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INTRODUCTION

Introduction

This chapter aims at introducing the problem at hand. First, some background will be provided
to provide a framework for the new valve. Secondly, the functioning of the valve will be explained
and lastly, the goals for the project are set.

1.1

Background

Classically, hydraulics have been utilised in many applications due to the high energy density
which can be transmitted and their reliability. Multiple loads, e.g. hydraulic cylinders or motors,
can be supplied with power using a single motor. The highest load plus a margin for valve losses,
dictates the output created by the pump. Such a system is called a load-sensing (LS) system[5].
Though this is already an improvement over systems with a constantly running pump in which
the idle valve position allows the fluid to flow back into the low-pressure tank, much room for
improvement remains.
Currently, spool valves are often used to match the provided pressure with the required pressure
in the load. Figure 1.1 shows the functioning of such a valve, which uses a spool to change the
size of the opening created between the spool and the casing, called an orifice. In the left case
in the figure, the flow from P to A encounters a two fully opened orifices, the flow from B to T
encounters a partially closed orifice and a fully open one. The supply to the tank on the left shows
a fully closed orifice. Adjusting the position of the spool changes the openings of these orifices,
which in turn regulates the pressure drop and flow rate. The fact that the valve position can be
varied to control the pressure drop and flow rate makes this a proportional valve. Additionally, by
further movement different connections can be made, as shown in the right part of the figure where
high pressure is supplied to B. Spool valves are often used due to their reliability, their ease of
operation and the fact that the pressure forces cancel each other out. Unfortunately, spool valves
require high precision manufacturing and are limited to fixed combinations of flow directions [11].

Figure 1.1: A schematic and graphic representation of a four-way spool valve [18], with T flowing
to the tank, P providing the pressure, and A and B are both sides of a load. In the left image full
power from P is supplied to A, while B is throttled to the tank. In the right image, the flow from
P to B is fully open and the flow from A to T is throttled.
Another drawback is the fact that the sizes of the orifices going to A and B are linked by the
spool design. Therefore, the pressures supplied to loads A and B cannot be regulated independently. This creates a mismatch as there is often a difference in the required throttling for the
inflow and outflow of a load. For example in a hydraulic cylinder as shown in Figure 1.2, where
the surface areas on which the supplied pressure acts is different on the left and the right due to
the rod. Both sides require a different pressure to operate the cylinder smoothly and predictably.
The Double Seat Valve
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This, however, is not possible due to the fixed connection in the valve. The resulting balance is

Figure 1.2: A schematic view of a hydraulic cylinder.
mismatched on both sides, resulting in losses. Therefore, Eriksson [5] continued research on the
concept of decoupling the throttling for both sides of the load, called independent metering. In
addition to a reduction in power usage of 25%, Eriksson notes several other advantages:
• Individual control of inflow and outflow is possible, improving the options for control of the
system. This individual control can also improve stability in the system.
• With the same pump size, the actuation speed of a load can be improved as there is less
pressure loss.
• Floating (non-powered motion) or regenerative motion is possible due to more flexibility in
flow control.
• More generic hardware can be used. The positions in a spool valve have to correspond with
the specific system requirements, which is not the case in individual metering systems.

1.2

Poppet valves

When only a single flow needs to be throttled, proportional bi-directional poppet valves become
an alternative for spool valves. Poppet valves use a poppet to block the flow path. Several types
of poppet valves are shown in Figure 1.3. These have several advantages over spool valves:

Figure 1.3: Different types of poppet valves
• Very little leakage [19].
2
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• Self cleaning [19, 8].
• The design allows for less stringent manufacturing tolerances requirements and they adjust
themselves to wear [8].
• The reduced moving mass in comparison to spool valves improves actuation speed [16]
The main disadvantage is the intricate dynamical behaviour due to complex flow processes that
complicates the design of a proportional poppet valve [3, 8, 10, 12]. However, the ’Valvistor’ shows
that this behaviour can be remedied [2].
These advantages led Eriksson to modify the ‘Valvistor’ [2] to make it bi-directional, which is
required if it is to be applied in an independent metering system [6]. The resulting valve is shown
in Figure 1.4. The high energy density of the hydraulic fluid is used to actuate the poppet. In this

Figure 1.4: The bi-directional Valvistor design by Eriksson [6]
design the sum of the forces created by pA , pB and pC is used to position the poppet, to allow the
desired flow between pA and pB . The pilot valves shown on the right are used to supply pressure
pC with pressure from either pA or pB .
This design contains a potential problem regarding actuating speed due to the trade-off made
in the pilot control. A small pilot control is preferred because it can be operated more quickly.
Contrary, a large pilot control is preferred to allow for a significant flow rate needed for the poppet
to respond quickly to the pilot control. Though this can be solved by decreasing the size while
increasing the number of valves as done by Winkler [21], this increases the amount of parts in the
system which is not preferable due to increased cost and possibility of failure.

1.3

Double Seat valve

The Double Seat Valve (DSV) is a new valve concept invented at Innas [14], aiming to circumvent
the contradicting requirements observed in poppet valves with pilot control. This should result
in a proportional poppet valve suitable for instance independent metering, which is also quick to
respond to allow for better control [7]. Similar to the Valvistor, the DSV harnesses the energy
in the fluid itself, but without requiring a pilot valve. Instead it harnesses the power of the fluid
directly from the main flow itself. Additionally, a significant gain can be incorporated in the design
to decrease the required input motion and energy from the control input of the valve.
The Double Seat Valve
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The Double Seat Valve consists of two moving cylindrical bodies within a casing, as shown
in Figure 1.5. These two bodies are called the actuator seat and the poppet. The position of

Figure 1.5: The Double Seat Valve concept
the actuator seat can be controlled, which is also used to determine the poppet position. The
poppet’s position is in the previous work assumed to be the result from the pressures pi acting on
the horizontal surfaces Ai of the body, as defined in Figure 1.5[14]. The resulting hydraulic force
from these pressures is written as
Fh = −A1 pin + A2 pmid − A3 pout

(1.1)

Fh = ∆p2 A3 − ∆p1 A1

(1.2)

or alternatively as
where ∆p1 = pin − pmid and ∆p2 = pmid − pout . The derivation of Equation 1.2 can be found in
Appendix A. These two pressure drops are the result of two restrictions in the flow created by the
variable openings h2 and h1 between: the poppet and the fixed seat in the casing, and the poppet
and the actuator seat respectively. The flow through the restrictions is assumed to be mainly
turbulent, incompressible and the flow area of the orifice is much smaller than the flow area before
and after the orifice. This allows the use of the orifice equation to describe the relation between
4
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the flow rate, pressure drop and opening using the orifice equation [13]:
ρ
∆p1 =
2
2Cd,1



ρ
2
2Cd,2



∆p2 =

Q
πdin h1

2

Q

2

(1.3)

πdout h2

(1.4)

In these equations ρ is the fluid density, Cd,i is the discharge coefficient for the orifice, Q is the
flow rate, di is the diameter at which the orifice is located and hi is the opening of the orifice.
Figure 1.5 shows the definitions of the diameters and the openings.
Equations (1.2),(1.3) and (1.4) already form a basic description of the system. This will be
elaborated on in Chapter 2.

1.4

Goals

As mentioned before, the DSV aims to create a proportional poppet valve with a short response
time to allow for good control. In previous work, the valve was subjected to steady state measurements determining important properties about the flow rate - pressure drop relation and the
poppet position [14]. The next step is to obtain information about the response of the valve when
subjected to dynamic actuation. The envisioned steps to obtain said results are:
• Redesign the test setup to allow for dynamic position input.
• Verify static measurements using the new setup.
• Perform dynamic measurements on the valve, using different actuator seat inputs to measure
the relations between the actuator seat and flow-rate input and resulting pressure drop.
• Model the behaviour of the valve, preferably using a mathematical model.
This report covers the development and construction of a new test setup, however due to time
constraints and extended delivery time for the new setup, no dynamic results have been obtained.
Meantime the old setup, which was used to obtain the steady state results over a decade ago,
has been rebuild to fit with the current data acquisition system. Verifying the steady state data
provided improved insight on both the valve’s steady state behaviour and the considerations needed
when obtaining the data.
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Models

This chapter aims at introducing a model to describe the functioning of the DSV. First, several
definitions are provided which are used in the models and the analysis of the data. Secondly, an
overview of the static forces acting within the system are described. Thirdly, the dynamic forces
are shown. Finally, both a dynamic and a static model are presented.

2.1

Definitions

Discharge Coefficient
The discharge coefficient for an orifice can be derived theoretically using momentum conservation
and energy conservation. Combining both to express the pressure loss for a abruptly expanding
flow results in the Borda-Carnot equation
ρ
(2.1)
∆p = (v1 − v2 )2
2
This equation expresses the pressure loss for a (rapid) expansion as a function of the flow velocity
v1 at the narrowest point in the flow to a larger area downstream with v2 , using the fluid density ρ.
In the current geometry, the narrowest point is assumed to be a Vena Contracta located within the
orifice, i.e. the region where the poppet and the actuator seat or fixed seat overlap. Because the
area of the vena contracta is not known, Equation 2.1 is rewritten using the contraction coefficient
Cc = Avc /Aor to describe the flow velocity in terms of the orifice area:

2
ρ vor
− vdown
(2.2)
∆ploss =
2 Cc
The subscripts or and down indicate the orifice and the downstream velocity respectively. Linking
this to the flow upstream of the orifice using Bernoulli and assuming no pressure losses in the
contraction and rewriting to compute the flow velocity from the flow and the wetted areas gives

2
Cc Aor
ρQ2
1
−
∆ploss =
(2.3)
2Cc2 A2or
Adown
To obtain the discharge coefficient as seen in Equations (1.3) and (1.4), Cd is defined as
Cd ≡

Cc
1−

Cc Aor
Adown

(2.4)

showing dependency on only the ratio of the orifice area and the downstream area β = Aor /Adown
and the contraction coefficient Cc . Adown is defined as the flow area downstream of the orifice:
Adown = πd1 y for the first orifice with y = 6 mm; Adown = πd1 y for the second orifice with y = 9
mm. β Is of little effect due to its magnitude: the downstream area is significantly larger than
the orifice area. As a result, the discharge coefficient is approximately equal to the contraction
coefficient Cd ≈ Cc .
Though the contraction coefficient is not known exactly, empirical data on this exists for many
geometries. According to McCloy, the contraction coefficient for a geometry similar to the inner
orifice of the DSV depends on ratios X̄1 and X̄2 , as shown in Figure 2.1[13]. Figure 2.1 is based on
the work of von Mises, who assumed the flow to be: steady, inviscid, irrotational, two dimensional
and incompressible. Because the flow was assumed to be inviscid, the contraction coefficient
found corresponds with a flow at infinite Reynolds number. The effect of Reynolds need to be
determined experimentally. With the geometry of the DSV and the values from the previous
work, the ratio’s X̄1 and X̄2 have a maximum value of 0.01 and 0.03 respectively. Figure 2.1
would suggest Cd,1 ≈ Cc,1 ≈ 0.7 for high Reynolds numbers, though an exact value cannot be
determined due to the small value of X̄1 . Similarly, the contraction coefficient for the second orifice
has a geometry similar to the one shown in Figure 2.2. Again, the ratio of the orifice height and
the supply height is small at 5e-4. Therefore, the discharge coefficient and contraction coefficient
for the outer orifice is expected to be Cd,2 ≈ Cc,2 ≈ 0.67 at high Reynolds numbers
The Double Seat Valve
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Figure 2.1: The contraction coefficient for the inner orifice (Adapted from McCoy[13])

Figure 2.2: The contraction coefficient for the outer orifice (Adapted from McCoy[13])

Pressure drop and pressure loss
In the definition of the discharge coefficient a pressure loss term was used, which is not the same
as the pressure drop seen over an orifice. To obtain the pressure drop, the velocity of the fluid
needs to be taken into account, giving
pdown − pup

2
ρvup
ρv 2
ρQ2
− down + ∆ploss =
=
2
2
2

1
1
1
− 2
+ 2 2
2
Aup
Adown
Cc Aor



Cc Aor
1−
Adown

2 !
(2.5)

in which the subscript up indicates the region upstream or the orifice.
The order of magnitude of the different terms shows significant differences for the geometry
of the DSV. Using the limits for the orifice area from the previous work [14] and assuming no
contraction occurs Cc = 1, both for the first orifice
1
1
1
− 2
+ 2 2
2
Aup
Adown Cc Aor
|{z} | {z } |

O(8e6)

8

O(2e6)



