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Abstract

The aim of this work was to obtain the correct hydraulic proprieties of a hydraulic spool servo-valve using computa-
tional fluid-dynamics (CFD) techniques and adopting an accurate enough mesh to analyse the flow pattern inside the
valve. The zones where thickening of the mesh is necessary have been detected and a method to generate the mesh,
based on Reynolds numbers and spool stroke, has successfully been used to minimize computational resources. A com-
parison with numerical and experimental results (Dong and Ueno, 1999) confirms the accurate description of the behav-
iour of the valve. The results have been compared with the theoretical behaviour, through a 1D multi-physics model
simulation, in order to understand in which conditions the theoretical model is not able to describe the valve properties
carefully enough and a more accurate CFD model should be used. As CFD analysis requires high computational re-
sources, a method to improve 1D model accuracy through CFD techniques has been proposed, so that after a prelimi-

nary CFD analysis of the valve, it would be possible to analyse a whole hydraulic system with a 1D model.

Keywords: Servo-valve behaviour, hydraulic CFD, meatus flow description, variable orifice analysis, spool valve discharge coefficient.

1 Introduction

Electrohydraulic servo-valves are crucial compo-
nents in hydraulic systems for the control of actuators.
In order to carefully describe the behaviour of servo-
valves, it is necessary to understand the flow pattern
that develops inside them. In these devices, the pipes
and the orifices are far from their relative ideal models,
and the orifice in particular is variable in both dimen-
sion and shape, so that the circular orifice model cannot
describe it properly. For this reason, servo-valve flow
properties are usually calculated through empirical
formulas.

A more accurate method involves the use of the
classical flow equations that results from mass, mo-
mentum and energy conservation, accompanied by an
orifice or a meatus flow formulation. In this approach
the orifice discharge coefficient is commonly supposed
to only depend on the Reynolds number, as occurs for a
circular section orifice (Viersma, 1980):

0 =car 2 ()

where Q is the volume flow rate, A is the orifice area,
C4 the orifice discharge coefficient, Ap the pressure dif-
ference across the orifice and p the density of the fluid.
The dependence of the orifice discharge coefficient
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with the Reynolds number is usually expressed as

C,= {k\/Re if Re < Recr @)
0.611 otherwise

where k is a constant and Re is the Reynolds number
based on the orifice, defined as

vd
Re =2

: ®3)

where dy is the orifice hydraulic diameter, V the aver-
age velocity of the flow through the orifice and v the
kinematic viscosity of the fluid. In the case of annular
orifice, typical of spool valves, the Reynolds number
can be expressed as
Q

Re = m (4)
where r is the spool radius. Several values for the criti-
cal Reynolds number Re.. can be found in literature,
spanning from 20 to 100 (Viersma, 1980).

Since the geometry of servo-valve orifices is quite
complex and changes according to the spool position,
the behaviour of the discharge coefficient might be sig-
nificantly different from that of the circular orifice, and
could lead to non- negligible errors. Computational
Fluid Dynamics techniques may be successfully used to
estimate the discharge coefficient for different valve
openings and flow rates. The combination of high sec-
tion gradient and the development of different flow pat-
terns inside the valve make mesh generation critical.
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Special attention is needed for the description of the
boundary layer. In order to create a suitable mesh for
each different condition, which means different spool
openings and flow rates, the mesh parameters were di-
vided into two groups: Reynolds-dependant and ge-
ometry-dependant. This allows several analysis to be
conducted easily to obtain the mapping of the discharge
coefficient for each working condition. Through a
comparison with the results of a theoretical 1D model it
is possible to know in which conditions the theoretical
model leads to non-negligible errors, and thus when a
CFD analysis is needed to determine the flow coeffi-
cient of the orifice.

