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A new CFD-Simulink based systems
engineering approach applied to the modelling
of a hydraulic safety relief valve

M. D. L. Dalla Vedova, P. Maggiore, and G. Riva

Abstract—A safety relief valve is a simple hydro-mechanic
device, needed to avoid overpressure transients inside hydraulic
circuits. Such valves are a critical part of the hydraulic system of
aircraft; hence their performances must be adapted to a specific
nominal pressure level and design requirements. In the following
paragraphs the authors will address the issue of designing and
validating a safety valve through a hybrid CFD/MATLAB-
Simulink® approach. The main constraints are the geometrical
dimensions and the need to limit the weight of the device. A
significant part of the work consists of gathering all the possible
information available in the literature, dealing with the best design
practices to achieve the performance objective. Thanks to a robust
computational procedure, it should be possible to reduce the amount
of “physical” prototypes required to validate the functionality of a
safety relief valve. The process presented uses a numerical
computational fluid dynamic (CFD) approach, to define the pressure
field inside the valve and the forces acting on it; identifying the force
distribution inside the valve is paramount to address the performance
evaluation of the valve itself. The first step deals with the definition
of a computer aided design (CAD) model of the valve. Then the CFD
software uses the above-mentioned CAD model to define the domain
of the problem. Once obtained the pressure field, it is possible to
integrate it through the surface of the valve, thus obtaining the forces
acting on the moving part (poppet). After the numerical scheme has
been calibrated, some investigations are done to reduce the
computational cost: the main aim is to run a complete simulation
(meshing and solving) on a standard computer. Some of the positions
(i.e. strokes) of the valve have been simulated as static, hence a
steady-state calculation has been applied to solve the motion field.
Another important result consists of creating a MATLAB-Simulink®
model, capable to reach results comparable to the CFD simulation,
but in shorter times. While the CFD model can provide high quality
results, the MATLAB-Simulink® calculation should be used to
create a “first guess” instrument, useful to address the very first valve
geometry. The implementation of the Look-Up Tables (LUTS) links
the MATLAB-Simulink® model to the CFD simulation, but
increases the time required to obtain a solution: on the other hand,
this reduces the amount of equation-modeled quantities, delivering a
greater precision to the calculations.
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quasi-dynamic numerical simulation.
A safety relief valve (also known as pressure relief valve,
or PRV) is a simple device, needed to limit the level of
pressure inside a hydraulic circuit, relieving the excess of flow
to the oil tank through a mechanical system. This element is
extremely important, since in many applications (i.e. not only
purely aeronautical, but also mechanical or industrial), the
pressure inside a system could build up past a desired
threshold, damaging or even destroying the system itself. This
is the case of a cold-start of an engine, when the oil is not
viscous enough to create a protective layer of fluid around the
mechanical components, or of an industrial machine, where an
excessive amount of pressure could generate water hammers or
damage the internal components; indeed, a burst of oil on the
internal tools could damage the machine and the workpieces.
Figure 1 represents the general structure of a hydraulic circuit,
highlighting all the main components and its functioning.

I. INTRODUCTION

=== Drain
Suction

== Supply

Return

Fig. 1 general scheme of the considered hydraulic circuit

Oil is pushed from a tank (S) by a pump driven by a motor
(M), then flows to a check valve (N). An accumulator (A)
avoids pressure fluctuations and ensures a power backup in
case of failure of the pump or potential water hammers. Qil
flows through a pressure regulating valve (E) and a filter (F),
but a way back to the tank (S) is ensured by the safety pressure
relief valve (B) (shown in Fig. 2).
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(b)

Fig. 2 schematic of the pressure relief valve (a)
and explanatory drawing of the PRV poppet (b)

Then the fluid moves into the spool valve (C) and is
diverted in the desired chamber of the jack (T), or directly
sprayed on the gearing of an engine/tool machine as a cooling
lubricant. The final destination of the oil depends on the
specific application analyzed, but any kind of circuit, using
liquid or gaseous fluids, needs a relief valve to reduce the
excess pressure (for instance, even a pressure cooker needs it,
for safety reasons). The working principle of a pressure relief
valve is quite simple, and the generic outline of this kind of
valve can be found in Fig. 3.