2
Cc Aor
1−
Adown
{z
}

O(5e8−5e12)
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and for the second orifice
1
1
1
− 2
+ 2 2
2
Aup
Adown Cc Aor
|{z} | {z } |

O(2e6)



2
Cc Aor
1−
Adown
{z
}

O(1e9−1e13)

O(1e6)

it shows that the contribution from the velocity component is small compared to the pressure
losses. Neglecting the velocity component and using only the pressure loss equation results in the
orifice equations shown in Equations (1.3) and (1.4).
Gain
One of the advantages of the Double Seat Valve is the gain that can be achieved between the
actuator seat motion and the resulting poppet motion. This allows for valve control using small
movements of the actuator seat. From an analysis of only the static pressure forces the gain can
be derived by assuming that the pressure forces in Equation (1.2) are balanced, i.e. Fh = 0.
Substituting Equations 1.3 and 1.4 into Equation 1.2, then gives
λ=

1
h2
=q
∆h
A1 Cd,2 dout
A3 Cd,1 din − 1

(2.6)

This formulation shows that the gain of the valve can be determined using the geometrical properties of the valve, and the ratio of both discharge coefficients at the relevant flow rate and pressure
drop [14].
Reynolds number
The Reynolds number is a dimensionless number that represents the ratio of inertia forces and
viscous forces in a flow. The Reynolds number is defined as
Re =

vDh
vρDh
=
µ
ν

(2.7)

in which v is the mean fluid velocity, µ the dynamic viscosity, and ν = µ/ρ the kinematic viscosity.
Dh is the hydraulic diameter, which is defined for non-circular flow paths as
4A
(2.8)
P
with A the area through which the oil flows and P the perimeter of the orifice. Given the geometry
of the DSV, the flow area is computed to be πdi hi , and the perimeter is 2πdi . This gives the
hydraulic diameter to be Dh = 2hi .
To obtain the mean flow velocity through the orifice, the total flow is divided by the area of the
Q
flow, v = Q
A = πdi hi . Combining the fluid velocity and the hydraulic diameter gives the definition
for Reynolds used for the individual orifices as
Dh =

Re1 =

2 πdQ1 h1 ρh1
µ

=

2Qρ
d1 πµ

(2.9)

2 πdQ2 h2 ρh2

2Qρ
=
(2.10)
µ
d2 πµ
This shows that Reynolds does not contain any information about the height of the flow area. The
suggested similarity between the flow properties at equal flow rate for large and small values of hi
warrants further research. Nevertheless, the data in this project will be presented as a function of
the Reynolds number where possible because this is the common way to present data as general
as possible. In this case the Reynolds number is only dependent on the flow rate, the density and
the viscosity. Presenting data as a function of flow rate or as a function of the Reynolds number
shows very similar trends. Only small differences caused by temperature fluctuations are present,
because the density and viscosity are dependent on the temperature.
Re2 =

The Double Seat Valve
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2.2

Forces acting on the poppet

The previous work on the DSV as described in the Chapter 1, assumes that only static pressure
acts on the poppet. Based on the stiffness of the poppet his is expected to be too simple to
realistically describe the valve in dynamic situations [14]. This shows a stiffness ranging 0-16
N/µm, depending on the pressure drop ∆pt . An analysis of the system suggests that the following
forces and phenomena are present. Due to their magnitude compared with the stiffness of the
poppet against perturbations, they should be considered in a dynamic model:
• Shaft force from the shaft used for position measurement
• Momentum forces from redirecting the flow
• Suction: A decreased static pressure by the increased fluid velocity within the orifices, giving
a lower pressure acting on a portion of surface A2 .
• Gravity due the poppet mass
• Fluid friction
• Spring force
• Added mass
Table 2.1: Forces acting on the poppet
Force
Pressure force inflow
Pressure force middle
Pressure force outflow
Shaft force
Momentum forces
Spring force
Gravity
Friction
Added mass

Equation
F1 = pin A1
F2 = pmid A2
F3 = pout A3
Fshaf t = pin Ashaf t
2
ρ
Fmom = 4Q
πd21
Fs = (Fv0 + kh2 )
Fg = mg
Fvisc = dvisc ḣ
Fadd = madd ḧ

Theoretical magnitude
0/-1.3 kN (for 0/100 bar)
0/3.5 kN (for 0/100 bar)
0/-2.2 kN (for 0/100 bar)
0/8 N (for 0/100 bar)
0/2 N (for 0/50 l/min)
-20/-23 N
1N
14 N
10 N

Pressure and shaft force
As described in Chapter 1, the pressure is the main driving force for poppet movement and can
be described using Equation (1.1) or (1.2). To show the magnitude of the pressure forces, the
individual components Fi of Equation (1.1) have been shown in Table 2.1. In addition to the
forces resulting from the pressure acting on surfaces Ai , a small forces results from the small shaft
protruding outward through the casing to allow the position measurement. This creates a force
depending on the pressure difference between pin and atmospheric pressure. This force ranges
from 0-8 N for 0-100 bar.
Suction
Equation 1.2, describing the hydraulic force Fh , assumes that only the global pressures pin , pmid
and pout act on the poppet. Though this is mostly true for surfaces A1 and A3 which are located
outside the main flow, this is not the case for surface A2 . This surface is in contact with the
main flow within the orifices and in between the orifices. The area in between both orifices will
experience a pressure close to the value for the middle pressure. Within the orifices however, the
pressure is lower due to the accelerated flow, as shown in Figure 2.3. For the remainder of this
10
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work, it is assumed that the global pressure pmid is representative for the entire surface A2 , i.e.
local pressure variations due to flow are neglected. Though this is not the case, a more detailed
study into the flow characteristics in and between the orifices is outside the scope of this project.

Figure 2.3: The pressure in the flow as a function of diameter, showing a lower pressure at the
orifices.

Momentum forces
As the fluid passes through the valve, its direction changes 180◦ as shown in Figure 1.5. First, it
is directed downward which results in the momentum force pushing the poppet up. Secondly, the
fluid is directed outward again, resulting in an momentum force pushing the actuator seat down.
The force resulting from this change in direction is given by
Fmom =

4Q2 ρ
πd21

(2.11)

In which r is either the inner radius of the poppet or the outer radius of the actuator seat. The
force on both the poppet and the actuator seat was determined to be less than 2 N for a flow of
50 l/min.
Spring force
When designing the valve, a spring was added to press the poppet downwards. This spring provides
20 N when the valve is closed and has a spring constant of 3.4 N. This spring was added because
the DSV concept revolves around a poppet which is balanced, thus getting the poppet to close
might be difficult. It can be described with
Fspring = (Fv0 + kh2 )

(2.12)

with Fv0 the pretension in the spring and k the spring constant.
Gravity
The valve is positioned as shown in Figure 1.5, therefore the gravity pulls the poppet down. The
poppet’s mass is 0.11 kg, resulting in a force of 1 N.
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Friction
The poppet theoretically only experiences viscous friction, which is due to films of oil present
between the moving parts. Both static friction and coulomb friction occur when there is contact
between dry surfaces, which should not be the case in this geometry.
Assuming a laminar flow, the viscous friction in the system can be described by
Fvisc = −µA

dv
dy

(2.13)

in which µ is the dynamic viscosity, A the surface area on which the friction acts and

dv
dy

is the

shear velocity. The latter is assumed to be a linear function of the poppet velocity ḣ and the gap
between the poppet and the casing y, giving ḣy .
A coefficient of viscous friction can be defined as
kvisc =

µA
y

to simplify Equation (2.13) to
Fvisc = −dvisc ḣ

(2.14)

The coefficient of viscous friction can be calculated to be 34.5 Ns/m for the poppet. With the
maximum speed in a 10 Hz, 1 mm system being 0,04 m/s, this gives friction forces of 13.8 N.
Added mass
As the poppet accelerates it forces the fluid occupying the space where the poppet is moving
to vacate that space. This requires an extra force, which gives a reaction force on the poppet.
Because this force is dependent on the acceleration, it is common to define this force in terms of an
added mass term madd . The added mass term depends on the fluid properties and the geometry.
For the poppet the added mass is approximated using
madd =

ρπa2 (b2 + a2 )
b2 − a 2

(2.15)

which is derived for a circular cylinder of radius a coaxial with a circular container of radius b [4].
Because the poppet has several holes in the top to allow oil to pass, an equivalent value for b was
calculated to ensure the right flow area is used. This gives = 0.01277m, b = 0.0137m, resulting in
madd = 6.3kg. The force resulting from this added mass is calculated with Newtons Second law
Fadd = madd ḧ. With the maximum acceleration in a 10 Hz, 1 mm system being 1.6 m/s2 , this
gives a force of 10 N.

2.3

Dynamic model

To obtain the simplest equation of motion for the poppet, Equations 1.2, 1.3 and 1.4 can be
combined to give
(mpop + madd )ḧ − dvisc ḣ − (Fv0 + kh2 ) = −F1 + F2 − F3 + Fshaf t − Fgrav

(2.16)

Substituting all the previously presented equations results in
(mpop + madd )h¨2 − dvisc h˙2 − (Fv0 + kh2 ) =
K2 Q2
K1 Q2
4Q2 ρ
− 2
− mpop g
+ pin Ashaf t +
2
2
2
Cd,2 h2
Cd,1 (h2 + ∆h)
πd21

(2.17)

with K1 = 2π2ρd2 and K2 = 2π2ρd2 . Unfortunately, Equation 2.17 is a second order, non-linear
out
in
differential equation for which no general solution is readily available. Attempts to find numerical
solutions have not been successful either.
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An alternative is to describe the dynamical system mathematically using the mass-springdamper combination shown in Figure 2.4. Essentially, this model linearises the system around the
steady state equilibrium position of the poppet. This system can be written as the differential

Figure 2.4: The equivalent mass-spring-damper system used to model the Double Seat Valve
equation
(mpop + madd )h¨2 + dh˙2 + kss (h2 − λ∆h) = mpop g + Fshaf t + Fmom

(2.18)

with the stiffness kss of the system when not in the steady state position and (h2 − λ∆h), which
gives the difference between the real poppet position h2 and the steady state poppet position λ∆h,
or set-point. This description assumes that the poppet is balanced when h2 = λ∆h. When the
actuator seat is moved, essentially the base of the equivalent spring is moved. This gives a spring
force pushing the poppet towards its new balanced position.
To complete this model, knowledge about the damping and stiffness is required. These can be
determined experimentally using a step function. Using the response, the natural frequency and
the damping ratio can be determined. Combined with the mass of the poppet and the theoretical
added mass, this provides sufficient information to determine the stiffness and damping. The
stiffness, being the ratio of the force change and the corresponding position deviation from the
steady state height, can also be determined theoretically using
δFh
K2 Q2 A3
K1 Q2 A1
− 2
= 2
3
δh2
Cd,1 (h2 + ∆h)
Cd,23 h32

(2.19)

as discussed in previous work [14], though this would reintroduce a non-linear term. This model
requires measurement data for further analysis, which will be done in Chapter 5.

2.4

Analysis using Simcenter Amesim

Because creating an analytical dynamical model has proven unsuccessful, an attempt has been
made using Siemens Simcenter Amesim. Simcenter Amesim is a simulation program which
provides components from various subjects to allow for simulations of complex, multi-disciplinary
systems. The model of the DSV contains components from the toolboxes for:
• Signals, shown in red,
• Mechanical, shown in green,
• Hydraulics, shown in blue,
• Hydraulic Component Design, shown in red-brown.
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Figure 2.5: The basic Simcenter Amesim Model of the DSV
The models used from the mechanical, hydraulic and Hydraulic Component Design toolboxes are
explained in Appendix B.
The basic Simcenter Amesim model is shown in Figure 2.5. This shows the following components:
1. Hydraulics: A flow source provides a flow passing 3 volumes with two variable orifices in
between.
2. Hydraulic Component Design: Three pistons are used to model the surfaces on the poppet
on which the hydraulic pressure acts.
3. Mechanical, from top to bottom in the figure:
• a position sensor,
• the poppet with mass, friction and end-stops
• elastic contact, allowing the poppet to move freely, unless the actuator seat underneath
lifts it up
• the actuator seat
• signal to position, providing the actuator seat position and the corresponding velocity
4. Signals: An input for the actuator seat position ∆h, which is combined with the poppet
position h2 to get h1 , both providing input for a variable orifice.
This model currently only incorporates the forces originating from the pressure, friction and
gravity. Apart from the friction and gravity forces, this model is the same as the static mathematical model discussed hereafter. The model could be further improved by adding the momentum
force, spring force and the added mass.

