ)

)2
)
∂aa

+
α2
ϕ

(nh+ ζ)2
∂αα − 2αϕ

nhϕ + ζϕ
nah(nh+ ζ)2

∂aα.

The obtained Laplace operator (4.20) is identical to the one derived in [2]
using another mathematical way – namely a shoal of differential functions. The
further differential operator need for the computation of magnetic and fluid
mechanical forces is the nabla operator. According to [9] the gradient of a scalar
function V in any co-ordinate system is a covariant vector defined as:

(4.21) (∇V )i = gik
∂X

∂qi
∂V

∂qk
.

The derivatives of the position vector (4.5) are given by (4.6) to (4.7). With
the use of the new basis with unit vectors:

ea = er,(4.22)

eα =
(
r2 + (nhϕ + ζϕ)

2
)
−1/2

((nhϕ + ζϕ)e
r + reϕ)αϕ(4.23)

and with the use of (4.1) one obtains the nabla operator [11]:

(4.24) ∇ =
ea

r2

(
r2 + (nhϕ + ζϕ)

2

ra
∂a − αϕ (nhϕ + ζϕ) ∂α

)

+
eα

r2

√
r2 + (nhϕ + ζϕ)

2

(
αϕ∂α − (nhϕ + ζϕ)

ra
∂a

)
.
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According to [2] the operator nabla (4.24) can also be written on the r, ϕ
basis in the compacter way:

(4.25) ∇ =
er

nah
∂a +

eϕ

ζ + nh

(
αϕ∂α − ζϕ + nhϕ

nah
∂a

)
.

The last vector needed in further computations is the vector surface element.
It can be obtained from the cross product of partial derivatives of (4.5) in α and
z direction:

(4.26) dA = (Xα ×Xz) dα dz.

Setting (4.7) and (4.8) in (4.26) one obtains for any a-const the vector surface
element [11]:

(4.27) dA = α−1
ϕ ((ζ + nh)er − (ζϕ + nhϕ)e

ϕ)a=0 dα dz.

5. Finite differences model

After assuming a constant magnetic permeability of each component of the
SV and neglecting the influence of the eddy current the magnetic field density
B existing in the domain Ωaα can be represented by the gradient filed according
to [12]:

(5.1) B = µ0∇ψ.

The parameter µ0 in (5.1) is the magnetic permeability of the vacuum. The
function ψ is the scalar potential of the magnetic field intensity. After the use
of the Gauss’s law [13] the divergence of the magnetic field density is equal zero
and one obtains the Laplace differential equation being the special case of the
Poisson’s differential equation:

(5.2) ∆ψ = 0.

For the solution to the Eq. (5.2) the Laplace operator (4.20) on the a, α –
basis was used. The function h in (4.20) was replaced with the circumference
dependent length of the air gap hm. Also the derivatives ∂h/∂ϕ and ∂

2h/∂ϕ2

(written in the previous section shortly hϕ and hϕϕ) were replaced with ∂hm/∂ϕ
and ∂2hm/∂ϕ

2. The variables a, α have the range of a ∈ [0, 1], α ∈ [0, 2π]. On the
a, α – basis one can defined the armature contour by the vector Q1 = (a = 0, α)T

and the inner side of the magnet yoke by the vector Q2 = (a = 1, α)T . In the
case of the armature positioned concentrically in the magnet yoke the vector
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Q2 transformed to the r, ϕ – basis gets: Q2 = (δm, ϕ)
T . The parameter δm

in this vector is the thickness of the radial air gap. The boundary conditions
of (5.2) are:

ψ(0, α) = 0,(5.3)

ψ(1, α) = θ2.(5.4)

The parameter θ2 in (5.4) is the drop of the magnetomotive force in the
domain Ωxy. It can be found using the Hopkinson’s law [14]:

(5.5) θ2 = θG1(G1 +G2)
−1.

The parameter θ in (5.5) is the total drop of the magnetomotive force in
the SV. It was assumed that in the considered system θ stays constant. The
parameter G2 in (5.5) is the permeances of the domain Ωxy, which was computed
using [15]:

(5.6) G2 = θ−1
2 µ0

‹

A

(∇ψ)n=0 · (dA)n=0.

