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Abstract. This article deals with the experimental and numerical analysis
of the leakage characteristics of the proportional directional valve. These
characteristics describe the flow through the directional valve in the region
of the center position of the spool valve. The element under investigation is
a three-position four-way directional valve with zero overlap and feedback
from the valve spool position. The actual valve spool position is sensed by
an inductive position sensor and processed by integrated electronics. By
means of an offset on the integrated electronics, it is also possible to set the
center position of the valve spool. By moving the valve spool, the size and
direction of the working fluid flow in both directions can be controlled.
Internal leakage occurs due to axial and radial clearances between the spool
and the sleeve. The magnitude of the axial clearances that occur at the
control edges is investigated. The blocked-line pressure sensitivity curve,
leakage flow curve and center flow curve are determined by experimental
measurements. Depending on the experimental measurement, the correction
of the center position of the valve spool is then made using offset. The flow
through the control edges at the center position of the valve spool was
simulated using Ansys Fluent software. Subsequently, the geometry of the
flow simulation model is adjusted. The adjustment is made to take into
account manufacturing tolerances. Finally, the simulated dependencies
including the effect of manufacturing tolerances are compared with the
measured and analytically determined characteristics.
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1 Introduction

In industrial applications, proportional directional valves are often used to control
hydraulic motors. Proportional directional valve allows continuous control of the magnitude
and direction of flow in hydraulic systems [1, 2]. From the design point of view of the control
element we distinguish between spool and poppet valve. Poppet valve ensures tightness in a
certain direction of fluid flow. In spool valve, leak occurs between the spool and the sleeve
and internal fluid leakage occurs [3]. Fluid leakage is undesirable but unavoidable. In many
applications with directional spool valve, internal leakage is an important factor affecting the
design of the hydraulic system. Due to leak, fluid leakage occurs, which can affect energy
losses in the system or also undesired movement of the unloaded hydraulic motor [4]. The
amount of internal fluid leakage between the valve spool and the sleeve is influenced by the
radial clearance and the type of spool valve overlap. The overlap size of the individual control
edges of the directional valve may vary depending on the requirements of the hydraulic
system [5, 6]. The actual dimensions of the radial clearance and all functional spool surfaces
depend on the accuracy of the manufacturing process. The same applies to the overlap of the
channels in the axial direction. Internal leakage can also be affected by surface topography
errors, which include roughness, corrugation and shape error. These errors lead to an uneven
gap field between the spool and the sleeve, resulting in leakage [7]. In spool valve, adhesive
and abrasive wear of the functional surfaces and edges of the spool valve occurs during use.
This wear causes leakage to increase [8, 9, 10]. Internal leakage can also be affected by
thermal deformation of the hydraulic flow orifices caused by viscous heating [11]. Although
manufacturing inaccuracies are on the order of a few microns, this can significantly affect
the behaviour of the valve in the center position region of the directional valve.

2 Theoretical background

2.1 General valve analysis

The investigated element is a proportional directional valve PRL2-06-32-0-24 from Argo
Hytos. This directional valve is mainly used for continuous flow control to hydraulic motors.
It is a directly controlled, three-position, four-way directional valve with a sharp edge spool.
The overlap of the spool in the center position is stated as zero. The control part of the
directional valve consists of a linear motor. The armature of the linear motor is rigidly
connected to the valve spool. An inductive spool position sensor is also part of the directional
valve. The internal electrical feedback from the position of the valve spool ensures higher
accuracy of the directional valve [12].

In general, for the flow through the valve orifices is described by the orifice equation:

/2
Opi =Cpw;x ;APOI‘ > (1)

where Cp is the flow coefficient, w is the area gradient of the valve, x is the spool stroke, p is
the fluid density, Apo is the pressure drop across the control edges, i = 1, 2, 3, 4 is the index
corresponding to the given pair of control edges, see Fig. 1.

If a positive overlap of the control edges is achieved, the equation for flow in a narrow
cylindrical gap applies [13]:
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where Dsp is the spool outer diameter, s is the radial clearance, 77is the fluid dynamic
viscosity, x is the spool stroke corresponding to the length of the narrow cylindrical gap and
Apq is the pressure drop across the narrow cylindrical gap.
If the valve spool is in the center position, the following equation can be used to
calculated the center flow rate [14]:
a s’

= Ap e, 3
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where s is the radial clearance, 7 the fluid dynamic viscosity, w is the area gradient of the
valve and Apg is the pressure drop across the control edges.

After adjusting equation (3), the following equations apply to the calculation of the
pressure gradient at the control edges:

3210
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This equation is then used to analytically calculate the center flow rate for comparison with
experimental measurement and mathematical simulation.
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Fig. 1. Analysis of the flow through the 4/3 spool valve in center position x = 0.

