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Abstract

In this paper an accurate numerical method has been used to verify the influence of the spool velocity on the per-
formance of a directional hydraulic valve (4/3, closed center): the flow during the opening phase of the valve has been
solved by Direct Numerical Simulation (DNS), using an Immersed-Boundary (IB) technique.

The present results have been compared with the ones of a previous study, based on the same numerical method, but
with a stationary spool. The numerical comparisons prove that the "quasi-stationary" hypothesis is approximately cor-
rect for present commercial devices, but it is not suitable for future high-speed valves. However it is shown that, even
inside the range of the spool velocities currently adopted, for small pressure drops Ap and small openings s more signif-

icant differences arise on the axial forces.
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1 Introduction

The design of the hydraulic valves requires a care-
ful analysis of the flow conditions produced in these
devices and an accurate estimate of the global parame-
ters describing their performance. Originally the ap-
proach has been experimental. One of the main works
is due to Merrit (1967).

As the experimental tests imply significant costs
and the strongly unsteady nature of the flow makes it
problematic to carry out measurements, during the last
few years several numerical studies have been devel-
oped, thanks to the enhancements of both the computa-
tional resources and the numerical methods (Amirante
et al., 2006; Amirante et al., 2007; Bottazzi et al., 2010;
Franzoni et al., 2007). These studies, using a RANS
(Reynolds Averaged Navier-Stokes) formulation of the
Navier-Stokes equations, allowed improving the
knowledge of the complex phenomena occurring
through the hydraulic valves.

The main purpose of the present work is to provide
a comparison between the results with a moving spool
and the ones in Posa et al. (2013), where a series of
simulations with a stationary spool is analyzed. In both
cases the flow problem has been solved by DNS and
the fluid-structure interaction has been modelled using
an Immersed-Boundary method. No comparison with
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experiments was possible because, to the knowledge of
the authors, no experimental data are available for the
non-stationary case: actually the aim of this work is also
to provide a reference for future experimental studies.

Then this paper aims to assess the accuracy of the
“quasi-stationary” hypothesis, on which the numerical
studies on the hydraulic valves have been usually based
(Borghi et al., 2000; Del Vescovo and Lippolis, 2003;
Yang, 2006). The behavior of the device at each instant
is well approximated by its stationary behavior with the
same boundary conditions of that instant. This assump-
tion implies for a directional valve that it is possible to
simulate its working conditions at each opening with-
out taking into account the motion of its spool.

In the past one of the authors of this paper published
a similar study (Del Vescovo and Lippolis, 2006), but
the flow was solved using a RANS formulation and the
“dynamic mesh” technique. This methodology implies
the updating of the computational grid at each time step,
to fit the new boundary conditions, i.e., the new position
of the spool. That work proved that the “quasi-
stationary” hypothesis is fairly correct for commercial
valves, but some issues in that simulations persuaded the
authors to return to this topic: first of all, in the non-
stationary simulations the Coanda effect (i.e., the reat-
tachment of the jet from the restricted section on a side-
wall of the discharge chamber of the valve) persisted
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during the valve opening well beyond a reasonable as-

sumption. This result was also inconsistent with the one

from the simulations with steady spool.

As shown by Posa et al. (2013), the phenomena in
the present flow problem are highly unsteady, above all
downstream of the restricted section. Therefore a time-
averaged approach, as the RANS formulation, is not
well suited for these flows. In fact, in the RANS meth-
ods the unsteady physics is taken into account by turbu-
lence models, needing a careful definition of some pa-
rameters: this is not trivial, above all for internal flows
(Wilcox, 2001). On the other hand in this field a DNS
study is feasible: the order of magnitude of the Reyn-
olds numbers for the flows inside the hydraulic valves
is O (10%), thanks to the high viscosities of the mineral
oils and the limited sizes of the devices. Thus, in the
present study the DNS methodology was preferred:
every fluid structure is simulated and the instantaneous
evolution of the flow field is accurately described.