2 Mesh Generation

As a first step, a simplified geometry has been con-
sidered: in order to carry out the comparison with 1D
model, it was chosen to model just the inner region of a
spool valve, i.e. the region included inside the valve

sleeve. As can be seen from Fig. 1, the spool valve ori-
fice represented in Fig. 2 can equally represent the ori-
fice between supply port P and one of the load port (A
or B), or the orifice between one of the load port and
the tank T, depending on the flow direction.

In this work a valve sleeve with just two opening
for each port was considered (as shown in Fig. 1) and
thus two symmetry planes can be individuated, leading
to a remarkable saving in computational resources.
Taking advantage of the symmetry properties of the
spool geometry, a CAD geometry of one quarter of the
half spool has been modelled and imported into the Star
CCM+ from CD-Adapco CFD software (Fig. 2). It can
be easily noticed that the CAD model used for the CFD
analysis shows a much more elongated shape of the
bore of the valve sleeve with respect to their actual
size. The boundary conditions of the CFD model are
imposed on the outer surfaces of these ducts and if the
real dimension would have been respected, the flow
pattern inside the orifice would have been strongly af-
fected by the choice of the boundary condition.
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Fig. 1:  Valve sleeve and spool geometry. All dimensions in mm.
Blue region represents the fluid region for a particular spool stroke
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Port 1

Fig. 2:  Fluid domain portion from CAD geometry

The geometry areas showing the most interesting as-
pects in this analysis are the boundary layer on the walls
and the orifice section. For this reason the mesh of these
zones has been defined with particular accuracy, with a
high number of prism layers. The thickness of the
boundary layer in a wall bounded flow depends on the
Reynolds number (Prandtl, 1905): in internal flows the
boundary layer is considered to extend over the whole
domain, but it is possible to define a viscous wall region,
where the viscous contribution to the shear stress is sig-
nificant, and an outer region, where the direct effects of
viscosity on the velocity profile are negligible. Referring
to the classical wall-bounded flow theory (see e.g. Hinze,
1959 or Pope, 2000) it is possible to obtain an estimate
of the viscous wall region thickness &, (see Table 1),
which was used to parameterize the prism layer.

Table 1: Thickness of boundary layer §,, normalized
with the pipe diameter D. Rej, is the Reyn-
olds number based on pipe diameter and
bulk velocity (Hinze, 1959)

Rep 5-103 10* 105 10
8./D 0.1 0.05 0.006 0.0008

Two cylindrical volumes of mesh thickening have
been created around the spool orifice (Fig. 3a) and, in
order to guarantee enough mesh cells in the orifice and
a gradual cell density variation, which means higher
mesh quality, an additional annular volume with a spe-
cial thickened mesh has been created (Fig. 3b) whenev-
er the orifice is smaller than base size (0.3 mm).

The prism layer stretching parameter represents the
ratio between the dimensions of two consecutive layers.
Spool strokes under 0.12 mm have not been considered,
since they caused the prism layer inside the orifice to
collapse. In the CFD analysis radial clearance and over-
laps were considered equal to zero, as they are about a
thousandth of millimetre, a much smaller value than the
mesh size.
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Table 2: Base size parameters at different spool
strokes, as % of the spool stroke

Spool .

stroke | Global | ©rifice Gate | Annular
cylinder | cylinder | volume

(mm)
1.25

(100 %) 0.3 0.075 0.125 \
0.94

(75 %) 0.3 0.075 0.125 \
0.62

(50 %) 0.3 0.075 0.125 \
0.31

(25 %) 0.3 0.075 0.125 \
0.12

(10 %) 0.3 0.065 0.125 0.02

The meshes generated with the parameters shown in
Table 1 and 2 have a number of cells that ranges from
1,300,000 to 2,400,000. Refined meshes with a number
of cells up to 10,000,000 had also been created and
successfully used for simulations. The results of the
simulations on the refined mesh showed negligible dif-
ferences to the previously obtained one, indirectly
proving that the mesh resolution obtained with the pa-
rameters shown in Table 2 and Table 3 is sufficient to
correctly describe the problem.