ouT

Fig. 3 schematic view of a pressure relief valve

In particular, the aforesaid PRV is schematically composed
by a moving element, called poppet (#1), pushed down by a
spring (#2) that holds it in position inside a seat (#3). When
the pressure of the supply line (orange zone of Fig. 3) is lower
than a defined value (cracking pressure) the preload of the
spring prevents the movement of the poppet, so the oil cannot
flow. As the cracking pressure is reached, the valve poppet
slides back in a way which is proportional to the amount of
force generated; this opening value can be set by preloading
the spring with a desired degree of compression: usually this
happens through a screw fitted over the spring itself.

Il. EXPERIMENTAL SETUP

In order to simulate a generic real-life hydraulic circuit, an
experimental test bench has been properly developed: the
prototype of a generic PRV has been created to generate a set
of experimental data used to compare the simulations results.
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The relationship between the stroke (x) of the poppet, the
mass flow of the oil (Q) and the pressure drop (Ap) inside the
valve orifice is calculated by the following equation:

Q=C,A®x),|22P )

where A(X) represents the area of the orifice available for
the oil flow; it must be noted that this variable area can be
calculated as follows:

A(X) = 7dx 2)

The main geometrical dimensions of the valve are reported
in Fig. 4; in particular, d represents the inlet diameter of the
abovementioned valve.

Fig. 4 PRV main characteristic dimensions

It is important to clarify the meaning of the coefficient
indicated as Cy in (1): it is indeed the discharge coefficient,
which represents the role of the geometry of the valve. Hence
it indicates the capability of the device itself to allow a defined
flow of oil in base to the interaction between pressure and
density of the fluid (together with the available outflow area).
This coefficient was first studied experimentally by Richard
von Mises [1-2] and then evaluated analytically by Mikhail 1.
Gurevich [3]. Since the experimental test bench uses a fixed
displacement pump, the oil flow regulation is made by a series
of valves, making it possible to vary the flow rate. Then the
manual movement of the poppet through a screw defines the
pressure that will be measured across the valve. In this case,
given that a fixed spacer is used instead of the spring, the
position of the poppet is measured by means of proportion
between the pitch of the screw and the amount of turns of the
screw itself. This generates a setting which is as stationary as
possible, in order to obtain an experimental setting consistent
with the CFD simulations. As the screw is turned, the poppet
rises from the closed position to the fully opened one, making
it possible to record the amount of pressure created for the
specific flow rate and stroke. The values are recorded in an
Excel® table and plotted to obtain a Ap-Q characteristic,
which allows the calculation of the discharge coefficient.
Pressure is measured via digital manometers and flow rate is
measured with a flow meter.
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The same results are searched in the CFD simulations and in
the simplified model used in MATLAB-Simulink®, hence it is
required to build a proper and reliable setup, capable to prove
that the simulations can substitute the real-life prototypes.

I1l. CAD GEOMETRY, MESH GENERATION
AND CFD SIMULATION SETTINGS

The geometry of the valve has been modelled in
SolidWorks® 2015, used to generate an assembly made out by
the valve body and the poppet. The assembly has been saved
with the poppet located in four different positions® , in order to
reproduce the situation experimented with the test rig
(schematically shown in Fig. 1); it must be noted that the main
geometrical dimensions used to parameterize the valve are
highlighted in Fig. 4. An algorithm was used to extract the
fluid volume from the solid geometry (shown in Fig. 5)

Fig. 5 example of fluid volume extracted from
the solid geometry of the pressure relief valve

Once the model is defined, it is needed to generate a mesh
that can be used by OpenFOAM® in order to execute the fluid
dynamic simulations. A tetrahedral mesh has been chosen,
since it is reliable and capable to generate the calculation grid
without an excessive computational effort (Fig. 6).