The previous numerical studies on the hydraulic
valves discretized the computational domain by body-
fitted grids, which were conformal to the body. On the
contrary, in the Immersed-Boundary method the grid is
regular (Cartesian or cylindrical) and the boundary
conditions at the solid body are enforced at the inter-
face nodes by a discrete source term in the momentum
equation. There is no requirement that some nodes of
the computational grid are on the surface of the body.
These features imply several advantages:

e the generation of the grid is simplified and its
computational cost is absolutely negligible;

o the grid cells are regular, without the distortions typ-
ical of the body-fitted meshes; therefore the discreti-
zation of the Navier-Stokes equations is easier and
the accuracy of the solution is improved,;

e for moving bodies there is no need to generate a
new grid at each time step, since the Immersed-
Boundary method does not require that the bound-
ary conditions are enforced at nodes on the body
surface; it is only necessary to update the interface
points and the values of the forcing terms. About
the last remark, it is useful to observe that in the
body-fitted approach, at each time step, the solu-
tion must be interpolated from the old grid to the
new one: this causes an additional computational
effort, but also a decreased accuracy. Thus, in the
present work the DNS methodology has been cou-
pled with the Immersed-Boundary technique.

This study has been carried out by a computational
code originally developed by Verzicco et al. (2000).
This code has been validated on several flow problems,
through comparisons with experiments and other nu-
merical tools (see Cristallo and Verzicco, 2006; Fadlun
et al., 2000; Posa et al., 2011; Verzicco et al., 2004).

2 Numerical Method

In the present study the incompressible Navier-
Stokes equations have been solved numerically. The
continuity and the momentum equations in non-
dimensional form are respectively:
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where u is the velocity vector, t the time variable, p the
pressure, f the forcing term due to the immersed-
boundary and Re = UL/v the Reynolds number; this has
been evaluated using a reference velocity U (the ratio
between the flow rate and the cylindrical area of the
restricted section), a reference length L (the axial di-
mension s of the restricted section, that is the opening
of the valve) and the kinematic viscosity of the fluid v.

In this work the valve opening range is from 0 to
2.0 [mm] and the oil kinematic viscosity has been set
equal to 50 [cSt]: on the basis of the simulated pressure
drops, given in Sec. 4, the maximum Reynolds number
is approximately equal to 3000.

The differential equations have been discretized in
time by a fractional-step method (Kim and Moin, 1985;
Rai and Moin, 1991), according to the numerical tech-
nique discussed by Verzicco and Orlandi (1996): an
implicit Crank-Nicolson scheme has been used for the
viscous terms, while the convective ones have been
treated by an explicit Adams-Bashforth scheme. The
accuracy is second order in time. Second-order central
finite-differences on a staggered grid have been used
for the spatial derivatives. This approximation im-
proves the accuracy of the solution, avoiding numerical
dissipation.

The adopted value of the Courant-Friedrichs-Lewy
(CFL) number has been based on the stability require-
ments for the discretization in time of the convective
terms of the momentum equation, since the viscous
ones have been treated implicitly: the theoretical stabil-
ity limit for the second order Adams-Bashforth scheme
is CFL = 1, but for the present study a conservative
value of 0.5 has been selected. The average time step
was in the range from 5.6 x 10 [s] for the maximum
Apto 1.8 x 107 [s] for the minimum Ap.

3 The Immersed-boundary Method

In the IB method the body is “immersed” into a
regular grid, Cartesian or cylindrical: in general, no
computational node is on the surface of the solid
boundary, since the grid is not conformal to the body.

The computational nodes are marked as interior (in-
side the immersed-boundary), exterior (in the fluid do-
main) and interface points: in the present formulation
they are the ones in the fluid domain having at least one
adjacent interior node. The no-slip boundary conditions
on the surface of the immersed body are enforced at the
interface points by means of the force f in the momen-
tum equation (Eg. 2). As in Mohd-Yusof (1997), this
forcing term has been evaluated according to Eq. 3, us-
ing the direct forcing approach.

2 _ Vi -u'

_ RHSI+]J2 (3)
In Eq. 3 u' is the velocity at the last time level, V,

the velocity boundary condition at the interface points
and RHS""? takes into account the viscous, convective
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and pressure gradient terms in the discretized form of
Eq. 2 at the intermediate time level of the fractional-
step method.

N, x

N, X

Fig. 1:  Definition of the boundary condition V, at the inter-
face node I: linear interpolation along the direction
normal to the body between the fluid point F and
the surface of the immersed boundary. The grid
nodes N;, N,, N3, N, are considered to estimate the
velocity at the point F

A linear interpolation between the surface of the
immersed-boundary and a fluid point F has been used
to evaluate the boundary condition at any interface
node I, as shown in Fig. 1, where ur and V,g are respec-
tively the velocities at F and on the body. As suggested
by Balaras (2004), the point F has been chosen along
the outward normal direction to the immersed-
boundary, one grid cell from the interface node I. The
regular grid, which does not conform to the surface of
the body, implies that in general F is not a grid node;
therefore the velocity ur has been found in the two-
dimensional domain by a bilinear interpolation, involv-
ing the neighboring nodes of the computational grid
(N1, Na, N3, Ngin Fig. 1).