Table 3: Prism layer parameters for different Reyn-
olds numbers

Reyn- Prism Prism
N. layer
olds . : layer
num- Volume prism | thick- stretch-
ber layers | ness ing
(mm)
8000 Global 20 0.25 1.3
Orifice cylinder | 20 0.25 1.3
Gate cylinder 20 0.25 1.3
Annular volume | 10 0.05 1.3
6000 Global 20 0.30 1.3
Orifice cylinder | 20 0.30 1.3
Gate cylinder 20 0.30 1.3
Annular volume | 10 0.05 1.3
4000 Global 20 0.40 1.3
Orifice cylinder | 20 0.30 1.3
Gate cylinder 20 0.40 1.3
Annular volume | 10 0.05 1.3
2000 Global 25 0.50 1.2
Orifice cylinder | 25 0.30 1.3
Gate cylinder 25 0.40 1.3
Annular volume | 10 0.05 1.3
1000 Global 25 1.00 1.2
Orifice cylinder | 25 0.50 1.2
Gate cylinder 25 0.70 1.2
Annular volume | 10 0.05 1.3
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b)

Fig. 3:  Cylindrical (a) and annular (b) thickening volume
around the orifice region

Fig. 4:  Mesh for a spool stroke of 0.62 mm and Re = 8000
(yz plane)
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Fig. 5: Details of different orifice region meshes (yz
plane): spool stroke of 0.62 mm a), and stroke of
0.12 mm (most critical condition) b)

b)

Fig. 6: Mesh inside feeding ducts for low a) and high
Reynolds numbers b)
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3 Simulation

Several CFD analyses have been performed in dif-
ferent operating conditions, as summarized in Table 3.
Each simulation is set as follows:

e three-dimensional;

stationary;

steady;

constant density;

liquid: p = 836 kg/m3 and p = 0.0275 Pas;
segregated flow: this kind of solvers fit with un-
compressible flows (Dransfield,1980).

A laminar flow model is chosen when Re < 70 in-
side the orifice, otherwise the turbulent model is set as:
e Reynolds averaged Navier-Stokes;

e [ -¢€ turbulence (Erdal and Andersson, 1997)

In order to avoid further complexity due to the use
of biphasic flow models, no cavitation phenomena have
been considered. Each wall surface has been defined as
no-slip wall, while the inlets and the outlets have been
defined, depending on the case, as Mass Flow Inlet,
Pressure Outlet and Stagnation Inlet on the basis of typ-
ical terminology used in the CFD analysis.

Different runs were performed in order to evaluate:
e the discharge coefficient vs. Reynolds number

curve
o the mass flow vs. differential pressure drop curve.

To trace the mass flow vs. differential pressure drop
curve of the whole valve, two runs were needed for
each mass flow. Firstly the flow pattern was simulated
between the supply and one of the load port setting the
boundary condition of Port 1 (see Fig.) as stagnation
inlet (with value calculated from a static pressure of
21 MPa and the average velocity given from the de-
sired mass flow) and of Port 2 as mass flow outlet, sec-
ondly it was simulated the flow pattern between the
other load port and the tank, setting the boundary con-
dition of Port 1 as pressure outlet (with a static value of
0.2 MPa) and of Port 2 as mass flow inlet.

4 CFD Results

Some of the main CDF analysis results are shown in
the following figures.