2.5

Static mathematical model

A mathematical steady state model can be created using Equations (1.3), (1.4) and (2.6) and both
discharge coefficients with the actuator seat position and the flow rate as inputs.
To predict the discharge coefficients using the inputs, a good model must be found or a correlation made using the measurement data. This is important because it is used to calculate the gain.
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Eventually, both the discharge coefficients and the gain are used to predict the pressure drop.
This model is only valid for steady state due to the assumptions made to use the aforementioned
equations. Additionally, in deriving the gain Equation 2.6 Platzer [14] assumes that the hydraulic
force is the only acting force on the poppet. This could cause errors in the prediction, but the
simplification is justifiable due to the magnitude of the hydraulic force compared to the others.
A second option requiring less data from the individual orifices is to define a single discharge
coefficient describing the functioning of the entire DSV. This would provide information about the
relation between the flow, pressure drop and actuator seat position, but not about the individual
pressure drops or the poppet position. The latter two are less important for the real application
of the valve, possibly making this model sufficient for practical applications. Unfortunately, the
geometry of the valve does not allow to state a single Reynolds number which is representative
for the entire valve.
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Test setup

The old test setup used to do the measurements shown in the previous work about the DSV has
been rebuild awaiting the new setup. Due to the long period of inactivity, several changes and
replacements were required. The main reasons for these were: compatibility with the surrounding
equipment, old age and materials interfering with sensors.
First, an overview of the test cell in which the DSV will be tested is given. Secondly, the
details of the DSV setup will be shown. Finally, the required alterations to be able to redo the
steady-state measurements will be presented.

3.1

Test cell

Figure 3.1 shows the test cell.It is a closed loop system which is filled from a tank with a lowpressure pump (6). The low pressure is maintained using this low-pressure pump, while a high
pressure is created between the pump (3) and the pressure control valve (1). The DSV (4) is
placed in parallel with the standard test cell at Innas, which is the left side of Figure 3.1. This
means that the standard pressure control valve in the test cell is bypassed, which complicates
measurements if a certain pressure drop is required. Therefore, the flow-rate is taken as input,
which can be controlled using the pump speed. By almost completely closing the pressure control
valve, the resistance to flow in the left side of the system is significantly larger than the right side
with the DSV. This means nearly all the oil is pumped through the DSV. The fact that the valve
is not closed completely is caused by the test setup software, which does not easily allow for this.
The main hydraulic components of the test cell are:

Figure 3.1: The layout of the test cell: The system is a closed system, being filled by the lowpressure pump.
1. Pressure control valve: Bosch Rexroth DBETA-62/P500G24K31F1M
2. Pump: Rexroth A4FM28 axial piston motor, driven as pump
3. Low pressure pump: Cantoni 2SIEL112M6
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4. Hoses: DIN 20023 4SP, nominal inside diameter 9.5 mm.

Data acquisition
The sensor data is recorded using data acquisition systems from National Instruments. The
recorded data is saved in three formats: high resolution data at 5 kHz during the entire time
the system is on; low resolution data at 50 Hz during the entire time the system is on, and; low
resolution data of sample points indicated by the user. These sample points are ten second samples
which, for this project, are recorded at steady state conditions. The low-resolution data provides
a significant reduction in computation time and memory usage. Except for the calibration of
the sensors, the ten second sample points are used during this work. The high-resolution data is
expected to be needed in future, dynamic measurements.
During the measurements, the following relevant data is recorded using the stated data acquisition device:
• Pressures, using an NI 9205: Inflow, interim, outflow, high pressure side pump, low pressure
side pump
• Positions, using an NI 9205: Actuator seat and poppet
• Oil temperatures, using an NI 9217: Inflow and outflow
• Flow rate, using an NI 9361.
The data recorded during the measurements is saved in a text file, which is loaded into MATLAB
where it is further processed to obtain the results presented in this report.

3.2

Setup description

The old setup was created to do static measurements in which the actuator seat was placed in a
certain position and a pressure drop was created over the valve. The resulting poppet position
and flow rate were measured.
The position measurements and actuation are shown schematically in Figure 3.2. A drawing
of the setup is shown in Figure 3.3. This shows a proposed variant with an excentre actuator, the
valve used for the experiments uses a screw to position the lever.
Geometry
The most important geometrical properties of the valve are shown in Table 3.1. These correspond
to the definitions provided in Figure 1.5.
Table 3.1: The DSV geometry
din
dmid
dout
Poppet height
Poppet mass
Measuring shaft diameter
AS-axle diameter
AS diameter
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21.35
25.54
30.01
37.27
0.11
0.98
4.95
21.75

mm
mm
mm
mm
kg
mm
mm
mm
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Figure 3.2: Schematic overview of the old setup

Oil properties and temperature considerations
The oil used in the setup is Tellus S2 mx46. To determine the density and viscosity of the fluid
as a function of pressure and temperature, a MATLAB function based on the work of Witt is
used [22]. Choosing a temperature is important to know the density of the oil, but which specific
temperature is irrelevant because it changes linearly with the temperature as seen in Figure 3.4.
For the viscosity, a higher temperature is favourable because the dependency on the temperature is
lower, giving smaller fluctuations when the temperature fluctuates which is again seen in Figure 3.4.
At Innas the default temperature for experiments is 50◦ C. In these measurements, the temperature
of the inflowing oil in the measurements is kept at 47 < Tin < 53◦ C, thus giving 859.8 < ρ <
856.3kg/m3 and 0.0315 < µ < 0.0246N s/m2 at a pressure of 50 bar.

3.3

Sensors and calibration

The setup uses the sensors chosen for the new dynamic setup, which is described in Chapter 6.
Their calibration and further measurement considerations will be discussed here.
Pressure sensors
The pressures inside the DSV are measured at three locations, as indicated in Figure 3.3. Two
types of sensors are used to measure the pressures: two STS TM sensors with a range of 0-400
bar, and one Kistler 4065 with a range of 0-500 bar. All three were calibrated using a hydraulic
pressure balance model CPB5800, having a 0.02% accuracy. Calibration led to quadratic fits for
The Double Seat Valve

19

3

TEST SETUP

Figure 3.3: A cross-sectional drawing of the old setup indicating the most important parts

the STS sensors having maximum differences of 0.021%FS between the measured values and the
fit, giving a accuracy of 0.041%FS or 0.16 bar. This is considerably better than the accuracy
claimed by the supplier: 0.5%FS or 2 bar. The calibration of the Kistler resulted in a linear fit
having a non-linearity of 0.012%FS, giving an accuracy of 0.032%FS or 0.16 bar. Again, this is
considerably better than the maximum deviation in pressure claimed by the supplier: 1.5%FS or
7.5 bar.
Temperature sensors
Two temperature sensors are used to measure the temperature of the oil at the inflow and at the
outflow. Both are measured in the hoses directly outside the casing. These sensors are Testo type
13 sensors which have an accuracy of 0.3◦ C. These are calibrated by the supplier. The temperature
of the inflowing oil is used to calculated the oil properties.
Position sensor calibration
For the position measurement of the actuator seat and the poppet, two Lion U8b eddy current
sensors were used. These have a measuring range of 2 mm and a resolution of 0.16µm according
to the supplier. Though the sensor for the poppet should be operable with the factory calibration,
this is not the case looking at Figure 3.5 which shows a calibration curve for the poppet position
sensor. This shows a non-linear relationship between the position and the voltage instead of the
claimed linear relation. The actuator seat sensor shows similar data. The calibration shown is
performed using a dial indicator with an accuracy of 10 µm, and the resulting fit has a maximum
deviation of the measured values of 23 µm. Combined this gives an accuracy of the fit of 33 µm,
which is significantly more than the non-linearity of 7.5µm claimed by the supplier. Though the
potential error is an order of magnitude larger than desired, no solution to improving the accuracy
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Figure 3.4: The density and dynamic viscosity of the oil as function of temperature

Figure 3.5: The calibration curve for the position measurement of the poppet
was found with the available equipment.
The measurement shows a spread of the data points that is larger than the accuracy of the
indicator dial. The systematic positions of the data above and below the fit indicate the presence
of hysteresis. Taking this into account, the data consistently shows a spread of < 5µm for the
data-points that were obtained in the same direction of motion. Though this does not assist
in improving the current calibration, this gives confidence in the possibility of improving the
calibration in future work using more accurate instruments.
Several sources of errors in the measurement can be eliminated using the new setup created
for the dynamical measurements:
• In the new setup, the piezoelectric actuator can be used both to move the poppet and to
measure its position to obtain a calibration curve. The piezo has a positioning accuracy
of 60 nm instead of 10 µm, providing an improvement of three orders of magnitude and
providing significant data regarding the hysteresis.
• Additionally, the valve can be calibrated whilst constructed, which is not possible while using
the measurement dial because the dial needs access to the bottom of the poppet. Rebuilding
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after calibration requires the removal of the sensor together with its housing, introducing
more potential errors.
• Finally, the alignment of the dial’s direction of motion with that of the poppet is expected
to be less accurate than that of the piezo and actuator seat combination.
To find the zero points of the position sensors as defined in Figure 1.5 further calibration
is required, which needs to be performed with the assembled valve contrary to the calibration
described before. For the poppet this is relatively straight forward, as the zero point is defined
by the poppet resting on the fixed seat. Having a fixed reference spot, the accuracy of the
measurement should theoretically be improved to the resolution of the sensor which is 0.16 µm.
For the actuator seat it is slightly more complicated, requiring the poppet’s sensor as well: The
zero point is the position just before the poppet lifts from the fixed seat if the actuator seat is
moved upwards. For the actuator seat the stated resolution cannot be used due to the smaller
measuring surface than required to use the factory calibration.
The calibration steps then become:
1. Heat the oil and the valve to 47.0 < T < 53◦ C.
2. Shut the valve without flow, the poppet should rest on the fixed seat.
3. Move the actuator seat upwards until the poppet lifts.
4. The position in which the poppet starts to lift, gives the value for ∆h which corresponds to
zero.
5. Finally, the minimal value of h2 is taken as the zero point of the poppet position.
Thermal effects on the position measurement
Thermal effects complicate the position measurement. During operation, the oil is kept at around
50◦ C which also heats the valve causing expansion of the valve parts. This expansion includes the
parts conveying the position of the actuator seat and the poppet, which needs to be compensated
for. To do that, the temperature at which the poppet is lifted is taken as T0 . This temperature is
used to calculate the linear expansion at all other temperatures:
∆L = α∆T L0

(3.1)

in which ∆L is the increase in length of the poppet, ∆T is the temperature difference with respect
to T0 , L0 is the poppet and shaft length at room temperature which is 9.2 cm, and α is the
coefficient of thermal expansion. The latter was determined to be 6.6e − 6K −1 . This results in an
expansion of 6.1µm for ∆T = 10◦ C.
Figure 3.6 shows the original and compensated data, indeed showing a significant difference.
The uncompensated data at h2 ≈ 5.5µm is at Q = 0, thus the poppet position is expected to be
h2 = 0 which is not the case. Compensation moves the low position towards zero, but shows an
increase in variation. This is not the case for all measurements, some show more variation in both
the original and the compensated data.
The thermal effects are an order of magnitude smaller than the accuracy of the position sensors
described previously. Therefore, the thermal effects are neglected for the remainder of this work.
Compensation for thermal effects will be required when the improvements in position measurement
accuracy have been implemented. Additionally, a better model for the expansion is required to
take into account that the poppet position is not instantaneously affected by the oil temperature.
Flow sensor
A VSE VS2 gear flow sensor is used to measure the flow-rate, which is capable of measuring
0.1-120 l/min. It has an accuracy of 0.3% of the measured value, which is 0.0003 - 0.36 l/min.
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Figure 3.6: The poppet position with and without temperature compensation on the left, and
the oil temperature with the reference temperature on the right. The uncompensated data at
h2 ≈ 5.5µm is at Q = 0, thus the poppet position is expected to be h2 = 0
Measuring range
The setup’s measuring range is limited by several factors.
• The maximum pressure allowed in the system is restricted by the hoses connecting the DSV
to the rest of the test cell. These have a maximal working pressure of 445 bar.
• The flow-rate has an upper limit caused by the pressure build-up resisting the flow. Using
the old hoses, this limited the flow-rate to 50 l/min. A lower limit is set by the flow meter,
which has a lower limit of 0.1 l/min.
• The range of the actuator seat is limited by the geometry, giving a maximal stroke of 1 mm.
• The range of the poppet is limited by the geometry, giving a maximal stroke of 1.5 mm.