There are several critical dimensions that must be maintained in manufacture of spool
valve. These are the axial and radial clearances between the spool and the sleeve, see Fig. 2.
For high performance valves, these dimensions are strictly tolerated in the range
Uar= Ups = (- 2.54 + 2.54) um. In some cases, a range Uyr = Upy = (- 7.62 + 7.62) um may
be acceptable [14]. These tolerances significantly affect the internal leakage and pressure
sensitivity around the center position. The spool outer diameter Dgsp and the sleeve diameter
Ds; were measured using a Metrosoft Quartis. The actual radial clearance between the spool
and the sleeve is s = 3 um. The amount of axial clearances that occur at the control edges is
the subject of research. In the case of valves with zero overlap, the clearance is ideally zero,
in reality a positive or negative overlap occurs. The amount of the overlap or underlap is
determined by the manufacturing variation.
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Fig. 2. Control edge geometry with zero overlap.

3 Experimental analysis

Three leakage characteristics are measured and subsequently evaluated in the
experimental measurements. These characteristics describe the behaviour of the investigated
directional valve around of the center position, when leakage occurs due to radial and axial
clearance.

3.1 Experimental test stand

Fig. 3 shows the hydraulic scheme of the experimental equipment that was used to
determine the leakage characteristics of the proportional directional valve. The source of
pressure energy is a hydraulic unit with a constant pressure control axial piston
hydrogenerator. Experimental measurements are performed on the proportional directional
valve PRL2 from Argo Hytos. The proportional directional valve is connected to the system
by a pressure pipe P. The load ports of valve A and B are blocked by pressure sensors S2 and
S3. The load flow between ports A and B is zero. The fluid is drained back to the tank by a
return pipe T. Measuring points for connecting pressure sensors S1 and S4 in front and behind
of the valve are placed in the hydraulic circuit. The spool position is sensed by an integrated
inductive position sensor. The flow meter S5 and temperature sensor S6 are connected in
front of the proportional directional valve. The measuring instrument MS 5070 from
Hydrotechnik is used to record the measurements. The working liquid is HV46 oil with
kinematic viscosity v = 45.3 mm?-s™! at oil temperature fo = 40 °C. The measuring range and
accuracy of all the sensors used is given in Table 1.

Table 1. Technical parameters of individual sensors.

Sensors Measuring range Measuring accuracy
Pressure sensor S1 (0 +400) bar + 0.25% of full scale
Pressure sensor S2, S3 (0 +250) bar
Pressure sensor S4 (0 +~ 60) bar
Flow meter S5 (0.05 + 5) dm* min’! up to + 0.4% of reading
Temperature sensor S6 (-50 +200) °C 0.3+0.005 70 °C
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Fig. 3. Scheme of experimental equipment.

3.2 Experimental measurements

Experimental measurements to determine the leakage characteristics are performed with
load ports A and B blocked, so the load flow is zero. Supply pressure pp, pressures p4 a pp in
the load ports, return pressure pr, flow rate Q, spool position x a working liquid temperature
to are measured using by a MS 5070. Working liquid temperature is constant zo =40 °C. The
supply pressure is set to a constant value pp =250 bar for determine the blocked-line pressure
sensitivity curve a leakage curve. The spool is in the center position and the supply pressure
pr is gradually increased in the range pp = (50 + 250) bar for determine center flow curve.
The measurements were first made with the manufacturer's original setting for the center
position of the valve spool. The center position of the directional valve is defined as the state
when the pressure difference p4 and pp at the blocked load ports A and B is zero resp. the
pressures are equal. Depending on the determined blocked-line pressure sensitivity curves,
the correction of the center position of the valve spool is then performed. Subsequently, the
measurements were performed again with a modified center position of the valve spool.

3.2.1 Blocked-line pressure sensitivity curve

Fig. 4 shows the determined blocked-line pressure sensitivity curves in the range of spool
stroke x = (-20 = 20) %. For a greater spool stroke in both directions, the pressures p4 and pg
remain constant. From the waveforms of the determined characteristics with the original
settings from the manufacturer, it is found that the center position of the valve spool is
reached at the input voltage U, =0.11 V. Depending on the determined input voltage for the
center position, the correction of the center position of the valve spool was then using offset.
From the evaluation of the determined characteristics after correction it can be seen that the
pressures p4and pg are equal at zero spool stroke. The difference in spool stroke before and
after correction corresponds to 1.4% of the maximum spool stroke. In the center position of
the valve spool, the load ports have the same pressure, which corresponds to 58% supply
pressure. It can be said that the pressure drop at the control edges PA and AT is not the same.
The difference of pressure drops can be caused by axial clearances on individual control
edges that are affected by manufacturing tolerances.