Fig.7 shows the velocity magnitude for two differ-
ent Reynolds number for the case in which the flows
goes from Portl to Port 2. It can be noticed how for
very low Reynolds number the velocity magnitude of
the flow is symmetrical on the two side of the orifice,
while a jet appears for higher Reynolds numbers. These
flow visualisations are similar to the one obtained by
other authors (Pan, Wang and Lu, 2011 - Jia W. and
Yin C. 2010). Fig. 8 shows the streamlines inside the
annular chamber, in the case of flow going from Port 2
to Port 1, with three different cases. It can be noticed
that depending on the spool stroke two different flow
patterns develop, while with a variation in Reynolds
number the flow pattern remains the same.
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Fig. 7:  Velocity magnitude for x = 0.31mm and Re = 10
(above), and x = 0.31mm and Re = 2500 (below)
(vz longitudinal plane)
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Fig. 8:  Streamlines on the xy symmetry plane, for a) x =
0.12mm and Re = 900 ,b) x = 0.31mm and Re =
900 and c) x=0.31 and Re=1600. It can be noticed
that the flow pattern is mainly dependent on the ori-
fice geometry, and not on the Reynolds number

5 1D Model

The theoretical model has been implemented
through Imagine.Lab AMESim, a multi domain simula-
tion tool which has the characteristic of exchanging
physical quantities between logical blocks in a bidirec-
tional way, and which adopts the Bond Graph Theory
for the conservation of energy (Gawthrop and Lorcan,
1996 — LMS, 2009). The BAO013 model describes the
variable orifice as an annular orifice that changes in
behaviour as a result of upstream and downstream pres-
sure, the forces applied to the spool, and the position of
the spool, as shown in Fig.8.

Figure 10 summarises the geometric parameters that
had to be set in the 1D model: the overlap (x), the di-
ameters of the spool (ds) and of the cylinder (dr), the
radial clearance (h) and the radius of the edges (rc). In
addition, dy is the orifice hydraulic diameter. Since the
results of the 1D analysis will be compared to the CFD
simulations, the radius of the edges and the radial
clearance are set at zero.
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Fig. 9: Visual representation of the AMESim model with
BAOO013 model for the annular orifice

Mass flows at the ports are determined through two
different equations, depending on whether the overlap
on the opening is positive (x > 0) or negative (x < 0),
where x is the spool stroke (see Fig. 10). In the first
case (Merritt, 1967 — Nervegna, 2003), the mass flow

results to be:
Q = C44 ’2(P1p—172) (5)

Where the orifice area A is calculated with:
4= {ﬂds/)’ ifA < Ajne
Ajnt otherwise

(6)

where S is defined as:

B = <\/x2 + (% + Zrc)z — 2rc> (7

and A;, is the internal area of the valve, defined as:
Aine = 7 (ds? — dr?) 8)

To have a smooth behaviour of the flow coefficient
curve, the flow coefficient Cy is determined with the
expression (Gurevich, 1965):

= 2Remod
Cd = Cdturb tanh( Reer ) (9)

with Cdmm set by default at 0.7 for Ren,q > Re, = 100,

where Renoq i another possible definition of the orifice
Reynolds number:

Repoq = YA (10)
This value for of Cy,, ., is often valid, but in CFD
analysis has shown that a different value can sometimes
be obtained, for instance when considering large spool
stroke.

When the spool completely covers the opening

(x < 0), the equation is that of a flow inside a meatus:
nas(2)’
Q= hr (11)
It is worth noting that, since the radial clearance
was set to zero, the leakage flow was neglected in this
study. The possibility of the description of the effects
of the radial clearance is a big advantage of the 1D
models, because taking radial clearance into account in
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a CFD analysis would require many computational re-
sources and would make mesh generation extremely
critical.

¥
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Spool valve details

Fig. 10: Details of the orifice geometry

6 Analysis of the Results and Compari-
son Between the 1D and CFD Models

The pressure drops across the orifice for the CFD
analysis and 1D model are compared, at a given mass
flow, as shown in Table 4.