3.4

Adaptation of old setup

During the rebuilding process, several modifications have been made. These will be discussed here.
• A larger target for the eddy current sensor on the poppet:
In order to use the full range of the sensor, a target with a bigger diameter was needed. This
was constructed using aluminium to increase the accuracy of the sensor, which is aided by
non-ferrous materials. The diameter was chosen slightly larger than required to obtain the
required surface area for the sensor. Additionally, an extra hole was made in the new target
to accommodate tools to push the poppet out of its position.
• New housing to hold the position sensor of the poppet:
A new housing for the sensor was needed due to the increased size of the target. To reduce
possible interference of the material surrounding the sensor, nylon was used because it is
non-conducting. The new housing and the target are shown mounted in Figure 3.7 with the
old ones in front.
• A different screw to position the actuator seat:
The old screw had a lead of 1.75 mm, giving very little accuracy when actuating the actuator
seat. The new screw has a lead of 0.8 mm, making positioning the actuator seat accurately
easier and allowing a positioning accuracy of 1µm.
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Figure 3.7: The new sensor target and housing mounted on the setup with the old target and
housing in front

• New housing to hold the position sensor of the actuator seat:
The geometry of the original sensor housing did not allow for the placement of the new
sensor without interference from the surrounding metal. Therefore, the metal was removed
and a nylon housing was fabricated. The old part and the new part are shown in Figure 3.8.

Figure 3.8: The old (left) and new housing for the position sensor of the actuator seat

• New sensors:
The setup had been stored for several years, but the sensors have been used for other purposes
in the meantime. Therefore, most were not present or available for use. Because the original
goals focussed on dynamic measurements, the sensor choices are explained in Chapter 6.3.
• Extra disc springs in the actuator seat:
The actuator seat position was seen to vary during measurements. Due to the construction
this created doubts about whether the measured position and movement at the input were
representative for the actuator seat position. To ensure the reliability of the measurement
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disc springs have been added to cancel the axial play in the connection between the actuator
seat and the actuation rod.
Due to lack of documentation, the setup was initially constructed lacking one washer. This
caused a reduction in space which prevented the valve from opening in initial trials. Though this
problem was quickly recognised and solved, the damage caused on the poppet was discovered later.
The reduced space caused a deformation of the poppet when the upper and lower part of the valve
housing were connected during construction. Tightening the bolts compressed the poppet between
the fixed seat and the top of the casing, which resulted in damage in two locations: Buckling at
the fluid inlet ports shortening the poppet from 38 mm to 37.4 mm, and deformation of the outer
rim. The damage is shown in Figures 3.9 and 3.10 respectively.

Figure 3.9: Buckling damage at the fluid inlet ports

Figure 3.10: Damage at the lower rim
Both were repaired by grinding off the excess material and reshaping the surfaces and corners
to fit the housing and requirements. This results in a slightly shorter (37.27 mm high) and lighter
poppet (0.11 kg).
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Steady state measurements and analysis

Steady state measurements have been performed to investigate the relations between flow rate,
pressure drop, actuator seat position and poppet position. This chapter provides the method of
measuring used, the obtained results and analysis of the data.
A full measuring plan can be found in Appendix C. The basic steps conducted in all steady
state measurements consist of setting an actuator seat position and applying several flows before
setting the next actuator seat position and reapplying the flows. Choosing the flow as an input
and not the pressure drop is a practical choice based on the layout of the test cell.
Unfortunately, the recorded data is not a regular grid of the inputs ∆h and Q. Figure 4.1
shows the planned grid and the recorded data points. This will be elaborated on in Section
refssec:shiftingAS.

Figure 4.1: The planned measurement grid (circles) and the collected data (crosses) with lines
linking the data points for a single actuator seat position.
The measurement results shown in this chapter show both the recorded measurement data and
isolines. The isolines show the presented variable as a function of the planned measurement grid,
i.e. for a systematic grid of Q and ∆h. These lines are obtained by interpolation and aim to show
the trends in the data clearly, without the influence of varying ∆h. Both the data and the isolines
use the same colour gradient to depict the value of ∆h. Due to it shifting during measurements,
the measured data points have varying colours, contrary to the isolines which are monochrome.

4.1

Poppet and actuator seat position

The absolute position of the poppet with respect to the fixed seat is shown in Figure 4.2 as a
function of the flow rate and actuator seat position. This is also the height of the second orifice.
The height of the first orifice is given by h1 shown in Figure 4.3 as a function of flow rate and
actuator seat position.
As mentioned in the introduction of this chapter, the actuator seat position is observed to
shift during a sequence of flow rates. Figure 4.1 shows the planned grid and the collected data,
an increase in the actuator seat position for an increasing flow rate, thus increasing the size of the
orifice height. The efforts described in chapter 3.4 ensure that the measured position corresponds
with the actual position, even though this is not the position set prior to increasing the flow rate.
Unfortunately, the shift makes analysing the data laborious as no systematic grid is observable in
the results.
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Figure 4.2: The absolute poppet position and orifice height h2 as a function of ∆h at different
flow rates

Figure 4.3: The orifice height h1 as a function of ∆h at different flow rates
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Figure 4.4: The shift of the actuator seat with respect the set position as a function of flow rate
and inflow pressure

Figure 4.4 shows that the shift does not depend directly on the pressure acting on the actuator
seat. If that were the case it would have resulted in a single shift value for a single pressure.
Additionally, the force resulting from pressure pin acting on the Actuation Shaft is not sufficient
to overcome the spring pretension of 340 N. A more consistent dependency is seen with the flow
rate, with six out of ten actuator seat position showing very similar shifts as a function of flow
rate. The only flow dependent force at this point is the momentum force resulting from redirecting
the flow. The magnitude resulting from redirecting the flow, is similar to the momentum force
acting on the poppet: 0-2 N. Similar to the pressure-force, this is not sufficient to overcome the
spring pretension and thus not an explanation.
No effort was made to reset the actuator seat position during measurements because of two
reasons. Firstly, the measuring procedure would prove very time consuming. Secondly, the actuator seat adjustments would have to be made while there is a flow rate, risking sudden closure of
the valve and a subsequent increase in pressure. Though this has not damaged the valve previously
and the pressure rise should be limited by the pressure relieve valves, neither creates a comfortable
working environment when having to adjust the valve manually. The active control in the new
setup and the fact that no physical access to the valve is needed to adjust the position should
allow for constant actuator seat positions in future work.

4.2

Pressure drop

Figure 4.5 shows the total pressure drop as a function of the actuator seat position. Figures 4.6
and 4.7 show the individual pressure drops ∆p12 and ∆p23 respectively. All pressure drop figures
have identical y-axes to simplify comparison.
All pressure drops show an increased pressure drop for the lowest flow rate Q = 2l/min. This
corresponds with the smallest openings shown in Figures 4.2 and 4.3. The increased pressure drop
at low flow rates would suggest that two flow rates could result from a pressure drop over the valve.
Theoretically, this is not possible when Cd,1 and Cd,2 are assumed to be constant. For a pair pin
and pout , only a single pmid exists for which the poppet is balanced. Therefore, the pressure drops
∆p1 and ∆p2 are also fixed, according to relations (1.3) and (1.4) this can only result in a single
poppet position. Therefore, it is more likely that the increased pressure drop is a result of the low
pressures present in the system: at low flow rates the absolute pressures are lower, resulting in a
lower hydraulic force. This low force could be insufficient to overcome the combination of spring
force and friction force, resulting in smaller orifices and a higher pressure drop.
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Figure 4.5: The pressure drop as a function of the flow rate at different actuator seat positions

Figure 4.6: The pressure drops over the first orifice as a function of the flow rate at different
actuator seat positions

30

The Double Seat Valve

4

STEADY STATE MEASUREMENTS AND ANALYSIS

Figure 4.7: The pressure drops over the second orifices as a function of the flow rate at different
actuator seat positions
Interestingly, the pressure drop in the first orifice has a negative pressure drop for large openings at low flow rates. This was visible during the experiments, showing pin < pint . Though
unexpected, the negative data does follow the same trends for all variables and cannot simply be
assumed to be wrong. The sensor calibration has been checked and has been dismissed as a source
of error. Therefore the data is assumed to be correct, regardless it is excluded from further use in
the derived data. The exclusion is a result of Equations (1.3) and (1.4) which cannot result in a
negative value.
A possible reason for the negative pressure drop can be derived from Equation (1.2). As
mentioned in Chapter 2, this equation is incomplete. Adding the spring force (neglecting the
gravity and momentum force because Fspring >> Fimp , Fgrav ) results in
∆p1 A1 = ∆p2 A3 − Fspring

(4.1)

for an equilibrium position, which suggests that the pressure drop in the first orifice can be negative
when ∆p2 A3 < Fspring . Though this is a mathematical proof that an equilibrium is possible with a
negative pressure drop, no physical explanation was found to support this possibility. Additionally,
negative pressure drop would suggest a reversed flow between the locations where pin and pint are
measured. However, the results from the total pressure drop seen in Figure 4.5 and the results
from the reversed flow experiment discussed in Chapter 4.6 disagree with this possibility. The
inability to identify a reason for the negative pressure drop is not surprising due to the lack of
information on the local flow phenomena between the orifices.
The pressure drop in the second orifice is similar to that in the first, apart from the absence
of negative values. Additionally, the pressure drop values in the second orifice are slightly lower
than in the first orifice.

4.3

Discharge coefficients

The discharge coefficients are calculated from the measurement data using
r
Q
ρ
Cd,1 =
πd1 h1 2∆p1
and
Cd,2 =
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πd2 h2

r

ρ
2∆p2

(4.2)

(4.3)
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which are shown in Figures 4.8 and 4.9 as a function of their respective Reynolds numbers.

Figure 4.8: The discharge coefficients of the first orifice as a function of the flow rate for constant
β. The lines for constant β are interpolations of the measurement data

Figure 4.9: The discharge coefficients of the second orifice as a function of the flow rate for constant
β

Margin of error
As mentioned in Chapter 3.3, the accuracy of the position sensor is less than desired. The error
resulting from the low accuracy is also present in all values derived from the position measurement.
The potential error is visualized in Figure 4.10. The error in Cd,i caused by the accuracy of the
pressure sensor rarely exceeds 0.05, so the error shown is mainly caused by the error in the position
sensor. The large differences in the magnitude of the error are the result of the varying actuator
seat position value ∆h, which influences the impact of the position error. The fact that the error
is not symmetric around the measured values is because the position is in the denominator in
Equations (4.2) and (4.3).
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Figure 4.10: The discharge coefficients of both orifices with their upper and lower error margin
due to the accuracy of the position and pressure sensors.
The potential error from the sensor’s accuracy is large compared to the spread of the data,
suggesting that the measurement’s repeatability and precision is good and mainly the accuracy
requires improvement. This provides confidence that the setup can be used with higher accuracy
after improving the calibration as mentioned in Chapter 6.3. The small spread allows for evaluation
of the visible trends in the presented data, though the resulting coefficients in the correlations
require re-evaluation with data from measurements with a higher accuracy.
Discharge coefficient 1: Cd,1
Figure 4.8 shows Cd,1 as a function of Re1 and β = Aor /Adown . As stated in Chapter 2, the
discharge coefficient was expected to have a value of approximately 0.7 at high Reynolds numbers.
This estimate is shown to be low compared to the measurement data, but within the error band,
albeit on the edge. For large values of Reynolds, the discharge coefficient corresponds well to
the measured data if Cc = 0.86, as seen in Figure 4.11. Though a slightly high value for the
contraction coefficient the differences in geometry make it difficult to validate or dismiss this.
As Figure 4.8 shows, the discharge coefficient shows a dependency on both β and Re1 . For low
Reynolds, flow influences become increasingly dominant, showing a deviation from the theoretical
Cd value. Increasing values are witnessed for lower Reynolds numbers, but due to the lack of data
for Re < 200, it cannot be concluded if either the discharge coefficient is ever increasing, or shows
a peak as observed in Abd[1]. Obtaining more data in low Reynolds regions is possible for small
∆h values, but for high flows this is hampered by the negative pressure drop as discussed in 4.2.
Cd,1 is similar in shape to what Swamee found for an orifice meter, though the values rise more
steeply for the DSV [20]. Swamee uses
Cd = a + bβ 2 + c(1 + β 3 )Red1

(4.4)

to fit curves to its data. Unfortunately, applying this equation to the measurement data does not
result in an accurate representation of the data.
Interestingly, the discharge coefficients show an entirely different picture when the data for
∆pt < 10 bar is removed, as seen in Figure 4.12. At these higher pressure drops, the discharge
coefficient shows a trend corresponding better with those found in McCloy or Knutson [13][9].
McCloy uses
Cd = aRe1/2
(4.5)
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Figure 4.11: The theoretical approximation of the discharge coefficients for Re1 > 400. The
theoretical approximation is not a straight line but shows variations in O(0.03) as a result of
varying values of β.