In the case of moving bodies, as the one treated
here, the immersed-boundary method requires that the
interface nodes and their positions relative to the body
must be updated at each time step. This did not cause
any issue of instability or inaccuracy in the near wall
flow when the surface of the moving spool crossed a
node of the computational grid during the simulations
discussed here. In fact, the velocities in the fluid do-
main are much higher (more than 1 order of magnitude)
than the ones of the spool. Since the time step is de-
fined by the CFL condition, the passage of the moving
spool across a computational cell is a smooth process,
requiring at least about 100 time steps.

More details on the IB methods are provided in lac-
carino and Verzicco (2003) and in Mittal and laccarino
(2005). Recent studies carried out by means of this
technique and involving moving boundaries can be
found in de Tullio et al. (2012), Posa et al. (2011) and
Vanella et al. (2010).
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4 Computational Set Up

The simulations have been performed on a two-
dimensional domain with conditions of axial symmetry,
considering a meridian section of the valve. In fact, ex-
cept for the adduction and discharge connections, the
geometry of the valve is axisymmetric. Then the cir-
cumferential flows, due to the lack of symmetry of the
inflow and the outflow channels, have been neglected.

The simulated geometry is plotted in Fig. 2: the po-
sitions of the inflow and outflow sections are shown
and the dimensions of the valve are provided. In this
figure s represents the opening, which is the axial di-
mension of the restricted section, defined by the spool
and valve body edges. More details about the geometry
can be found in Posa et al. (2013).

Dirichlet boundary conditions have been enforced
at the inflow and convective boundary conditions at the
outflow, along the radial direction.

Fig. 2:  Detail of the meridian section of the valve. Its di-
mensions are in [mm]. The valve body is represent-
ed in black, the spool in gray

Fig. 3: Computational grid. For clarity only 1 point every
4 is shown

The computational grid used for this study is the
same considered in Posa et al. (2013): it is composed of
N, = 359 nodes along the radial (vertical) direction and
N, = 419 nodes along the axial (horizontal) one. As dis-
cussed in Posa et al. (2013), the results on a finer grid
proved the accuracy of the simulations based on the
present discretization of the computational domain. In
Fig. 3 a simplified representation of the grid is shown
(only 1 point every 4 is plotted): it is finer on the re-
stricted section and downstream, in the discharge
chamber. In fact, those areas of the computational do-
main are characterized by a more complex physics. The

17



Antonio Posa, Paolo Oresta and Antonio Lippolis

minimum grid step, on the restricted section, is equal to
0.02 [mm]. The results of the simulations verified that
the resolution adopted at the restricted section is suita-
ble for the present flow problem: at the smallest ana-
lyzed opening (0.1 [mm]) the maximum turbulent
Reynolds number is lower than 7 and entails a Kolmo-
gorov length scale approximately equal to 0.024 [mm].

In Fig. 4 the representation of a detail of the compu-
tational grid in Fig. 3 highlights also that close to the
edges the definition of the outward normal direction
(arrows) at the interface nodes (filled circles, having
neighboring interior nodes along the grid directions)
does not generate ambiguities. The hollow circle in the
same figure, close to the edge, is not an interface node.
It has no adjacent interior nodes along the grid lines;
therefore the momentum equations do not involve
points inside the immersed-boundary.

FanY
A

Fig. 4: Detail of Fig. 3 near the right edge of the spool.
Filled circles represent interface nodes and arrows
the local outward normal directions. The hollow

circle is a fluid point, having no adjacent interior
nodes along the grid lines.

Two different velocities of the spool vs have been
analyzed: the first, equal to 0.1 [m/s], is in the current
range of the commercial directional valves, the second,
equal to 1.0 [m/s], will be realistic for future high-
speed valves. The spool velocity has been assumed
constant, starting from the minimum simulated opening
(0.1 [mm]). The spool accelerations have not been con-
sidered, but this was supposed of minor importance in
the fluid dynamics perspective, since the disagreement
between the simulations with stationary and moving
spool is due to the different development of the bound-
ary layer, which is related mainly to the spool velocity.