MATEC Web of Conferences 369, 02007 (2022) https://doi.org/10.1051/matecconf/202236902007

40" MDFMT & XXIII. AEaNMiFMaE-2022

W
00 Ry

_. 80

% 70 [ Pa (original)

S 60 |- PB (original)

§ 50 gz (COl’reCt.IOn)

2 40 (correction)

5 30

~ 50 ~
10 R
e T

e as o s 0 5 10 15 20
Spool stroke x [%]

Fig. 4. Blocked-line pressure sensitivity curves.

3.2.2 Leakage flow curve

The leakage curves for the original and adjusted settings of the center position of the valve
spool using the correction are shown in Fig. 5. It is clear from the graph that in the center
position of the valve spool, the leakage flow Q; is maximum and decreases rapidly with spool
stroke x in both directions. The decrease is due to the increasing length of edge overlap

corresponding to the spool stroke.
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Fig. 5. Leakage curves.

3.2.3 Center flow curve

The center flow curves for the original and adjusted settings of the center position of the
valve spool using the correction are shown in Fig. 6. It is clear from the graph that the center
flow Qc as a function of supply pressure pp increases almost linearly. The center flow Q¢ for
the maximum supply pressure pp corresponds to the maximum leakage flow Oy in Fig. 5.
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Fig. 6. Center flow curves.

4 Numerical simulation

The simulations of the flow through the directional valve with the valve spool in the center
position and with the load ports blocked were carried out. The inverse geometry of the solved
region is created in ANSYS Design Modeler. To simplify the calculation, half of the
directional valve with spool for channel A is modelled, see Figure 7a. The mesh is created in
ANSYS Mesher, see Figure 8. The mesh is refined in the area of the narrowest cross-section.
The mesh was subsequently adapted according to the velocity gradient to refine the
calculation. The monitored parameter in the mesh adaptations was the pressure drop at the
control edges. Further refinement of the mesh at the control edges is achieved by adapting
the mesh. The number of elements after the adaptations is approximately 15 million. The
definition of each boundary condition is shown in Fig. 7b.

Pressure outlet
(Port T)

Blocked
port A

]

Mass flow inlet
(Port P)

(@)

(b)

Fig. 7. (a) Cross-section of modelled region for channel A, (b) boundary conditions.
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Mathematical simulations are performed for geometries directional valve where
Uar=Ups=-2.54 pym (underlap tolerance), Usr = Ups = 0 pm (null tolerance) and
Uar=Ups=2.54 pm (overlap tolerance). Symmetric tolerance is considered in the
simulations where Uyr = Up4. The first null tolerance simulation is performed for an ideal
directional valve geometry with zero overlap. Underlap and overlap simulations are
performed for directional valve geometries that take into account manufacturing tolerances.
The RANS model k- (SST) is used for the numerical simulations. Constant boundary
conditions were considered for all simulations performed. The inlet boundary condition is
defined by the mass flow rate O, and the outlet boundary condition is defined by the outlet
pressure pourer. The mass flow rate is set to half the mass flow rate to simulate flow through
only channel A. The settings of the input and output boundary conditions including the fluid
parameters are shown in Table 2.

Tab. 2. Boundary conditions and fluids parameters

Qm Doutlet
[kg's] [Pa

1. 0.000199 0
2. 0.000398 0
3. 0.000667 0
4. 0.001008 0
5. 0.001363 0
6. 0.001732 0
7. 0.002144 0
8. 0.002599 0
9. 0.003081 0
10. | 0.003593 0
11. | 0.004402 0
Do 852 [kg'm™]
o 0.0385 [Pa-s]

5 Results

Center flow curves determined by mathematical simulations for individual directional
valve geometries are shown in Fig. 9. The overlap and underlap tolerances define the range
of centre flows that are affected by the size of the axial clearances. The range of centre flow
resp. axial clearances is defined for the maximum permitted manufacturing tolerances. In the
graph are compared the mathematically simulated dependencies and the experimentally and
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analytically determined center flow curves. Equation (4) was used for the analytically
determined curve. The parameters used for the analytical calculation correspond to the
parameters defined for the mathematical simulation. The experimentally determined curve
corresponds to the analytically determined curve and is within the defined range.
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Fig. 9. Mathematically simulated, experimentally and analytically determined center flow curve.

6 Conclusion

This article deals with the experimental and mathematical analysis of leakage
characteristics of proportional directional valve. Blocked-line pressure sensitivity curve,
leakage flow curve and center flow curve were successively measured and evaluated. As part
of the experimental analysis, the correction of the central position of the valve spool was
performed. Subsequently, numerical simulations of the flow with the valve spool in the center
position are performed for different directional valve geometries taking into account
manufacturing tolerances. The determined overlap tolerance and underlap tolerance curves
define the range of center flow that is affected by the maximum permitted manufacturing
tolerance. Subsequently, the dependencies determined by simulation are compared with
experimentally and analytically determined center flow curves.
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