The mesh diagnostic tool of OpenFOAM® confirms the
good quality of the cells and of the owverall grid, as no
interpenetrating cells or misaligned normal face vectors are
found. The valve is fairly compact, but in order to obtain a
good precision while executing the fluid dynamic calculations
the number of cells used, since the domain is three-
dimensional, ranges from 3 to 6 million. As shown in Fig. 7,
the grid is made finer in the area of the orifice, since the very
limited stroke (the useful value of poppet displacement x is
always below 1 [mm], even in maximum mass flow
conditions) generates a very little outflow area.

1 It must be noted that the number of steps tested must be defined in base to
the linearity of the considered phenomenon and to the amount of resolution
required to optimally fit the experimental data, but a linear characteristic
can just require a small amount of points.
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Fig. 6 example of result of the meshing process for PRV

Fig. 7 detail of the fine mesh around the orifice and
snapshot of the orifice on the upper right corner

Having enough cells is paramount to allow a proper
calculation of the strong gradients occurring inside the orifice,
but at the same time a too fine subdivision of the domain
would increase too much the computational time, wasting
precious resources. The simulations are set as follows:

1) Steady

2) Static

3) Single-phase

4) Turbulent and laminar models are tested
5) Three dimensional

6) Constant density

7) PIMPLE solver?

With the aforesaid conditions we assume that the valve is in
a stable equilibrium condition, without incurring in the Hopf
bifurcation phenomenon [16].

2 The PIMPLE solver algorithm is contained in OpenFOAM software tools
and calculates the pressure and the velocity fields of the simulated flow
through following steps, correcting the values of such fields at every
iteration steps [4].



INTERNATIONAL JOURNAL OF MECHANICS

The characteristics of the oil chosen are typical of an
aeronautical (and to a certain degree are also close to that of an
industrial machine) fluid:

1) p=900 [kg/m3]
2) v=25][cSt]

The pressure field is integrated all over the poppet to obtain
the distribution of forces required to size the spring and
properly evaluate the stroke of the poppet itself.

IV. CDF RESULTS

The results obtained through the CFD simulations, as shown
for instance in Fig. 8-10, have been compared with
experimental results in order to evaluate the accuracy of the
proposed approach. Inlet pressure reaches the maximum value
where the velocity of the fluid is nearly zero, while decreases
as the velocity of oil increases.

13.528

Fig. 8 pressure profiles calculated by CFD simulation:
Q = 64,97 [I/min] - Poppet Stroke x = 0,748 [mm]

ity Magnitude (m/s)
&

000000 35.063 A6.751 58.439

Fig. 9 velocity profiles obtained by CFD simulation:
Q =64,97 [I/min] - Poppet Stroke x = 0,748 [mm]

It is important to point out the negative values of absolute
pressure obtained in the initial simulations. Such results are
due to the fact that simulations are run as single phase ones, so
it is not possible to accurately capture the phenomenon of
bubble formation in certain areas of the valve [5-8].
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Vielocity: Magnitude (m/s)
24.323 36139

47956 50.773

Fig. 10 detail of streamlines obtained by CFD simulation:
Q = 64,97 [I/min] - Poppet Stroke x = 0,748 [mm]

Given that the so obtained CDF simulations provide a
detailed evaluation of pressure and force fields acting on the
poppet taking into account also effects due to viscous and flow
forces (as shown, for instance, in Fig. 11), it is possible to
correlate the different PRV operating conditions (i.e. stroke of
the poppet x, oil mass flow Q, pressure drop Ap, average oil
temperature, etc.) with the respective fluid dynamic forces and,
therefore, provide a more accurate modeling of these
phenomena by means of a dedicated multi-input LUT.