For each value of vs four different pressure drops
have been simulated, approximately equal to 60, 30, 15
and 7.5 [bar]. It must be noted that the present numeri-
cal code requires a Dirichlet boundary condition for the
inflow velocity, which means that the flow rate must be
set; however, since it has been considered more useful
to develop a study with a roughly constant pressure
drop, an iterative procedure has been carried out. Ini-
tially a flow rate linearly dependent on the spool posi-
tion has been imposed. Then, based on the pressure
drop provided by the simulations, the flow rate has
been corrected; for this correction Ap has been assumed
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proportional to the square of the flow rate, which is sta-
tistically correct. This procedure has been iterated until
convergence to the chosen pressure drop with adequate
precision.

Fig.5: Mass flow as a function of the valve opening with
vs=0.1 [m/s]. Solid line: 4p=100 % Apmax; dashed
line Ap=50 % Apmay; dash-dotted line Ap = 25 %
APmax; dotted line: Ap = 12.5 % Apmax

1.0 1.5 2.0
s [mm]

Fig. 6: Mass flow as a function of the valve opening with v
= 1.0 [m/s]. Solid line: Ap = 100 % Apmax; dashed
line Ap = 50 % Appay; dash-dotted line 4p = 25 %
APmax; dotted line: Ap = 12.5 % Appmax

The evolution of the mass flow G as a function of
the valve opening s for each simulated pressure drop is
represented in Fig. 5 and 6 respectively for the two
spool velocities of 0.1 and 1.0 [m/s]. It is evident that
with the lower speed (Fig. 5) the flow rate is roughly a
linear function of the valve opening. In the second case
(Fig. 6) the linearity is lost.

A parallel OpenMP code has been used to carry out
the simulations: each test has been performed on 4 pro-
cessors. The computational times are reported in Ta-
ble 1: the evolution of the CPU time is nearly propor-
tional to the flow rate, as the simulations have been
done with a constant CFL. Furthermore, At is not sig-
nificantly affected by the spool speed, since vs does not
influence substantially the maximum velocity in the
flow field; thus the computational time necessary to
simulate the period of motion of the spool during the
valve opening is about proportional to 1/vs.
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Table 1: Computational times of the simulations with

moving spool.
AD/A CPU time CPU time
P/ APmax (Vs =0.1 [m/s]) (vs =1.0 [m/s])
100 % 33[h] 40[min] 3[h] 32[min]
50 % 20[h] 31[min] 2[h] 15[min]
25% 13[h] 52[min] 1[h] 27[min]
12.5% 9[h] 33[min] 1[h] 3[min]

5 Analysis of the Global Parameters

A comparison between the simulations performed
with moving spool and the ones with stationary spool is
presented here by the analysis of the global parameters.
These parameters are crucial to summarize and to un-
derstand the performance of a valve. In this section
their time-averages are reported every 0.1 [mm] at 20
positions during the motion of the spool. For each loca-
tion the instantaneous values have been averaged in the
symmetric range of 0.1 [mm] centered at that position.

The discharge coefficient C, is defined as the ratio
between the actual flow rate and the theoretical one, as
in Eq. 4.

c-—

zDs 24p

P

In Eq. 4 Q is the volumetric flow rate, D the exter-
nal diameter of the spool and p the density of the work-
ing fluid, while the other quantities have been already
defined above. The theoretical flow rate is given by the
area of the restricted section and the velocity of the flu-
id on the same section, based on the Borda hypothesis:
the flow is assumed isentropic upstream the restricted
section and isobaric downstream.

The force parameter K is the non-dimensional axial
force on the spool. It is defined as in Eq. 5:

KeeF 5)

D?-d?
A
V4 2 p

where F is the dimensional axial force and d the inter-
nal diameter of the spool.

(4)

5.1 Discharge Coefficient and Angle

Figure 7 shows the dependence of the discharge co-
efficient on s for the maximum and the minimum pres-
sure drops and a spool speed equal to 0.1 [m/s]. In the
same figure the results of the simulations with steady
spool are also represented: the "quasi-stationary" as-
sumption is fairly correct in this case.