Figure 4.12: The discharge coefficient for ∆pt > 10 bar as function of Reynolds and pressure drop
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to describe the discharge coefficient as a function of Reynolds. Due to the visible dependency on
β shown in Figure 4.13 the more elaborate version of this equation as used by Abd is used:

Figure 4.13: The discharge coefficient for the first orifice using the data for ∆pt > 10 bar as a
function of the Reynolds number, showing the isolines for constant values of β.

Cd = aReb β c

(4.6)

The correlation is fitted to the measurement data using a non-linear least squares function, resulting in coefficients a = 0.593, b = 0.100 and c = 0.0705. Figure 4.14 shows the correlation and the
measurement data. Figure 4.15 shows that the correlation is a good estimation for Re1 > 300,

Figure 4.14: The measurement data for Cd,1 and the corresponding correlation as a function of
the Reynolds number Re1 .
but the function does not decrease enough for lower values. Similarly, the correlation shows a
good approximation as a function of β for β > 0.015. The measurements for β < 0.015 show a
sudden decrease which cannot be approximated accurately with the current correlation.
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Discharge coefficient 2: Cd,2
Figure 4.9 shows Cd,2 as a function of Re2 and β. Cd,2 shows a trend that is similar to the
behaviour of Cd,1 for ∆p > 10 bar. Further research for higher values of Re2 is required to
determine whether the coefficient stabilizes near the current highest value, or at a lower value
showing a discharge coefficient peak as also seen by Abd [1].
If the discharge coefficient would prove to stabilize around the current highest value, the
theoretical approach discussed in Chapter 2.1 would not suffice. This would require a Cc > 1,
which is not possible given the definition of Cc . However, values Cc,2 < 1 are also possible within
the error band. Thus, more accurate data is required.
The second discharge coefficient can be described using the same correlation as for Cd,1 , though
now it can be applied to the entire dataset. The coefficients resulting from a least squares fit are:
a = 0.0678, b = 0.187, c = 0.0976. The resulting fit is shown in Figure 4.16. Figure 4.17 shows the
correlation separated into a function dependent on only the Reynolds number and only β. This
shows results similar to those shown in Figure 4.17 For Re2 > 200, the fit corresponds reasonably
well with the data; for β > 0.007 the fit is again reasonably accurate but showing a clear spread
of the measurement data around the correlation.
Discharge coefficient ratio: Cd,r
To calculate the gain, the individual discharge coefficients are not required if their ratio Cd,r =
Cd,32 /Cd,1 is known. Figure 4.18 shows this ratio for the entire dataset and for ∆pt > 10 bar.
This shows that Cd,r mainly lies within a relatively small range for ∆pt > 10 bar, with decreasing
variation for higher pressure drops. Taking the median of these values gives a ratio Cd,r = 1.1738.
The variation is still rather high however for pressure drops ∆pt < 50bar.

4.4

Hydraulic force

The hydraulic force as described in the Introduction, only incorporates the static pressure acting
on the poppet. Using the measured pressures and Equation (1.2), the resulting force on the
poppet is determined and shown in Figure 4.19. Though the measurements have been performed
in steady state, the resulting force on the poppet is non-zero. This could indicate that either
Equation 1.2 is insufficient in accurately describing the force on the poppet, or that the accuracy
of the measurements is insufficient.
To address the first theory, attempts were made to include more detail into the equation to
improve the results. Using the forces mentioned in Chapter 2 brings little improvement due to
their magnitude:
• Momentum forces add 0 up to 2 N, increasing with increasing flow rate
• Gravity adds -1 N
• The spring force adds -20 up to -23 N, increasing with increasing poppet height
None of the values is high enough to significantly improve the results. The only ’force’ that has a
significant magnitude is the suction created by the flow speed inside the orifices, which has been
neglected in this work. Attempts to describe the process using Bernoulli’s principle have provided
little improvement, leading to further scattering of the data and higher absolute values of Fh . A
better understanding of the force acting on the poppet’s surface requires a more detailed study of
the flow in and in between the orifices. This however, is outside the scope of the current project.
To check the second theory, i.e. that the measurements lack accuracy, the individual contributions of forces Fi = pi Ai are checked. These range from 75 N for low flow rates up to 4300 N for
high flow rates. A residual force of 150 N at high flow rates, which is only 3% of 4300 N, is quite
acceptable given the large forces. Especially regarding the simplicity of Equation (1.2). A first
step to improve the accuracy of the results is to investigate the difference between the pressures
measured and the actual pressures acting on the poppet’s surfaces.
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Figure 4.15: The discharge coefficient of the first orifice for ∆pt > 10 bar as function of Reynolds
and β

Figure 4.16: The measured Cd,2 values (crosses) and the correlation for different values of β (lines)
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Figure 4.17: The discharge coefficient of the first orifice for ∆pt > 10 bar as function of Reynolds
and β

Figure 4.18: The ratio of the discharge coefficients Cd,r = Cd,32 /Cd,1 as a function of Reynolds.
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Poppet position and Gain

As mentioned in Chapter 2.1 the gain, and thus the poppet position, can be calculated using
Equation 2.6. This offers two options: the gain can be calculated directly on the actuator seat
and the poppet position using λ = h2 /∆h, or indirectly by using
λ= q

1
A1 Cd,2 dout
A3 Cd,1 din

−1

using the calculated discharge coefficients. Both options rely on the measurement data to calculate
the gain, but both options present different results, as seen in Figure 4.20. This difference is to
be expected due to both the possible error in both position measurements and the origin of
Equation 2.6. Using the direct method the potential error in the position measurements provide
a range of 0.2 < λ < 15. The equation for the indirect method is derived from the equation
for hydraulic force being equal to zero in steady state. After assuming this equilibrium position,
h2
= .... Unfortunately Equation 1.2
equations 1.3 and (1.4) are inserted and this is rewritten to ∆h
proved insufficient in describing the forces acting on the poppet, thus making the derived functions
and their results unreliable. Due to both sources of error, no conclusion can be drawn regarding
the validity of the equation for the gain.

4.6

Reversed flow direction

The valve has been subjected to a flow in the reversed direction with respect to the direction
depicted in Figure 1.5: the flow first passes the orifice between the poppet and the fixed seat
before passing the orifice between the poppet and the actuator seat. Only a single measurement
functioning as proof that reversed flow is possible was performed due to time restrictions. The
results of this measurement are shown in Figure 4.21. It shows the valve allows flow when the
actuator seat position is negative.
Opposite to the behaviour of the valve for the normal direction, the valve now allows a flow
when the actuator seat position is negative, i.e. the actuator seat is above the fixed seat. This
creates similar conditions as for the normal direction when the flow passes a first, higher orifice,
before passing a second, lower orifice. I.e. in normal flow direction h1 > h2 , in reversed flow
h1 < h2 . The resulting hydraulic force seen in Figure 4.22 shows a large negative force when the
actuator seat is below the fixed seat. This is explainable by examining the valve geometry and
Equation (1.2): With the actuator seat below the fixed seat, h2 < h1 , the high inflow pressure
acts on surface A3 . Only the low pressure present on the exit side of the valve works on both
other surfaces, which are insufficient to move the poppet upwards. As a result, the poppet is
pushed downwards onto the fixed seat, blocking the flow. When the actuator seat is used to lift
the poppet, a higher pressure starts acting on surface A2 which can lift the poppet of the actuator
seat to allow flow. This allows for a bidirectional valve when the actuator seat motion reaches
both above and below the fixed seat. When motion is restricted to either above or below, the
valve is observed to function as a check-valve.
Equation (1.2) is only valid for the flow direction that is mainly studied in this work. For the
reversed flow direction, a slightly different variant is needed:
Fh,reversed = ∆p1 A1 − ∆p2 A3

(4.7)

in which the equations for the pressure drop are equal to Equations (1.3) and (1.4). This shows
that for the valve to open, requiring Fh < 0, the orifices openings require
r
din A1
h2
>
= 0.558
(4.8)
h2 + ∆h
dout A3
assuming both discharge coefficients to be equal. Figure 4.23 shows these orifice areas in the
measurement and the corresponding flow suggesting that Equation (4.8) is valid. Though the
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value of the tipping point appears lower than the measurements show on the first three occasions
where it is passed (t = 158, 160, 167), the last at t = 208 is more subtle and shows a value of
h2 /h1 = 0.74 before dropping rapidly.
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Figure 4.19: The force acting on the poppet as a function of flow rate. A positive force is upwards,
opening the valve.

Figure 4.20: The gain as calculated using the direct and the indirect method
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Figure 4.21: The actuator seat position, heights of both orifices and the flow-rate as a function of
time for the reversed flow direction.
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Figure 4.22: The hydraulic force and the flow-rate as function of time for the reversed flow rate

Figure 4.23: The ratio of the heights of the orifices as a function of time for the reversed flow
direction. The horizontal line y = 0.558 shows the tipping point for positive or negative force if
both discharge coefficients are equal
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Model analysis

This chapter will discuss the models as presented in Chapter 2. As mentioned in Chapter 2,
the first mathematical dynamic model does not provide a solution due to the type of differential
equation. This chapter will discuss the second mathematical model, the analysis using Simcenter
Amesim and the static mathematical model.

5.1

Dynamic model

The second dynamic model model is a linearised model, using the steady state balance position
of the poppet to circumvent the use of Equation (1.2). Using
(mpop + madd )h¨2 + ktot h˙2 + ctot (h2 − λ∆h) = mpop g + Fshaf t + Fmom

(5.1)

allows either a theoretical or experimental approximation of the stiffness ctot and damping ktot .
Both are problematic however.
The gain λ is problematic because it is based on the equation for hydraulic force, Equation (1.2).
Chapter 4.4 has shown that the values for the hydraulic force are decisively non-zero for steady
state positions with the current measurements. This results in large inaccuracies in estimating the
gain λ, used to estimate the poppet position in Chapter 4.5.
The stiffness ctot is problematic, both using theoretical and experimental estimations. The
theoretical approximation using Equation 2.19 also relies on Equation (1.2), which is shown to
be inaccurate. An experimental approximation is expected to be possible, but this requires extra
experiments. The poppet can be pushed out of the steady state position using the shaft for the
position measurement. Measuring the required force for a known perturbation would provide
the stiffness of the poppet in that particular position. This method is problematic because the
individual hydraulic forces F1,2,3 acting on the poppet are in the order of 1-3 kN. Moving the
poppet will disturb the balance, which will be opposed by the hydraulic force. Though exact
numbers are unavailable, the high pressures suggest that the stiffness will be high. Therefore,
excitation of the poppet will probably be difficult using the only connection to the outside: the
shaft with 1 mm diameter used for position measurement. Additional equipment will be required
to ensure the force is applied exactly in axial direction to prevent a sideways movement, which
will influence the position measurement.
Alternatively, a step function can be imposed on the poppet to create a harmonic oscillation
which can be used to determine the stiffness, if the theoretical values for the friction and added
mass are assumed to be correct. This second method requires the new setup discussed in Chapter 6.
Due to delays with the new setup, the equivalent mass-spring-damper model was not completed
or validated, nor was it rejected definitively. It is to be pursued when the new setup is available.
The problem that the shaft is used both for measurements and for actuation is is less problematic when the theoretical values for the added mass and the friction are to be validated experimentally. Contrary to the stiffness, the system does not require an active flow and the resulting
pressure forces to measure the added mass and the friction. Therefore, the actuation is easier. The
accuracy will be difficult to determine however, because again both the actuation and measurement
are relayed through the thin shaft.

5.2

Analysis using Simcenter Amesim

The Simcenter Amesim model can be altered to accept input from a text file, which can be used to
load the measurement data into the model and use it to validate the model. The inputs used are
the actuator seat position ∆h, the inflow pressure pin and the outflow pressure pout . The measured
pressures are used as input instead of the measured flow, due to the scope of the research. To
be able to use the flow as an input for the simulation, the entire test cell needs to be modelled
to obtain the dynamic outflow pressure as seen during the measurements. When only the DSV
is modelled as shown in Figure 2.5, the outflow pressure will be equal to the tank pressure. This
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Figure 5.1: The poppet position as function of relative time.