The nabla operator used in (5.6) was taken from (4.25) and the vector surface
A from (4.27). The integration was performed in the range ϕ ∈ [0, 2π], z ∈
[0, Lm]. The parameter Lm is the width of the yoke pole. Comparing (5.4) and
(5.6) one can see that the permeance G2 is independent from θ2. That means,
that in the computation of (5.2) one can use for the condition (5.4) any drop
of the magnetomotive force satisfying the constrain: θ2 ∈ R+ (e.g., θ2 = 1 [A]).
The obtained fictive scalar potential must then be scaled by the relation (5.5).
The parameter G1 in (5.5) is the permeance of the axial air gap, which was
computed using [16]:

(5.7) G1 = µ0Adh
−1
b .

The parameter Ad in (5.7) is the area of the armature cross section. It was
computed numerically using the triangle integration method and under conside-
ration of the radii R3 and R4 shown in Fig. 1. After knowing the permeances of
the radial and the axial magnetic gaps the distribution of the magnetic energy
density in the radial air gap was found using [14]:

(5.8) pm = 2−1µ0 |∇ψ|2 .
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In the last step the electromagnetic force acting on the armature was com-
puted [14]:

(5.9) Fm = F x
me

x + F y
me

y + F z
me

z

=

‹

A

pm(n = 0)(dA)n=0 +
µ0
2

(
θ

hb

G2

G1 +G2

)2

Ade
z.

The transversal component of the electromagnetic force must stay in equi-
librium with the contact force armature-sleeve. The reaction contact force Fk
was calculated by:

(5.10) Fk = F x
k e

x + F y
k e

y = −
‹

A

pk(dA)n=0.

The function pk in (5.10) is the distribution of the contact pressure calculated
using the Greenwood-Williamson model [17]:

(5.11) pk = π
16

15

√
2 (mRβσ)

2E′

√
σ

β
3.48 · 10−5

(
4− hh

σ

)7.05

(1− κ).

The number of contact peaks per surface unit mR, the curvature radius β of
contact peaks and the roughness σ aren’t independent from each other. It can be
assumed that mRβσ = 0.5 [18]. The physical quantity E′ is the reduced module
of elasticity of the contact armature-sleeve. The function κ is the Heaviside’s
function with the argument hh(4σ)

−1. The integration (5.10) was performed
in the range ϕ ∈ [0, 2π], z ∈ [0, Lh]. The parameter Lh is the axial length of
the armature. Both the contact force and the magnetic force depend on the
eccentricity of the armature. In the case of x-axis symmetric contour of the
radial air gap and the oil film the force components F y

k and F
y
m are equal zero.

In this case the armature eccentricity can be obtained by the solving of the
equation:

(5.12) F x
m(e) + F x

k (e) = 0.

In this symmetric case the dry friction force can be obtained multiplying F x
k

by the friction coefficient µq of the contact armature-sleeve according to:

(5.13) Fq = F z
q e

z = µqF
x
k e

z.

In the next computation step the oil velocity u in the domain Ωxy (Fig. 2)
was estimated using the stationery Navier-Stokes differential equation [19]:

(5.14) f− ρ−1∇p+ υ∆u+ 3−1υ∇(∇ · u) = 0.
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The vector function f in (5.14) are the mass forces, ρ is the oil density, p is
the pressure and υ is the kinematic viscosity of the oil. After having neglected
the mass force and assuming the constant oil density and constant pressure drop
the equation (5.14) simplifies in the case of the axial armature movement to [20]:

(5.15) ∆uz = (p2 − p1)(ηLh)
−1.

The parameter η in (5.15) is the dynamic oil viscosity. The Laplace operator
used in (5.15) was taken again from (4.20). This time however the function h in
(4.20) was replaced with the circumference dependent oil film thickness hh. Also
the derivatives hϕ and hϕϕ were relapsed with ∂hh/∂ϕ and ∂

2hh/∂ϕ
2. This time

the vector Q2 = (a = 1, α)T defines the inner side of the sleeve. In the case of
the armature positioned concentrically in the sleeve the vector Q2 transformed
to the r, ϕ – basis gets: Q2 = (δh, ϕ)

T . The parameter δh is the clearance
armature-sleeve. The boundary conditions to (5.15) are:

uz(0, α) = u0,(5.16)

uz(1, α) = 0.(5.17)

The parameter u0 in (5.16) is the axial velocity of the armature. After having
solved (5.15) the viscous shear stress vector τ on the armature side surface was
computed according to [21]:

(5.18) τ = η ∇uz|n=0 .