In Fig. 7 the maximum of the discharge coefficient
can be justified considering that for very small values
of s the viscous effects on the discharge coefficient are
significant, but during the opening their influence de-
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creases, because of the increasing area of the restricted
section. The boundary layer thickness depends on the
flow velocity and is almost not affected by the valve
opening; therefore the percentage reduction of the flow
rate, caused by the presence of the boundary layer, de-
creases during the valve opening. This explains the
growth of the discharge coefficient during the early
stages of the opening period, but larger values of s are
also responsible for reduced values of the discharge an-
gle 9, (the mean angle between the spool axis and the
jet on the restricted section), as shown in Fig. 8: this
causes a decreased section of vena contracta and thus a
reduced discharge coefficient.

0.90
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Fig. 7:  Discharge coefficient C, as a function of the valve
opening for v;= 0.1 [m/s]. Maximum pressure drop
(4p = 100 % Apmay): with stationary spool (red tri-
angles); with moving spool (green squares). Mini-
mum pressure drop (4p = 12.5 % Appmay): With sta-
tionary spool (black diamonds); with moving spool
(blue circles)

In Fig. 7 it is also interesting to see that for the
smallest simulated pressure drop the maximum of C,
occurs for higher values of s, in comparison with the
case of the largest Ap. This result is due to the stronger
influence of viscosity on the restricted section for
smaller pressure drops and flow rates and also to the
Coanda effect, which produces a higher value of the
discharge angle: the reattachment of the jet at small
openings has been observed for every simulated Ap, but
it is more visible for decreased pressure drops.

80

75

70

0.0 0.5 1.0 1.5 2.0
s [mm]

Fig. 8: Discharge angle 3, as a function of the valve open-
ing for vy = 0.1 [m/s]. Triangles and solid line: 4p
= 100 % Apmax; Squares and dashed line: Ap =
12.5% Apnq. Stationary spool: symbols; moving
spool: lines
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Fig. 9:  Evolution of the instantaneous velocity fields in the
discharge chamber during the opening of the valve
for vs=0.1 [m/s] and 4p = 100 % Appax. The veloc-
ity scale ranges from 0 (blue) to 110 (red) [m/s]

Figure 8 confirms that for commercial values of
spool velocity (vs = 0.1 [m/s]) the quasi-stationary hy-
pothesis is quite accurate. Moreover the non-stationary
simulations verified that for very small and large valve
openings the discharge angle is roughly not dependent
on the pressure drop, as shown by the computations
with steady spool in Posa et al. (2013). Some differ-
ences have been found only for values of s around 0.5
[mm]: because of the Coanda effect, lower pressure
drops produce larger values of .

Fig. 10: Evolution of the instantaneous velocity fields in the
discharge chamber during the opening of the valve
for v¢ = 0.1 [m/s] and 4p = 12.5 % Appax. The ve-
locity scale ranges from 0 (blue) to 40 (red) [m/s]

20

0.90
0.85
0.80 o
0.75
0.70 ©
0.65 -8
0.60 a
0.55
0.50

Ol
o oo

0.0 0.5 1.0 1.5 2,
s [mm]

Fig. 11: Discharge coefficient C, as a function of the valve
opening for vs = 1.0 [m/s]. Maximum pressure drop
(4p = 100 % Apmay): With stationary spool (red tri-
angles); with moving spool (green squares). Mini-
mum pressure drop (4p = 12.5 % Apnay): With sta-
tionary spool (black diamonds); with moving spool
(blue circles)

In Fig. 11 the same information of Fig. 7 is given,
but for vs = 1.0 [m/s]: in this case the influence of the
unsteady effects associated with the motion of the spool
is considerable. In particular, it is interesting to see that
for the smallest pressure drop the area of higher dis-
charge coefficients on the right of the peak is enlarged
in comparison with the results with stationary spool and
with vs= 0.1 [m/s]. This is verified also for the highest
Ap, but in the latter case that behavior of C, involves a
smaller range of openings. This result is due to a differ-
ent development of the Coanda effect while the spool is
moving. For higher spool speeds the reattachment of
the jet, downstream of the restricted section, affects a
longer part of the valve opening period and less vorti-
ces develop inside the discharge chamber: this increas-
es the value of the angle 9, and the discharge coeffi-
cient.
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Fig. 12: Discharge angle 9, as a function of the valve open-
ing for v; = 1.0 [m/s]. Triangles and solid line: 4p
= 100 % Apmax; Squares and dashed line: 4p =
12.5% Apmax. Stationary spool: symbols; moving
spool: lines
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o