Figure 5.2: The hydraulic force as function of relative time.
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Figure 5.3: The pressure pmid as function of relative time.

prevents the comparison between the model and the experiments, as the latter has a fluctuating
outflow pressure due to the dynamics of the entire test cell.
Figure 5.1 shows the poppet motion resulting from the simulation using the measurement data
as input. This shows that the model does not correspond well with the measurements. In stead
of following the same, or a similar, motion as the measurements it shoots open en shuts close
suddenly as a result of the force acting on the poppet, which is shown in Figure 5.2.
The poppet motion observed in the simulation is to be expected with the forces resulting from
the input pressures pin and pout , and the resulting simulated pressure pmid . This will result in
a non-stationary poppet, which will rapidly move to the physical end-stop present in the model
with the magnitude of the resulting force. The significant differences between the force resulting
from the simulation and the measurements shown in Figure 5.2 can be explained with the interim
pressure shown in Figure 5.3. This is the only pressure that is different from the measured
pressures, showing a consistently lower value than the measured values. Though only a small
deviation, the magnitude of the pressure compared with the surfaces it acts on creates the large
difference shown in Figure 5.2.
The fact that the poppet does move indicates that the model could work. However, the poppet
in the model cannot obtain an equilibrium position in between the physical end-stops. The reasons
for not obtaining an equilibrium are difficult to determine due to the self-balancing concept. Two
potential errors are caused by the accuracy of the position and the pressure data. Both are present
in the tables provided to the orifices in the model, which contain information about the relationship
between the orifice position, the flow rate and the pressure drop. In essence, this contains similar
information as the discharge coefficients discussed in Chapter 4. An error in the tables will result
in a different equilibrium between the poppet position, flow rate and pressure drop.
The model should be re-evaluated using more accurate measurements. Additionally, a better
understanding of the local pressures acting on the poppet surfaces could improve the model.
Improving the pressure model could decrease the sensitivity of the poppet motion, allowing an
equilibrium to be reached.
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5.3

Static mathematical model

The proposed theoretical model relies on Equations (1.3),(1.4) and (2.6) to describe the individual
pressure drops and the location of the poppet. Additional to aforementioned equations, knowledge
about either the discharge coefficients or their ratio is required to compute the gain, the individual
pressure drops and the total pressure drop.
Unfortunately, neither the theory and correlations for the discharge coefficients nor the equation
for the gain work. For both, the data and the models deviate significantly for low flow rates. For
large flow rates, they correspond better but not good enough to base a prediction on. Lacking
both the information for the poppet position from the gain, and the discharge coefficients as a
function of flow rate and orifice opening, means no prediction of the individual pressure drops can
be made.
As mentioned in Chapter 2.5, a final option would be to define a single discharge coefficient
to describe the total valve to provide a relationship between the flow rate, pressure drop and the
actuator seat position. For the complete valve it is rather difficult to formulate a discharge coefficient equivalent to the ones in Equations (1.3) and (1.4) because these use the individual orifice
heights. Similarly, defining a Reynolds number or a β is rather difficult for the DSV as neither
a single hydraulic diameter Dh ,nor a single β represents the total valve geometry. Therefore, a
simpler approach is taken by taking all variables and constants into the valve coefficient, leaving
Cv = √

Q
∆p13

(5.2)

3

This coefficient has the unit of P am0.5 s , unlike the discharge coefficients used before which are
dimensionless. Using the valve coefficient, the relationship between total pressure drop, flow rate
and actuator seat position can be modelled for this particular valve. A correlation of the data has
been created using Equation 4.6, resulting in
Cv = 0.16710.202 ∆h0.721

(5.3)

In this correlation, the inputs Q and ∆h have been used in stead of a Reynolds number and a
dimensionless orifice opening because no single dimension is present that accurately represents the
entire valve. Choosing a Reynolds number would therefore be an arbitrary choice.
The total pressure drop over the DSV can be estimated using the correlation for the discharge
coefficient as defined in Equation 5.3
∆p13 =

Q2
Q2
=
2
Cv2
(0.16710.202 ∆h0.721 )

with the Cv correlation, using ∆h [µm] and Q [l/min] as inputs. These were chosen as inputs
because no single geometrical feature is present that is representative for the entire valve. Additionally, this model is a practical model to predict the relationship between the pressure drop,
flow rate and actuator seat position. Therefore, the inputs were chosen to be in the units common
in hydraulics. The predicted pressure shows a good correspondence with the measured values as
shown in Figure 5.4. These residuals show no clear connection with the neither the flow rate nor
the density of the oil, but the residuals as a function of actuator seat position implies an increasing
error in the predicted pressure for decreasing actuator seat position. Positions ∆h > 50µm show
an error of less than 1 bar, for ∆h < 50µm the error increases.
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Figure 5.4: The relative difference between the modelled and measured pressure drop.
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New setup

This chapter describes the design of the new setup intended for dynamic actuation measurements
with the DSV. First, the drawbacks of the old setup will be discussed. Secondly, the resulting
requirements for the new setup will be presented, followed by the actuation and sensors. Finally,
the new setup is presented and the chosen geometry explained.
The old setup as described in Chapter 3 has not been designed to do dynamic measurements.
As a result, several features are not or less suitable for dynamic actuation:
• The poppet has a pin protruding through the casing to measure the position outside the oil,
which is not required for the functioning of the valve. This complicates the measurements
as this is the source of both the shaft force and a friction force acting on the poppet. Ideally,
the position is measured within the oil without touching the poppet to eliminate extra forces
influencing the valve dynamics.

Figure 6.1: The connection between the actuator seat and the actuation axle using a circlip
• The actuator seat is not balanced because of the actuation rod seen in Figure 6.1. Due to
this connection with the lever outside of the oil, there is a smaller surface providing a force
upwards than downwards resulting in a shaft force. This requires a high force to hold the
actuator seat in a stationary, raised position: 1000 N for a rod with diameter d = 8mm and at
a pressure of p = 200 bar. Attempts to find an actuator capable of delivering this high force
in combination with the small stroke and high accuracy required has proven unsuccessful
• The connection between the actuator seat and the actuation has play, as seen in Figure 6.1.
The actuator seat and the rod are two separate parts, which are held together with a circlip.
This allows for play in both radial and axial direction. The first is present to ensure actuation
without locking up due to to the holes for the actuator seat and the rod not being completely
concentric. The second, axial play, is a unwanted result from this. This play is pushed out
using a spring, but ensuring the actuator seat position might be complicated in dynamic
application.
• The position control of the actuator seat is done manually using a screw. For dynamic
measurements this allows too little control options as no frequency can be imposed nor can
the valve be opened suddenly.
Initially, the idea was to reuse as many parts as possible to speed up the design and build
process. The few parts that have not been revised did not significantly speed up the process in
retrospect. The choice to reuse parts was evaluated in two separate parts: The top casing with
the poppet, and the lower casing with the actuator seat and actuation.
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The top part was considered to be reusable after considering the options for the position
sensor. The chosen sensor is compatible with the casing, only requiring a redesigned part to hold
the sensor. After the last minute change described in Section 6.3, the redesigned part only meant
rebuilding the existing part at an increased size as shown in Figure 3.7. Building this part was
done in-house to speed up the process to be able to commence with the steady state measurements
presented in Chapter 4.
The bottom part contains the actuation, the actuator seat and a position sensor. As discussed
in Section 6.2, eliminating a force resulting from the pressures acting on the actuator seat is
preferred. This eliminates any option to reuse the current bottom part.
The rest of this chapter will discuss the requirements set for the setup, the actuation, the
choice of sensors and the geometry of the bottom part of the setup.

6.1

Requirements

Due to the absence of knowledge about the flow dynamics surrounding the poppet and actuator,
the initial actuator frequency was optimistically set at 300 Hz [10]. This was quickly determined
to be difficult to achieve when searching for actuation options with the force and acceleration
being difficult to achieve. After some iterations, the final requirements seen in Table 6.1 were set
and achieved, theoretically, with the setup presented in Sections 6.5 and 6.6. Future testing of the
setup is required to show if the requirements are met in reality.
Table 6.1: The setup requirements for actuation and sensing

Actuation bandwidth
Required actuator force
Required actuator acceleration
Gain
AS positioning
Poppet positioning
Pressure measuring

Range
0-10 Hz
50 N
1.6 m/s2
2
0-1.5 mm
0-2.35 mm
0-400 bar

Accuracy

1 µm
1 µm
1 bar

The force required for the actuator was determined by assuming similar forces act on the
actuator seat and the poppet. Combining the friction force (14 N), the momentum of the actuator
seat and the fluid (10 N), momentum of the oil flow (2 N) and gravity (1 N) give a force of 27 N.
Because these are rough estimates, the required force is set at approximately double the calculated
value: 50 N.
The absolute values of the gain and AS positioning range are not required to be the exact
values as mentioned in Table 6.1. They are required to be sufficient to ensure the entire stroke of
the poppet can be used, i.e. the gain multiplied with the AS positioning range should be equal or
larger than the poppet positioning range.

6.2

Actuation

Several methods of actuation have been considered for the setup. In all cases, finding a realistic
combination or force, acceleration, range and accuracy was aided by eliminating forces resulting
from the unbalanced design. The high force resulting from the unbalance, in combination with a
small stroke, creates a difficult combination for an actuator.
This force can be cancelled out by ensuring equal surface areas are exposed to equal pressure
working upward an downward. This can be achieved by either placing the actuator in the fluid,
or by separating the wetted areas with a space in between to actuate in the open air, as seen
in Figure 6.2. The first complicates design by requiring an actuator that can be placed in high
pressure oil. The second design is complicated by requiring a connection between the top and
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bottom oil volume to ensure equal pressure. Additionally, it will result in a bulky setup due to
the space required between the oil volumes to accommodate the actuator.

Figure 6.2: Both options for a balanced actuator seat system: Left, the entire actuation placed in
the oil; Right, the actuation placed in the air and a separate volume filled with oil underneath to
obtain a balanced design

Excenter with a stepper motor
An excenter is a very classic option for the considered motion problem, having the benefit of being
very stiff, simple and reliable. Because the pressures caused by an unbalanced actuator seat can be
supported by the bearings and not the actuator itself, it is a viable option even when no pressure
compensation is used. But also in a pressure compensated design an excenter is an option, having
the advantage that the excenter can be placed inside the oil while the motor is outside.
The excenter can be actuated using either a servo motor or a stepper motor. A servo motor has
the advantage that the position can be closed loop controlled, however no off-the-shelve system
could be found to fit the requirements for force and accuracy. A stepper motor is is simpler
motor to incorporate, using only open loop positioning and providing a high holding torque when
not actuated. Additionally, a stepper motor provides a relatively high torque at low shaft speed
compared to a servo.
The main drawback of an excenter is the fixed nature of the conveyed motion. Though this
can be partially compensated for using different excenters for different motions, it does restrict
in achieving motion close to a step function for instance. Alternatively, using the stepper motor
to alternate the rotation direction while using only a portion of the excenters circumference gives
some more flexibility in the possible motions, but restricts accuracy to the accuracy of the stepper
motor. Assuming the stroke of 1 mm comes from a rotation of π rad, the stepper motor would need
steps of π ∗ 10−3 rad, or 0.18◦ , to get a 1µm accuracy. Using a stepper motor with half-stepping,
each step would consist of a rotation of 1.8◦ , leaving an order of magnitude difference.
Spindle
Spindles have been considered both with and without the pressure compensation. For the balanced
version, the main difficulties are the backlash, accuracy, repeatability and acceleration. The
backlash , accuracy and repeatability are < 20µm, 25µm and 5µm respectively for the option that
was most seriously considered. Although there are options to improve this within the setup using
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pretension and closed loop control, the predicted maximal acceleration of 0.4 m/s2 is too low for
the 10 Hz requirement.
Initially a spindle was considered because of the large range of forces that can be chosen from,
but the combinations of force and stroke found did not match the requirements. Additionally, the
size and direction of motion create a difficult task to incorporate the actuator into the geometries
shown in Figure 6.2.
Voice coil
Voice coils are an option that provide quick acceleration over a stroke of several millimetres. Due
to the force produced by a voice coil, which is typically between 1-100 N, this is only an option
with the balanced option. If the force can be matched with the requirements, the high bandwidth
of the actuator can provide an advantage
The drawback of a voice coil is the low stiffness of the actuator itself, which might prove
problematic with the (yet unknown) fluctuations in force that might occur as a result of the flow
over the actuator seat . Additionally, most suppliers only provide the actuator without any driver
capable of doing the positioning. Designing a separate system to do the positioning with a high
stiffness is outside of the scope of this project.
Piezoelectric actuator
Piezoelectric actuators are a good option due to the high forces they can provide at a small stroke
while having a high stiffness. Though the stroke is somewhat small in many cases, in the range of
1-500µm, several options have been found having strokes of 1 mm. Though this is slightly smaller
than mentioned in the original requirement in Table 6.1, the option to increase the gain between
the actuator seat motion and poppet motion allows for a smaller actuator seat stroke.
Contrary to voice coils, the piezoelectric actuators can be bought with a strain gauge and a
driver used to control the position closed loop. As well as using it for the control, this sensor can be
used to measure the position of the actuator seat , thus eliminating the need for a separate position
sensor. Additionally, the force required to position the piezo can be estimated by measuring the
voltage and current and the position [15][17]. This is useful to gain information about the flow
forces acting on the actuator seat .
No supplier provides stacks of piezoelectric crystals tall enough to give a displacement of
1 mm. Therefore two types of piezoelectric actuators with a structure to increase the stroke
were considered: double lever, parallel lever. The double lever version was chosen because both
the attachment of the piezo to the fixed world and where the displacement occurs is located in
the middle, the significance of this is explained in Chapter 6.5. Two suppliers were asked for
information and quotations: PI and Nanofaktur. The latter was significantly cheaper for equal
performance and was subsequently chosen: The actuation is provided using DPa-b01000 piezo and
a EOD-060100 controller. The specifications are shown in Table 6.2.
Table 6.2: The specifications of the piezoelectric actuator chosen for the dynamic setup
Supplier and type
Displacement
Closed loop resolution
Repeatability
Push/pull resistance
Stiffness
Resonance, unloaded