The nabla operator in (5.18) was taken again from (4.25). The viscous friction
force was computed using the integration of the viscous shear stress vector (5.18)
over the armature side surface according to:

(5.19) Fh = F z
he

z = ez
‹

A

τ · (dA)n=0.

The integration as in the case of the contact force was performed in the range
ϕ ∈ [0, 2π], z ∈ [0, Lh].

6. Computation results

A first numerical computation was performed in the case of non-slotted ar-
mature for the parameters listed in the Table 1. The computed distributions of
magnetic energy density in radial air gap and the axial component of the oil
velocity were evaluated on the a, α – basis.
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Table 1. Computation parameters.

Parameter Value Unit

2R1 11.5 mm

Lm 3 mm

Lh 10 mm

δm 300 µm

δh 10 µm

G1 228.4 nVs/A

θ 600 A

p2 − p1 0.1 MPa

Tmin, Tmax −10, 140 ◦C

η
(

Tmin
)

, η (Tmax) 1.022, 0.0058 Ns/m2

u0

(

Tmin
)

, u0 (T
max) 0.25, 0.50 m/s

By solving the Eq. (5.12) one obtained the armature eccentricity of e =
8.535 [mm]. The density of the magnetic energy in the radial air gap in the case
of no-slotted armature varies form approximately 0.25 [MPa] to approximately
0.3 [MPa] in the whole computation range (see Fig. 5 on the left).

Fig. 5. Magnetic energy density (left) and magnitude of magnetic flux density in the radial air
gap for non-slotted armature.

The magnitude of the magnetic flux density over the circumference of the
armature varies from 0.83 [T] on the position of the biggest air gap to 0.88 [T]
on the smallest (see Fig. 5 on right). The relative magnetic eccentricity is equal
εm = 2.845 [%].
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After having found the armature eccentricity the equation (5.15) was solved.
The obtained distribution of the axial oil velocity at the temperature Tmin is
shown in Fig. 6 on the left. One can see that the velocity of the oil film is nearly
independent from the circumferential position and falls quite linearly along the
hydraulic gap. For the obtained velocity distribution the viscous shear stress vec-
tor was found using the relation (5.18). Its amplitude was shown in Fig. 6 on the
right. The distribution of the viscous shear stress is strongly dependent on the
circumferential position. The reason for this behavior is the relative high value
of the relative hydraulic eccentricity. It is equal in this computational case εh =
85.350 [%]. Detailed computation results of both magnetic and hydraulic eccen-
tricity for non-slotted armatures of different radii were recently presented in [22].

Fig. 6. Axial oil velocity (left) and the magnitude of viscous shear stress vector in the radial
oil film at Tmin for non-slotted armature.

The hydraulic results were re-computed for Tmax and shown in Fig. 7. At this
temperature one can see a certain dependency of the oil velocity on the circum-
ferential position. The viscous shear stress drops at this temperature meanly
because of the lower oil viscosity for almost two powers of ten regarding the
temperature Tmin.
Because in the case of x-axis symmetric contour of the armature the force

components F y
k and F

y
m are equal zero, the resulting axial component of the

force acting on the armature can be find using the relation (6.1). The relation
of the accelerated to the braking force one can find using the relation (6.2).

Γ = F z
m + F z

h + F z
q ,(6.1)

Ω = −F z
m(F z

h + F z
q )

−1.(6.2)
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Fig. 7. Axial oil velocity (left) and the magnitude of viscous shear stress vector in the radial
oil film at Tmax for non-slotted armature.

In the next step the resulting force as well as the force relation was com-
puted at Tmin and Tmax and for different depth of armature slots according to
(2.1). Because of comparison purpose the resulting force as well as the force re-
lation was than normalised by values of non-slotted armature according to (6.3)
and (6.4).