Fig. 13: Evolution of the instantaneous velocity fields in the
discharge chamber during the opening of the valve
for v¢= 1.0 [m/s] and 4p = 12.5 % Appax. The ve-
locity scale ranges from 0 (blue) to 40 (red) [m/s]

The influence of the increased velocity of the spool
on the discharge angle is represented in Fig. 12. For the
smallest pressure drop at the mean openings the values
of 3, are larger when the motion of the spool is taken
into account during the simulation, since in that case
the Coanda effect disappears completely only at the end
of the opening phase. On the contrary, for the largest
pressure drop the detachment of the jet from the left
wall of the discharge chamber is faster: this improves
the agreement with the results provided by the simula-
tions with stationary spool.

In order to prove the above remarks for Fig. 11 and
12, in Fig. 13 some instantaneous velocity fields are
represented from the simulation with vs= 1.0 [m/s] and
minimum pressure drop: they refer to the same open-
ings considered above for Fig. 9 and 10. Fig. 13 shows
that a faster opening phase of the valve produces a rela-
tively longer reattachment of the jet on the left wall of
the discharge chamber during the motion of the spool.

5.2 Flow Forces

The reliability of the quasi-stationary hypothesis for
commercial valves has been verified also by the trend
of the axial force on the spool during its motion, not
reported here. However more significant percentage
differences occur for small openings and pressure
drops. This is more evident for large values of v, as
pointed out in Fig. 14, where those results are plotted as
a function of the valve opening for each simulated
pressure drop, with vs= 1.0 [m/s]. Those differences are
provided as percentages of the forces evaluated consid-
ering the moving spool, as in Eq. 6, where the super-
scripts m and s refer respectively to the simulations
with moving and stationary spool.

Fm _ FS
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Fig. 14: Percentage differences between the axial forces on
the spool from the simulations with moving and sta-
tionary spool: dependence on the valve opening for
vs = 1.0 [m/s] and different pressure drops. Red tri-
angles: 4p = 100 % Apna; green squares: Ap =
50 % Apmay; blue circles: Ap = 25 % Apmay; Violet
times: Ap = 12.5 % Appmax

In Fig. 14 the values of AF increase with decreasing
Ap; this result is consistent with the one reported in Del
Vescovo and Lippolis (2006). The present analysis
highlights also that AF is larger at the smaller openings,
as shown in Fig. 14 for each pressure drop. This trend
has been verified also in the range of the commercial
valves (spool velocity of 0.1 [m/s]), but in that case the
error due to the quasi-stationary hypothesis is less sub-
stantial: for the smallest simulated Ap and s
0.1 [mm], AF was roughly equal to 25 % with v
0.1 [m/s], while it was larger than 80 % with v
1.0 [m/s].

CONTROL VOLUME

Fig. 15: Control volume considered in Eq. 7

As proved in Del Vescovo and Lippolis (2006), us-
ing the momentum equation on the control volume of
Fig. 15, F can be expressed as in Eq. 7.

F:FV+M2ax_Mlax+pL1Q (7)

In Eq. 7 F, is the valve body viscous force, My, and
M, are the axial components of the momentum flows
on the inflow and on the outflow sections of the control

volume and pL,Q is the main term of the inertial com-
ponent of the axial force on the spool, where L, is the
mean axial length of the stream tubes and Q the time

derivative of the volumetric flow rate.
Considering Eq. 7 AF can be written as in Eq. 8.

AF = AF, + AF,, + AF, (8)
In Eq. 8 AF,, AFy and AF; are respectively:
AF, ~1005 =R _mFV 9)
F
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AFM — 100 (MZax B Mlax) F_m(MZax B Mlax) (10)
AF, =10025Q (11)
Fm

Fig. 16 represents the components of AF for the
smallest simulated pressure drop and vs= 1.0 [m/s]: the
main term is the inertial one AF;, whereas the one due
to the momentum flows AFy, is much less important;
the viscous component is absolutely negligible.

For clarity, only the case with the minimum pres-
sure drop has been reported here, but also the other
tests lead to the same conclusions, although the values
are decreased.