Fig. 11 example of poppet pressure distributions given by CFD:
Q =64,97 [I/min] - Poppet Stroke x = 0,748 [mm]

V. MATLAB-SIMULINK® MODEL

Once defined the force and pressure fields acting on the
poppet, it is important to analyze the dynamic behaviors of the
mechanical components of the valve (i.e. the moving poppet
driven by the spring). The properties of these components
(poppet inertia, spring stiffness, viscous damping and dry
friction) will determine the dynamic behavior of the valve, and
its regulation field (e.g. acting on the spring preload the PRV’s
cracking pressure changes). To this purpose, a simplified
numerical model has been developed in MATLAB-Simulink®
simulation environment (shown in Fig. 12): it is able to
simulate the dynamic behavior of the aforesaid PRV taking
into account the effects of the mechanical properties of its
components. It must be noted that it is a lumped parameter
numerical model (i.e. spatially distributed entities of the
examined physical system are condensed into a specific set of
discrete elements, simplifying its real nature).
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A data file is used to initialize the variables representing the
geometry of the valve studied. At the same time two different
calculation paths can be followed: indeed, forces used by the
equations of dynamics can both be modeled (starting directly
from physical or mathematical models given by literature) or
interpolated by means of suitable look-up tables (LUT)
containing the values calculated by the CFD simulations (e.g.
the discharge coefficient Cy4 related to different values of
poppet stroke x, oil mass flow Q and pressure drop Ap).

[ "
™ 0 ou

Q_in

Q.

DP

Q_in
[m*3/s] 1st Order Model
Hydraulic
Capacity PRV

2nd Order Model PRV Poppet

A 4

DP
[Pa]

Fig. 12 MATLAB-Simulink block diagram of the PRV

The main forces used in the model are the flow force, the
static pressure force, the dry friction (simulated by means of
the Borello’s model [9]) and the inertial force due to the mass
of the poppet. The CFD is able to consider the contributions
due to pressure as a single term (inclusive of the effects of
static pressure, friction and flow forces), while the direct
modelling needs to take into account static pressure and
dynamic pressure as two different contributions. It must be
noted that, according to [10-12], the abovementioned flow
force represents the reduction in pressure operated by the
motion of the fluid inside the oil, which decreases the overall
value of pressure to an extent that acts as a recall force,
limiting the stroke of the valve poppet.

Figure 13 represents the hydraulic capacity block, that it is
required to tailor the simulation behavior to make it closer to
reality; this block takes into account the amount of oil used
and the overall compressibility of the oil itself (in fact some
microscopic air bubbles could be present inside the fluid,
reducing the global bulk modulus of the fluid).

dPc/dt
[Pals]

beta/Vol

Pc [Pa] O

DP

Pt

PcO

Pt

c=\1|4

Fig. 13 MATLAB-Simulink block diagram of the
“1st Order Hydraulic Capacity PRV” subsystem
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Figure 14 shows the Simulink block diagram simulating the
fluid-mechanic dynamic response of the PRV poppet; it is
implemented by means of a second order nonlinear dynamic
model that calculates the poppet displacement (x) and the oil
flow drained across the valve (Q.:) as a function of
differential pressure Ap, poppet spring preload (FRVO0),
geometrical characteristics of the valve and inlet oil flow (Qj,).

D, » OP
DP Flow Force Q_out -@
Istant. Model  |FRvD YRV Q_out
Output Qil Flow
F_Act X (2 )
X
2nd Order Poppet Model

Fig. 14 MATLAB-Simulink block diagram of the
“2nd Order Model PRV Poppet” subsystem
The “2nd Order Model PRV Poppet” subsystem is
composed by four blocks shown in Fig. 15, 16, 17 and 18.
Figure 15 shows the “Flow Force Instantaneous Model”:
this simplified numerical model calculates the instantaneous
value of the global fluid dynamic force acting on the sliding
poppet Fyp as follows:

3)

where F, and Fy represents, respectively, the static pressure
force (due to differential pressure acting on the poppet
effective area) and the said flow force.