ΓA
ΓA0

=
Γ
(
δ, T = Tmin

)

Γ (δ = 0, T = Tmin)
,

ΓB
ΓB0

=
Γ (δ, T = Tmax)

Γ (δ = 0, T = Tmax)
,(6.3)

ΩA

ΩA0
=

Ω
(
δ, T = Tmin

)

Ω (δ = 0, T = Tmin)
,

ΩB

ΩB0
=

Ω (δ, T = Tmax)

Ω (δ = 0, T = Tmax)
.(6.4)

The computed normalised resulting axial forces (being the function of the
depth of the armature slots) were shown in Fig. 8 on the left. The intension of
the change of the slots depth was to determine what is an optimal slot depth,
that means to determine, for which depth the resulting force and the force
relation gets its maximum. For the oil temperature Tmin the introduce of axial
slots caused the increase of the resulting axial force up to about 23% regarding
the non-slotted armature. However, for the temperature Tmax the increase of the
slot depth causes a decrease of the resulting axial force.
The normalised force relations were shown in Fig. 8 on the right. For all the

examined range of depths of the slots and independent from the temperature
the force relations are bigger than in the case of non-slotted armature. That
means that the relation of the accelerating force to the braking forces is getting
higher in the case of slotted armatures. High force relation results in the reduc-
tion of the friction which degrades the performance of the SV and causes wear.
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Fig. 8. Normalised resulting axial forces (left) and normalised force relations.

In order to find optimum slot depth the product of normalised force relations
(6.5) was built and shown in Fig. 8 on the right.

(6.5) Ωw =
ΩA

ΩA0

ΩB

ΩB0
.

The maximum of Ωw lies at the slot depth of δ = 40 µm. For this depth
the normalised resulting axial forces are ΓAΓ

−1
A0 = 1.23, ΓBΓ

−1
B0 = 0.96 and the

normalised force relations are ΩAΩ
−1
A0 = 1.84, ΩBΩ

−1
B0 = 1.29. The introduction

of axial slots resulted in the inhomogeneous distribution of the magnitude of
the magnetic flux density over the armature circumference caused by the local
change of the radial air gap (see Fig. 9).

Fig. 9. Magnetic energy density (left) and magnitude of magnetic flux density in the radial air
gap for armature with the slot depth equal 40 µm.
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Because of this distribution the armature is less attracted to the sleeve what
results in the decrease of the dry friction force (5.13). On the other hand however
the slots cause bigger drop of the magnetomotive force in the radial air gap and
simultaneous decrease of the armature cross section area Ad. These two facts
have a direct impact of the decrease of the magnetic driving force F z

m.
From the hydraulic point of view however the slots influence much the viscous

shear stress. One can see from the Fig. 10 a significant drop of the magnitude
of the viscous shear stress vector on the circumferential position of each slot.

Fig. 10. Axial oil velocity (left) and the magnitude of viscous shear stress vector in the radial
oil film at Tmin for armature with the slot depth equal 40 µm.

Fig. 11. Axial oil velocity (left) and the magnitude of viscous shear stress vector in the radial
oil film at Tmax for armature with the slot depth equal 40 µm.
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Finally the normalised force ΓAΓ
−1
A0 reaches at temperature T

min values bigger
one.
One can see a similar distribution of the magnitude of the viscous shear

stress also at the temperature Tmax (Fig. 11). At his temperature however the
contribution of the viscous friction force to the resulting axial force Γ is – because
of the oil viscosity – much lower than at Tmin. Finally the normalised force
ΓBΓ

−1
B0 falls at temperature T

max below one.

7. Conclusions and further research steps

• Introduction of ten axial slots with the depth 40 µm in the armature increased
in the investigated SV the driving force of 23% at the temperature of −10◦C
and declined it of 4% at the temperature of 140◦C.

• At the temperature of −10◦C as well as at the temperature of 140◦C the axial
slots increase the ratio of the accelerating (magnetic) force to the braking
(friction) force. This increase has a positive impact of the wear of SV.

• By mans of a randomly chosen number of axial slots it could be computation-
ally proved that the insertion of small axial slots in the armature of SV has
a beneficial technical effect on the increase of the performance of SV.

• In order to approach the question what is an optimal number of axial slots,
optimal peripherical length of the slots and their optimal depth further inves-
tigation as well as measured verifications are required.
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