The result above suggests that, if the evolution of the
flow rate through the valve during its opening is approx-
imately known, a good estimate of the flow forces can be
provided also by the “stationary” method, even for small
openings and pressure drops and for spool speeds much
higher than the commercial ones: the inertial term can be
evaluated by means of the time derivative of the flow
rate, while the error on the other components of the axial
force on the spool is negligible. This method has been
utilized in the past in some works (Borghi et al., 1998;
Krishnaswamy and Li, 2002) and the present study veri-
fied that it can be considered correct.
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Fig. 16: Components of the percentage difference between
the axial forces on the spool from the simulations
with moving and stationary spool: dependence on
the valve opening for the smallest simulated pres-
sure drop (4p = 12.5 % Apmax) and vs = 1.0 [m/s].
Red triangles: 4F,; green squares: AFy; blue cir-
cles: AF;; violet times: AF

The behavior of the axial force on the moving
spool, described in Fig. 14 and 16, can be justified on
the basis of the momentum equation. In fact Eq. 7 can
be written as in Eq. 12 (more details are given in Del
Vescovo and Lippolis (2006)):

2
F=F +2ApC? A A,
tang, Atang

2Ap(, dC, dA,
ot e 2
+ol A (Az T a )

In Eq. 12 A; and A, are the areas of the inflow and
the outflow sections of the control volume, whereas 9;
and 9, are the angles between the spool axis and the
mean flow velocities on the same sections, as repre-
sented in Fig. 15.

(12)
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Eq. 12 shows that the second term of the right-hand
side, tied to the momentum flows, is proportional to the
pressure drop, while the third one, that is the inertial
term, is dependent on the square root of Ap; hence for
small pressure drops its relative weight in the global
force is increased, causing higher values of AF.

Furthermore Eq. 12 allows noticing that, while the
component from the momentum flows is roughly a lin-
ear function of the valve opening, this is not the case of
the inertial term. In fact, Eq. 12 can be expressed as in
Eq. 13, where a radial inflow has been assumed.

F—F +2apc2 DS
tan 9,

+
(13)
+p L Zﬂﬂ'D(Sd&-FVS Cej
P dt

According to Eq. 13, the evolution of the discharge
coefficient in Fig. 7 and 11 implies a rapid increase of
the inertial force for very small openings and roughly
constant values for the larger ones. This explains the
reduction of AF; during the motion of the spool.

Finally in Fig. 17 and 18 the force parameter K is
represented as a function of the valve opening s for
both the analyzed speeds of the spool. As shown in
Eqg. 13, if the viscous and the inertial components of F
are negligible, the parameter K is not dependent on Ap
and is proportional to s.
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Fig. 17: Force parameter K as a function of the valve open-
ing from the simulations with moving spool for v =
0.1 [m/s]. Red triangles: Ap = 100 % Apma; green
squares: 4p = 50 % Apmay; blue circles: 4p =25 %
APmax; Violet times: Ap = 12.5 % Apma. Also the
dashed linear regression line is represented

In Fig. 17 the evolution of K as a function of s is
approximately linear. Actually there are some signifi-
cant deviations from the linear trend, especially for
small openings. This has been observed also for the
simulations with stationary spool in Posa et al. (2013)
and can be explained considering the Coanda effect: it
increases the discharge coefficient; this produces higher
values of F and K, as proved by Eq. 12.

Since the Coanda effect declines during the motion
of the spool, C, decreases: this causes also a reduction
of the slope of K as a function of s. Furthermore, the
Coanda effect is stronger for small pressure drops,
therefore its influence on the trend of the force parame-
ter is more evident when Ap = 12.5 % Apmax than when
Ap =100 % Apmax-
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Fig. 18: Force parameter K as a function of the valve open-
ing from the simulations with moving spool for v =
1.0 [m/s]. Red triangles: 4p = 100 % Apmax; green
squares: 4p = 50 % Apnayx; blue circles: 4p =25 %
APmax; Violet times: Ap = 12.5 % Apma. Also the
dashed linear regression line is represented

The results in Fig. 17 confirm the ones from the
previous study with stationary spool, but the depend-
ence of K on Ap is increased. This is due to the inertial
force on the spool: its component in K is inversely pro-
portional to the square root of Ap, thus for the smallest
Ap the values of K are further higher than the ones for
larger pressure drops.

As discussed above, a larger value of v; is associat-
ed with a larger range of valve openings affected by the
Coanda effect. Therefore the areas where K deviates
from the linear behavior are enlarged and the force pa-
rameter is increased, as proved by the comparison of
Fig. 18 with Fig. 17.