Fpop = I:p - I:fl

ST

PRV Poppet
Effective Area  Flow Force
Model
(1)
| DP F pop
XRV
(@D, P x
Fil
theta P theta
Q_in[—®a_in

Fig. 15 MATLAB-Simulink block diagram of the
“Flow Force Instantaneous Model” subsystem

Figure 16 shows the implemented flow force model: it is
possible to notice the possibility to use the directly modelled
or LUT-based setup for the calculations. It must be noted that
flow forces are strongly dependent on the shape of the valve
and on the mass flow; once defined a variation law for poppet
stroke (together with a relation expressing the equivalent
orifice area) and having identified the differential pressure Ap,
it is possible to outline a different range of forces for big or
small strokes. According to [10], in case of small stroke (in
this case < 0,2 [mm]) the flow force is modeled as:
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Frow = 2-C4(X) - Ap - cOs & - A(X) (4)

flow

where Cq is the discharge coefficient, 0 is the outflow angle
of the jet produced inside the orifice (seat-poppet area), Ap is
the pressure drop through the valve orifice, A(X) is the area of
the orifice and x is the stroke of the poppet. Vice versa, as
reported in [10-11], in case of larger stroke x the flow force
acting on the PRV poppet is modeled as:

Faow = 2-Cy(X)-Q? -cos 3/ A(X) (5)

2°Cd

D ) > 2cap |
CP

_ Py AR >

X pi*Di*X

-b{ cos I

theta

costheta) |
>

cos(thata)

Qin thalCd*2

Fi_Large_X

Fig. 16 MATLAB-Simulink block diagram of the
“Flow Force Model” subsystem

Figure 17 represents the second order nonlinear dynamic
model simulating the behavior of the PRV poppet: this
algorithm, developed by Borello and Dalla Vedova in [9],
implements a simplified dry friction model which can be fine-
tuned to reproduce a result which is coherent to the values
obtained by the real-life simulations.

Sal Porl
D2RY
E_Act

Ends of Travel

Borello's Friction

Fig. 17 MATLAB-Simulink block diagram of the
“2nd Order Poppet Model” subsystem

It must be noted that friction represents only a very limited
contribution, since the poppet is fully submerged in oil, but, in
adverse conditions, can determine a jamming of the poppet in
a certain position. Operatively speaking, this computational
routine, schematically shown in Fig. 18, implements the
classical Coulomb friction model and it is able to correctly
describing many of its typical effects (breakaway, stop and
stick-slip of the poppet, position resolution) as well as their
interactions with the eventual mechanical ends of travel.
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It must be noted that, if the only saturation port is enabled,
the integration will create artifact velocity values, resulting in
undesired non-zero values of velocity once the stroke limit is
reached. For more clarity, it is necessary to remember that the
Coulomb friction model can be generally represented by the
following relationships, taking into account the difference
between sticking and slipping conditions:

h if v=0A|h<Fs
FF={Fs-sgn(h) if v=0A||>Fs (6)
FD -sgn(v) if v=0

where FS and FD represent the friction force in sticking and
slipping conditions respectively, h is the active force (i.e. Act
Th in Fig. 17) and v represents the relative slipping velocity
(i.e. DXJin Fig. 17).

FFS

" min
FFS [N] 4’@"
© ofsron
ey (-
Direct state access to
break algebraic loop -‘
1 o} !
D3 5P ] FF
— D
z) » SIGH Reset D0
DxJ

Fig. 18 MATLAB-Simulink block diagram of the
“Borello’s Friction” subsystem

FFDIN]

In order to simulate the behavior of the valve, a quasi-
dynamic scheme was chosen: this approach, proposed by
Borello and Dalla Vedova in [13], is capable to handle
complex systems of non-linear equations with reasonable ease,
identifying by means of numerical calculation the
corresponding stationary conditions. The system uses the same
equation as the dynamics, but the real physical meaning of the
damping constants is neglected, in fact they are only used to
allow a fast and numerically stable convergence to the regime
condition of the system studied. It must be noted that, as
shown in [14], such numerical scheme can find application
also in other disciplines, like structural calculations. This kind
of algorithm hence ensures fast convergence times (thanks to a
suitable configuration of the constants), but also a high quality
of the results, even if the transient loses its physical meaning.