NanoFaktur
1000
25
60
100/10
0.15
200

DPa-b01000
µm
nm
nm
N
N/µm
Hz

Because the hydraulic oil is non-conducting, it should be possible to place the piezoelectric
actuator within the oil. This would allow the use of the geometry on the left of Figure 6.2, which
is simpler than the right one. However, the supplier was reluctant to agree with this . Due to the
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price of the actuator, the more complicated geometry was chosen to ensure proper functioning of
the actuator. Finding an actuator which can be placed inside the oil would simplify the geometry
considerably in future work.

6.3

Sensors

This chapter describes the choice of sensors for the different applications. These are: position
sensors for both the actuator seat and the poppet, pressure sensors and a force sensor for the
actuator seat. These will be discussed in that order.
Position sensors poppet
Earlier, the poppet position was measured using a pen which made the poppet motion accessible
outside the casing. This is a simple method that simplifies the measuring considerably compared
to measuring directly on the poppet inside the casing. During the redesign, measuring directly on
the poppet has been considered before deciding to retain the top part of the valve. If measured
directly on the poppet, the pen on the poppet could be removed bringing the design closer to the
envisioned design for the final valve. This would also greatly simplify the poppet design.
Several types of position sensors have been considered for measuring the position of the poppet:
• Eddy Current Sensor (ECS)
• Laser Triangulation Sensor (LTS)
• Absolute linear shaft encoder(LSE)
Table 6.3: Position sensors comparison

sensor brand and type
driver
Measuring range / mm
Resolution / µm
Bandwidth / kHz
Measuring surface

Eddy current
Lion - U8b
ECL101
2
0.16
80
d = 24 mm

LTS
µ - optoNCDT 1750LL
2
< 0.1
> 7.5
d = 0.4 mm

linear shaft encoder
RLS - linace
320
0.5
>2
-

Measuring directly on the poppet within the casing and with the oil would be possible using
either an ECS or an LTS, though both have a problem. The ECS requires the area of the measured
surface to be 24 mm in diameter in order to be able to measure a stroke of 2 mm. In case of the
LTS, the lack of data on the transparency of the hydraulic oil is the problem. Without any data
on the absorption within such a system, this is too big of a risk.
Therefore the existing concept which measures outside the casing was retained. This provides
one additional advantage: the direct connection with the poppet allows for experiments in which
the poppet is moved directly to measure for instance the friction or the stiffness. With this layout
all sensor types were options. Apart from some minor (dis-)advantages in all sensors, all meet the
requirements and can be used. Due to the LSE with the chosen shaft diameter being unavailable,
an ECS was chosen over an LTS for financial reasons.
Position sensor actuator seat
The same sensors have been considered for the position measurement of the actuator seat. The
various positions to place the sensors and measure the position shown in Figure 6.3 were considered,
which will now be discussed.
The left most option in Figure 6.3, using the linear 8 mm shaft of the LSE as a part of the
line conveying the pressure compensation, was the most ideal because of its compactness in this
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Figure 6.3: The three sensor placements which have been considered

configuration. Combined with an absolute output which would only require a single reference
point, this was the initial choice. The supplier unfortunately, could not guarantee the accuracy
of the measurements in this configuration. The high stresses resulting from the pressure forces
acting on the shaft could deform the shaft, which contains magnetic rings for the measurement. It
would be uncertain how the measured value would respond to the deformation of the rings and to
what extent the measured value corresponds with the position of the upper surface of the actuator
seat. This option was therefore discarded.
The second option, using a tapered shaft was considered in combination with an ECS or an
LTS but was quickly discarded. ECS’s are calibrated to measure a flat surface with a diameter
three times the probe diameter which is perpendicular to the probe. To have a sufficient range,
the radius would have to be too big, while using a smaller surface reduces the range that can be
measured. Additionally, using a relatively small surface with angles in two directions would limit
the range and accuracy without knowing by how much. An LTS is also discarded as an option
with this geometry. LTS’s require a large area between the sensor and the target to be empty, and
reflecting surfaces in the area can disturb the measurements. As the setup is likely to be made
from steel, reflecting surfaces will be present.
The last option shown, measuring the underside of the actuator seat in the pressure compensation space resulted as the best option. Either an LTS or an ECS can be used in this configuration,
but the previously mentioned considerations about the optical properties of the oil mean an ESC
is the best choice. Using an ESC requires a disc (giving extra drag) to provide sufficient surface area for the measurement, which is the reason measuring directly at the actuator seat is not
possible. Using a pin protruding out of the housing as seen in the poppet position measurement
is not favourable in this situation due to the resulting force, which adds force to the actuator
requirements.
Eventually, none of the presented options was used because the position sensor was combined
with the actuator choice. The chosen actuator combines the actuation, position sensor and a
possibility to estimate the force acting on the actuator. This eliminates the addition of the extra
disc to accommodate the ECS, and improves the resolution from the values seen in Table 6.3 to
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25nm.
Pressure sensors
Two types of pressure sensors are used in the system: Two STS TM, and one Kistler 4065 sensor.
The specifications of both are shown in Table 6.4. The STS TM sensor was chosen for this setup
due to the fast response time and the high accuracy. Additionally, the cost was relatively low.
Unfortunately, the output produced by the sensor was slightly different than expected which meant
it could not be recorded using the planned DAQ device. To be able to record it using a different
DAQ, the signal had to be boosted using separate electronics. The electrical scheme of the separate
system is attached in Appendix D. The Kistler sensor was used because it was available within
the company.
Table 6.4: The pressure sensor data
Brand
type
range / bar
accuracy / %FS
accuracy / bar
Response time / ms

STS
TM
400
0.5
2
0.1

Kistler
4065B
400
1.5
6
0.025

Force sensors
Because only the static force acting on the actuator seat and poppet can be calculated, a force
sensor on both the actuator seat and poppet would be an interesting addition to the system.
Unfortunately, measuring the force acting on the poppet is not an option because this cannot be
combined with the free motion required for the main goal of the project.
A good alternative would be to have a force sensor measuring the force acting on the actuator
seat. Because the actuator seat is balanced in theory, an unbalance in force will most likely
originate from the flow above the seat, where velocity and turbulence can create a different pressure
than the (mostly) static fluid below the actuator seat. Though this is not a quantity that can
be used directly in modelling the poppet’s behaviour, it might provide an order of magnitude for
the dynamic pressure. This can then be subtracted from the measured hydraulic head to obtain
a measure for the pressure acting on the actuator seat and poppet.
A drawback of force sensors is that they use a displacement which is coupled to a force by
material parameters. Due to this extra displacement, the sensor cannot be placed in a path which
is also used to measure the poppet’s position. Due to this, the force sensor option is not an option
in the setup where a piezo was chosen as actuator and position sensor. This would disrupt the
position measurements both when it would be placed between the actuator and the ’fixed world’
and when it would be placed on the moving side of the actuator.
Fortunately, it is possible to estimate the force acting on the piezo without an extra force
sensor. By measuring the current and voltage provided to the piezo, combined with its position,
the force can be estimated[17][15]. Though the accuracy of such an estimate is unknown, it is the
best option available in combination with the actuator of choice.

6.4

Setup overview

The previous parts of this chapter led to the design as shown in Figure 6.4. Figure 6.5 shows two
cross-sectional views of the setup. The left shows the bridge to which the piezo is connected, while
the left shows the yoke connecting the piezo to the actuator seat. Additionally, the right shows
the pressure compensation channel connecting the bottom oil volume with the volume around the
actuator seat.
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6.5

Geometry

This section will discuss several choices made regarding the geometry of the valve.
Gain
The system has the option for a gain between the motion of the AS and the resulting poppet
motion. Because of the desire to reuse the old poppet to allow reuse of the top part of the setup,
changing the actual surfaces is not considered an option. Additionally, properly predicting the gain
for a certain geometry cannot be done with any certainty. Chapter 4.5 shows that predicting the
gain is not possible for the case in which the geometry and the discharge coefficients are known.
The large inconsistencies in this prediction, which have not been explained yet, provide little
confidence in choosing a certain gain for a new geometry when even less information is available.
Having a variable gain gives the option to experiment with different gains, without the risk of
building a setup with an unworkable gain.
As mentioned, changing the areas on the poppet is undesirable. Changing the diameter of
the AS however, should give a similar result by moving the position of the orifice. Three options
regarding the gain in combination with the AS diameter have been considered:
• No variable gain, using the old dimensions.
• A rim on the top part of the AS, with a fixed diameter below. The fixed diameter would
allow for a single housing, and the rim diameter can be varied to examine different gains.
Unfortunately, the extra shoulder means that the actuator seat is no longer balanced, which
is not an option with the chosen actuator.
• A replaceable housing for actuator seats with different diameters. A replaceable housing
with a fixed outer diameter to fit within the part containing the fixed seat could be used to
accommodate actuator seats with different diameters. This would increase the number of
parts and complicate the design slightly, but provides a clear advantage for future research.
The last option was eventually chosen, which is shown in Figure 6.6.
Incorporating the piezoelectric actuator
Several considerations have led to the current location of the actuator. The first question was
whether the relaxed/unpowered position should correspond with the upper or the lower position
of the actuator seat. For safety reasons the lower position is chosen. This ensures that when the
piezo is suddenly turned off, the poppet cannot impact with the actuator seat which could damage
the piezo.
The piezoelectric actuator has been designed to withstand a push/pull force of 10/90 N respectively. Due to the uncertainties regarding the forces resulting from the flow over the actuator
seat, a more balanced distribution of the allowed forces in push and pull direction is preferred. In
order to balance this and be able to withstand the same force into both directions the supplier
suggested adding an extra spring. This spring should be an order of magnitude less stiff than the
one used in the provided actuator, being 7.09 N/mm and 150 N/mm respectively. This design
already contains a spring that protects the stack of piezoelectric crystals against a pulling force
which would damage them. The spring was added around the axle of the actuator seat and can
be fixed using nuts to set the right pre-tension. This is visible in Figure 6.9 under the plate fixing
the actuator seat housing.
Additionally, the actuator force is preferred to be located concentric with the actuator seat
because the guidance of the moving part depends on the hole-shaft combination. Eccentric actuation could lead to additional friction forces or locking up of the actuator seat. To allow this, a
bridge is constructed to attach the actuator to the sides of the casing. The bridge is lengthened
to encompass the entire piezoelectric actuator, functioning as a bumper to protect the piezo. The
actuator is connected to both the bridge and the yoke using M3 bolts.
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Apart from the bridge, one of the sides of the setup requires a hole to allow for the cable of
the piezo to exit the setup. This hole is made in the side which does not contain the oil duct for
the pressure compensation.
Yoke
To allow the piezo to apply its force at the centreline of the actuator seat, the forces need to be
diverted around the piezo. The yoke seen in Figure 6.7 is designed to do this. Unfortunately, the
piezoelectric actuator has its electric connection in the middle which complicates the yoke design.
This led to the choice to create the yoke out of two parts to allow assembly of the setup. Both
sides of the yoke are designed with the cut-out for the cable to prevent uneven deformation which
could lead to forces pushing the actuator seat askew.
Tolerances in the pressure compensation line
In the design of the parts that relay the pressure force from the actuator seat to the pressure
compensation, several choices were made to allow for a smooth motion of the actuator seat. Due
to fabrication limitation, not all parts can be connected rigidly and be expected to fit in the
corresponding holes. Similarly to the previous actuator seat, a some degree of freedom must
remain. Therefore, several choices were made regarding the locations seen in Figure 6.8.
1. Both the fit between the actuator seat with the housing requires a tight fit between both
parts to prevent oil leakage and pressure losses between pin and pint . An extra seal was
not an option due to the resulting friction which would require extra force from the actuator. Therefore, the housing and actuator seat were dimensioned at 21.71H6 and 21.71h5
respectively.
2. Similarly, the housing and the rod require a tight fit to prevent leakage and pressure loss
to the surroundings of the setup. The housing and the axle were dimensioned as 8H6 and
8h5 respectively. To allow the tight tolerances on both this and the previous location, the
eccentricity was given a tight tolerance of 0.005 mm.
3. The connection between the compensation rod and the yoke is purely based on pressure
forces. Fixing this connection could have hampered smooth operation if the hole for the
pressure compensation rod bellow is not aligned properly with the hole above. But because
no pulling forces have to be relayed and pressure forces are sufficient to maintain contact,
this connection can be broken.
4. The fit between the rod and the housing is tight as there is are no other fits that need to be
considered. The housing and the rod were dimensioned as 8H6 and 8h5 respectively.