6 Conclusions

In this paper the flow through a directional hydrau-
lic valve (4/3, closed center) has been analyzed using
an unsteady numerical approach, based on the Direct
Numerical Simulation, coupled with an Immersed-
Boundary technique. A comparison with the study pre-
sented in Posa et al. (2013) has been developed. In Posa
et al. (2013) the flow has been solved with a stationary
spool, considering some specific values of the valve
opening, while here the physics has been simulated
with a moving spool during the opening phase. Two
speeds of the spool have been studied, respectively
equal to vs= 0.1 [m/s] and vs= 1.0 [m/s]. The former is
in the range of the current commercial valves; the latter
is realistic for future high-speed devices.

The flow has been simulated in a 2D computational
domain with conditions of axial symmetry. The analy-
sis of the flow problem has been carried out by the so-
lution of the instantaneous flow fields and the estimate
of the relative statistics: this feature is crucial to get ac-
curate results, due to the strongly unsteady nature of the
physics verified by the simulations. The immersed-
boundary method allowed avoiding modifications of
the computational grid during the motion of the spool.
This is beneficial for the simulations performance and
the solution accuracy, in comparison with the tradition-
al body-fitted techniques.
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Then this study verified if the “quasi-stationary”
hypothesis, widely utilized for the simulation of hy-
draulic devices, is accurate for commercial and future
high-speed directional valves.

The comparison of the global parameters, as the
discharge coefficient, the discharge angle and the axial
force on the spool, proved that the agreement between
the two different methods analyzed here is satisfactory
for a velocity of the spool of the order of 0.1 [m/s]. On
the contrary, the *“quasi-stationary” hypothesis cannot
be used to simulate high-speed valves.

That comparison showed also that, even in the cur-
rent range of spool speeds, a simulation with stationary
spool does not predict the values of F with enough ac-
curacy for small openings and pressure drops, because
of the inertial term of the flow force, which in those
conditions is a significant component of the global
force. It has been verified that higher values of vs em-
phasize that issue, which for increased velocities of the
spool affects also larger openings and pressure drops.
However the analysis of components presented here
proved that a good estimate of the axial force can be
defined even using the “quasi-stationary” hypothesis, if
a correction by the inertial term pL, Q is introduced,

assumed that the time dependence of the flow rate can
be approximately determined.

Nomenclature

AF percentage difference between the ax-  [%)]
ial forces on the moving spool and on
the stationary one

AF; inertial component of AF [%0]

AFy  component of AF associated with the  [%)]
axial momentum flows

AF,  viscous component of AF [%]
Ap pressure drop [bar]
APmax  Maximum pressure drop [bar]
At non-dimensional time step [-1
91,9, angles between the axis of the spool [°]

and the mean flow velocity respective-
ly on the inflow and the outflow sec-
tions of the control volume in Fig. 15

v kinematic viscosity of the working [cSt]
fluid
p density of the working fluid [kg/m?]

A;,A, areas of the inflow and the outflow sec- [mmz]
tions of the control volume in Fig. 15

Ce discharge coefficient [-1
CFL  Courant-Friedrichs-Lewy number [-]
D external diameter of the spool [mm]
d internal diameter of the spool [mm]
F axial force on the spool [N]
Fy valve body viscous force [N]
f forcing term in the non-dimensional [-]
momentum equation
G mass flow [ka/s]
K non-dimensional axial force on the [-]
spool
L characteristic length of the flow [mm]
problem
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Ly mean axial length of the stream tubes  [mm]
in the control volume in Fig. 15

I index of the last time level [-1

Miux  axial component of the momentum [N]
flow through the inflow section of the
control

My axial component of the momentum [N]

flow through the outflow section of
the control volume in Fig. 15

N, number of grid nodes along the radial ~ [-]
direction

N, number of grid nodes along the axial [-1
direction

p non-dimensional pressure [-1

Q volumetric flow rate [m3/s?]

0 time derivative of the volumetric [m3/s?]
flow rate

Re Reynolds number [-1

RHS  sum of the discretized viscous, con- [-1

vective and pressure gradient terms of
the non-dimensional momentum

equation
opening of the valve [mm]
t non-dimensional time [-1
U characteristic velocity of the flow [m/s]
problem
u non-dimensional velocity vector [-]
Ur non-dimensional velocity in the fluid  [-]
domain
V| non-dimensional velocity boundary [-1

condition at the interface nodes

Vig non-dimensional velocity on the sur-  [-]
face of the immersed-boundary

Vs spool velocity [m/s]
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