VI. MATLAB-SIMULINK® RESULTS

Figure 19 shows, for instance, the dynamic response of the
proposed lumped numerical model: it is calculated for a mass
flow Q (that flows through the valve) of 64,97 [I/min]. The
parameters of the MS numerical model taken into account for
the simulations are reported in Table 1.
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002 0.025

time [s]

Fig. 19 MATLAB-Simulink simulation results for Q = 64,97 [I/min]

Table 1: Main parameters of the MATLAB-Simulink model

Parameter | Physical variable | Value | Units
K spring stiffness 9150 [N/m]
C damping coefficient 50 [N-s/m]
m poppet’s mass 0,01 [ka]
Dt integration time step le-6 [s]
t total simulation time 0,1 [s]

The color scheme adopted for the simulations performed in
Simulink (according to Fig. 19) is shown in Table 2.

Table 2: Color scheme of MATLAB-Simulink model

Color Physical variable Units
Yellow output mass flow [I/min]
Magenta input mass flow [I/min]
Cyan leakage mass flow [I/min]
Green stroke of the poppet [mm]

Red pressure at the inlet [bar]

Blue cracking pressure [bar]
D_ark PinI_( Related experimental [mm]

(horizontal line) stroke of the poppet

As reported in Table 3, all the considered cases (i.e. all the
considered mass flows sets tested by authors) are able to fit
well the experimental results obtained. This means that the
direct model of the flow force implemented in MATLAB-
Simulink® is able to synthetically capture the behavior of the
fluid inside the valve.
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Table 3: Comparison between experimental results and
corresponding MATLAB-Simulink® simulations

i | ey | oo | ey | ey | %0 | o
64,97 13,41 0,7757 13,56 0,748 1,11 | 3,70
49,6 11,89 0,6483 12,09 0,629 1,65 | 3,07
29,96 10,19 0,4765 10,22 0,464 0,29 | 2,69
9,96 8,22 0,2912 8,4 0,2903 | 2,14 | 0,31

A following work will consist in comparing the MATLAB-
Simulink® model enriched with the LUTs with the equation-
based simulation. This will make it possible not only to
compare the results, but also to define which is the best and
most effective method to tackle the problem.

VII.

A 3D model of the full geometry of the valve has been
developed to predict the distribution of pressures (hence
forces) inside it to make an optimization process possible. The
CFD calculations have been run with an open source software,
OpenFOAM®. The mesh has been refined to take into account
different strokes and various levels of accuracy of the results,
in order to obtain a representation of the domain as accurate as
possible. The meshing procedure was based on a trials and
errors procedure, driven by previous examples found in
literature [15]. The results show a good behavior of the
MATLAB-Simulink® model for both the fully CFD modelled
and CFD/Simulink interactive model. As a more accurate
representation of the valve through the CFD will be reached,
the sole MATLAB-Simulink® model could be enough to drive
the very initial stages of the design, providing the preliminary
information necessary to aim the successive detailed
optimization procedure based upon extensive use of CFD-
driven calculations. Clearly a full and accurate comprehension
of the best geometry fitting the characteristics of flow rate and
pressure can be reached only via the CFD, as a precious and
cost-effective alternative to a purely practical approach.

The results obtained by the initial CFD setting require a
deeper analysis to clarify the need to use a more complex and
rich simulation, with the use of a multiphase model to describe
the dynamic instability phenomenon that usually incurs a lower
flow rates and small lifts of the poppet [17].

In particular, the multiphase survey could also raise the need
to introduce a cavitation model, thus making the model much
more detailed and complex. To this purpose, authors are
intended to continue this research developing more accurate
numerical simulations based upon Matlab-SIMULINK®
models enriched with look-up tables and, then, comparing
them with a pure CFD dynamic simulation, created taking into
account a multiphase fluid.

CONCLUSIONS
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