6.6

Completed setup

The completed setup is shown in Figures 6.9 and 6.10. The parts fit together mostly as planned,
with only two details which required some alterations:
• Enlarging the hole in the actuator seat housing that allows oil to access the pressure compensation line visible in Figure 6.6. The angle between the three bolts to attach the housing
to the plate below and the oil compensation hole was not defined on the blueprints.
• The threading to allow attachment of the top part of the setup to the new part was left out
of the blueprints accidentally. Therefore, a helical insert was installed to accommodate the
M10 bolts.
The chosen tolerances appear to be right, with the actuator seat moving smoothly through the
setup even without oil present.
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Figure 6.4: An overview of the newly designed bottom part of the DSV test setup with the front
housing removed for visibility. 1. Actuator seat; 2. Fixed seat; 3. Pressure sensor pmid ; 4. Plate
fixing the variable actuator seat housing in place; 5. Yoke; 6. Bridge; 7. Piezoelectric actuator; 8.
Bottom pressure compensation rod
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Figure 6.5: Two cross-sectional views of the valve. Left shows the piezoelectric actuator (blue)
connected to the bridge above and the yoke below. Right shows how the yoke surrounds the piezo
and the bridge to connect the actuator seat above (yellow) with the pressure compensation rod
below (red). The oil connection from the actuator seat housing to the pressure compensation
volume is visible in the right side of the setup. The left shows a hole with a cable leading to the
piezo (blue)
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Figure 6.6: The replaceable housing seen with the housing and the actuator seat

Figure 6.7: The yoke used to divert the forces in the actuator seat around the piezoelectric actuator
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Figure 6.8: The locations for which choices were made with respect to degrees of freedom

Figure 6.9: The new setup, without the piezoelectric actuator attached.
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Figure 6.10: A close-up of the new setup, showing (from top to bottom) the actuator seat housing
plate, the compensation spring around the actuator seat, the yoke, the bridge, the piezo,
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Improvements and future work

This project contains the first step to achieving the goals mentioned in Section 1.4. Apart from the
further steps described in the goals, several improvements on the current work are recommended:
• Improve the accuracy for the position measurements. Currently, the margin of error is
33µm which is insufficient to accurately measure the poppet and actuator seat position.
The piezoelectric actuator for the actuator seat already provides an improvement to the
nanometre range for the measurement of the actuator seat position. Unfortunately, initial
attempts to use the piezoelectric actuator to re-calibrate the position sensor of the poppet
have been unsuccessful. This is because the piezo is not powerful enough to overcome the
spring force and friction force and lift the poppet. Lifting the poppet without the spring
pushing down on the poppet is possible, but then the position does not increase smoothly
with the piezo movement. Either reducing the friction force and spring force to be able to use
the piezoelectric actuator, or using a more accurate measuring dial are the recommendations
to improve the position accuracy.
• Improve the thermal model. The current expansion coefficient has been determined using the
inaccurate position measurements described earlier and should be verified. But the order of
magnitude of the expansion shows that a more refined model is required when the positioning
accuracy is improved to the < 10µm range. The thermal model will most likely require a
history term to accurately describe the expansion because the poppet temperature is not
measured directly. The oil temperature of the in- and outflow are measured but neither will
be the instantaneous temperature of the poppet.
• Improve the actuator seat stability. Improving the actuator seat stability would simplify
both the measurements and the analysis. With increased stability, measurements would
not require constant caution to prevent sudden closing of the valve. Additionally, repeated
measurements at specific actuator seat positions would be possible. This would allow for a
direct comparison of measurement data without requiring interpolation to obtain data points
at equal Q and ∆h
Apart from improvements on the work already done, further work to improve the understanding
of the Double Seat Valve is advisable:
• Perform CFD simulations. Several questions remain due to a lack of knowledge about the
flow behaviour at a smaller scale: How does the measured pressures relate to the pressures
acting on the poppet surface; What is the pressure profile acting on poppet surface A2 ;
• Acquire more data at low flow rates and low pressure drops. Especially at low pressure
drops, the data shows other trends than at higher pressure drops. Current data is limited
for these conditions, requiring more measurements with a more stable actuator seat.
• Check if the new setup satisfies the set requirements. The setup has been designed to match
the requirements stated in Chapter 6. However, these requirements have been set using
relatively simple equations to estimate the magnitudes of the forces acting on the system.
Before performing dynamic measurements, it is advisable to verify the operating range of
the setup.
• Measure the steady state functioning of the DSV with the flow in reversed direction. The
valve is shown to operate in the reversed flow direction when the actuator seat is positioned
above the fixed seat. Obtaining data about the relationship between the position, pressure
drop and flow rate is required to get a full model of the valve and show its full potential.
• Perform experiments to verify the theoretical values for the added mass and friction. Combined with experiments to find the poppet stiffness against deviations from the steady state
equilibrium, the linearised model can be formed.
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• Research into the effects of two orifices in close proximity to each other. All research found
in literature is focussed on a single orifice for which the upstream and downstream flow path
is considered to be unrestricted. This is not the case in the DSV, in which two orifices are
placed in close proximity. How this might affect the flow should be examined to determine
its influence on the relationship between the pressure drop, flow rate and orifice opening.
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Conclusions

The goals in the introduction aim at creating a setup for dynamic measurements with the Double
Seat Valve, repeating the static measurements with the new setup and commencing with experiments to obtain data for a dynamic model. Only the first objective has been achieved due to time
restrictions and longer supply times for the new setup.
During the delivery time of the new parts, the old setup has been rebuild and calibrated
as preparation for the new setup. Though the original goals have not been reached and little
new information was gained, several practical steps towards dynamic measurements have been
set. These are mainly steps to incorporate the valve in the test cell currently used at Innas bv,
which includes choosing new sensors, calibrations and determining the steps required to be able to
measure. Apart from choosing the sensors, some parts required redesigning to be able to place the
sensors and adding electronics to obtain measurable signals. The main considerations with respect
to the measurements were choosing the inputs variables and determining methods to obtain the
zero-points both the actuator seat and the poppet position.
After measuring, many questions still remain. No reason for the rapid rise of Cd,i for low
pressure drops has been found. The negative pressure drop measured during high openings and
low flow rate is still unexplained due because of a lack of information on the local flow phenomena.
Furthermore, a still unknown relationship between the shifting actuator seat position and the
inflow pressure and/or flow rate still exists.
The absence of a more detailed understanding of the flow at sub-system level also hampered
the modelling of the system. Apart from mathematical difficulties, the data on a system-scale
provides too little details to accurately model the poppet behaviour, and the resulting valve behaviour. More detailed knowledge is required regarding the flow forces surrounding the poppet
to accurately model the poppet motion. A mathematical model is presented to predict the dynamic behaviour of the poppet, which requires accurate data from dynamical measurements to be
completed and validated. Reproducing the measurement data using Simcenter Amesim was also
unsuccessful, most likely due to flow related forces in and in between both orifices. Finally, very
simple correlation to relate the total pressure drop ∆pt , flow rate Q and actuator seat position
∆h is presented, showing an error in the predicted pressure drop of < 1 bar for ∆h > 50µm.
A new setup has been designed to be able to provide dynamic position input to the valve. The
final design incorporates pressure compensation to prevent a high force acting on the actuator due
to the pressure. This allows the use of a piezoelectric actuator to provide close-loop controlled
actuator seat motion with nanometre accuracy and the option for an estimation of the force acting
on the actuator seat. The setup has been constructed but time did not allow experiments with the
new setup, though completed setup has shown that the actuator seat can be actuated smoothly.
Unfortunately, the attempts to use the piezoelectric actuator to verify the poppet position sensor
has been unsuccessful because the friction force in the poppet was too large for the piezo to
overcome.
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AMESIM MODELS

Hydraulic force derivation

The equation for the hydraulic force
Fh = −A1 p1 + A2 p2 − A3 p3
can be rewritten using
p2 = p1 − ∆p12
and
p3 = p1 − ∆p12 − ∆p23
to
Fh = p1 (−A1 + A2 − A3 ) + ∆p12 (−A2 + A3 ) + ∆p32 A3

(A.1)

in which −A1 + A3 − A2 = 0 and −A2 + A3 = −A1 . This gives the final expression seen in
Equation 1.1:
Fh = ∆p23 A3 − ∆p12 A1
(A.2)

B

Amesim models

Figure B.1: The most used hydraulic components: H1. Variable orifice, H2. Oil properties, H3.
Pressure Transducer, H4. Chamber, H5. Piston, H6 & H7. Piston components from Hydraulic
Component Design

• H1. Variable orifice. This model has several possible sub models to choose from. The ones
used are the most basic version and the version using a table as input. The most basic version
gives several options to describe the behaviour of the orifice. The option used requires the
flow rate and pressure drop at the maximum opening from which assumes a linear drop when
the opening becomes smaller.
The version using a table requires a table providing the relation Q = f (x, ∆p, (T )) at several
points. From this data the orifice interpolates when needed.
• H2. Oil properties. As in most models, the extend of the data the user can provide can be
varied. This ranges from providing density, bulk modulus and viscosity at a given temperature to providing full tables of all quantities at different circumstances.
• H3. Pressure transducer. This model measures the pressure and provides a signal output
with the value.
• H4. Chamber. This model represents a constant volume and it takes into account pressure
dynamics. It uses the flow rates into the volume to compute the derivative of pressure by
dp
BQ
=
dt
Vchamber
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in which p represents the pressure, t the time, B the bulk modulus, Q the net inflow and
Vchamber the volume of the chamber.
• H5. Piston. This model uses the pressure dynamics in the volumes at either sides of the
piston, viscous friction and leakage in the cylinder to calculate the resulting force on the
piston rod.
• H6 & H7. Hydraulic component design piston. These models represent only the pressure
acting on a piston.

Figure B.2: The most used mechanical components: M1. Mass with viscous friction and end
stops, M2. Linear elastic end-stop with 2 ports capable of linear motion, M3. Signal to linear
displacement, M4. Displacement sensor, M5. Signal to force

• M1. Mass. Several sub models are available. Most often a sub model is used that allows for
friction and end-stops.
• M2. Linear elastic end-stop with 2 ports capable of linear motion. This component allows
for free motion at both connections, but when the gap between them closes both motions
are forced to coincide.
• M3. Signal to linear displacement
• M4. Displacement sensor. The displacement is measured and turned into a signal
• M5. Signal to force. A signal is turned into a force.

C

Measurement plan for steady state
1. Heat the oil to 47 < T < 53◦ C
2. Run the oil through the DSV to heat the valve
3. Stop the oil supply and ensure that the actuator seat is below the fixed seat
4. Move the actuator seat upwards to lift the poppet and back down. Repeat three times to
obtain several values for the position calibration
5. Put the actuator seat in a slightly opened position
6. Initiate a small flow rate to find the shutting point of the valve
7. Decrease the actuator seat position until the valve shuts to determine the zero point.
8. Put the actuator seat in the first position mentioned in Table C.1
9. Apply the desired flow rates

10. Repeat steps 8 and 9 for the different actuator seat positions.
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Table C.1
Closed position
h [m]:
Q [l/m]:
2
5
10
15
20
25
30
35
40
45
50

D

+0.005 mm

+0.01 mm

+0.02 mm

+0.03 mm

+0.04 mm

STS TM amplifier
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