Table 4: Orifice pressure drop comparison between
the CFD and 1D models

X Qlo_ad %l;:p%y AII;)/SIEFJsl\:m Prort A Difference
(mm) | (I/min)

(MPa)| (mpa) |(MPA| (%)

125 | 79.8 | 21.25 21.0 19.0 1.20 %

094 | 63.2 | 21.07 21.0 190 | 0.33%

0.62 | 43.7 | 20.83 21.0 190 | 0.79%

0.31 | 22.6 | 20.68 21.0 190 | 155%

0.12 | 8.79 | 20.52 21.0 19.0 2271%
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The reasons for the difference between the two
models are mainly due to the flow coefficient C4 which
is obtained from Eq. (6) in the 1D model, while it as-
sumes the values shown in Fig. 10 in CFD analysis.
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Fig. 11: Graph of the discharge coefficient Cq4 at different
spool strokes x and Reynolds numbers Re inside the

CFD model
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Fig. 12: Behaviour of the (turbulent) discharge coefficient
vs. valve opening at constant Reynolds number.
Spool stroke x is normalized with the diameter of
the supply port Dy 1y
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Fig. 13: Mass flow vs. pressure drop curves for CFD and
1D (AMESim) analysis
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In CFD, the asymptotic value of C, varies accord-
ing to the spool stroke (and thus according to the ge-
ometry of the orifice), while the theoretical model used
in the 1D analysis has a constant asymptotic value of
0.7. For very large spool strokes and consequent large
openings of the orifice, the opening may become larger
than the valve ducts: in this condition the pressure drop
is distributed throughout the valve, and the 1D orifice
model can lead to non-negligible errors. In this condi-
tion it is found that the flow coefficient becomes very
low and far from the theoretical value. A dependence of
the turbulent discharge coefficient from the valve open-
ing also appears from the results of the work by Dong
& Ueno 1999, shown in Fig. 12 together with the re-
sults of current study. It can be noticed a good accord-
ance with their numerical results, while for small spool
strokes also the experimental results fit with the numer-
ical ones. When the passage becomes sufficiently small
to be considered an orifice, the flow coefficient contin-
ues to rise as the opening tightens (Erdal and Anders-
son, 1997 - Di Rito, 2007- Aman, Handroos and Esko-
la, 2008). This occurs because a different turbulent
structure appears, and the jet remains close to the wall
for small strokes (reattached flow pattern, see Fig. 8)
producing a smaller number of vortexes than the free
jet pattern conditions, shown for larger openings. The
results of this study suggest that the structure of vortex-
es of the turbulent flow field depends mainly on geom-
etry and not on the Reynolds number.

Fig. 13 shows a comparison of the mass flow vs. the
pressure drop between the load ports obtained with the
1D model and the CFD analysis, also in this case the
difference is due to the asymptotic value of the orifice
discharge coefficient.

7 Conclusions

A 3D CFD model of a spool valve has been devel-
oped and solved with the commercial solver STAR-
CCMH+, in order to predict the flow discharge coeffi-
cient and to describe the flow pattern inside the valve.

Different meshes were used to describe various
working conditions, i.e. different spool strokes and
flow rates, and a method to define the mesh parameters
on the basis of the Reynolds number and spool stroke
has successfully been used.

The results has shown that the asymptotic value of
the discharge coefficient can vary significantly from
the value found in literature when large valve opening
are considered, in accordance with experimental and
numerical achievements of other authors. CFD has
proved to be a useful tool to trace the behaviour of the
discharge coefficient of the valve. Once the discharge
coefficient of the valve as a function of Reynolds num-
ber and spool stroke is mapped, it would be possible to
use it through a 1D model to simulate the behaviour of
the whole hydraulic system.
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Nomenclature

A Valve cross flow area [m?]
Cq Discharge coefficient [1

dy Orifice hydraulic diameter [m]
D, Deyppy  Supply diameter (port A) [m]
dr, ds Spool outer diameters [m]

h Clearance [m]
rc Radius of the edges [m]

& Viscous wall region thickness [m]

7 Dynamic viscosity [Pas]
v Cinematic viscosity [m?/s]
p Fluid pressure [Pa]
P Fluid density [kg/m?]
Q Volume flow [m%/s]
Re Reynolds number based on the orifice [ ]

X Spool stroke [m]
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