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Abstract: This article presents results of numerical modelling, simulation and test
bench experiments of a hydraulic direct-acting relief valve was used as a safety valve.
The analyzed safety valve was placed in a system consisting of a fixed-speed pump, a
control valve, a hydraulic cylinder as an actuator and a second pressure valve in the
load line used as a payload generator for the cylinder. In the first step mathematical
model of the system was formulated in the form of a system of ordinary differential
equations. Next, simulation model was created in Matlab/Simulink. Simulations were
carried out for different values of the actuator payload. The obtained results include
time series of pressure, flow rate and displacement of the actuator piston. In order to
confirm simulation results, a test bench was built and series of experiments were carried
out. High compliance of simulation and laboratory results was obtained. It was
confirmed that the proposed solution with the relief valve used as a safety valve fulfills
its task of protecting the hydraulic system from excessive pressure increase.
Keywords: hydraulic system protection, safety valve, relief valve, numerical modelling,
test bench experiments

1. INTRODUCTION

Nowadays, with the development of high-pressure hydraulic systems, the issue of
protection against damage or destruction is of special importance. Main purpose of
a safety valve included in a hydraulic system is to protect the system against excessive
pressure increase. Usually, the safety valve is inactive during the normal operation,
which means that the flow through the valve is shut off. It opens only under exceptional
circumstances. Due to their necessity, safety valves are often subjects of analysis and
research. A detailed review of different safety valve configurations, including actuator
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and solenoid/positioner combinations that can be used in practical applications was
given by Miller and Bredemyer (Miller and Bredemyer, 2007). The authors presented
failure rate and reliability studies, data associated with the various component
combinations and impact of the selections on the safety integrity level (SIL) verification.
An analysis of the effect related to the gas expansion throughout safety relief valves
was carried out numerically and experimentally by Dossena (Dossena et al., 2013). The
main conclusion was that particular care must be taken when a safety valve operates
with a fluid characterized by a specific heat ratio greater than the one of the fluid used
during the type testing. Investigations of a safety valve characteristics in a low-pressure,
two-phase flow system were also carried out by Dempster (Dempster and Alshaikh,
2015). Results of the tested range of conditions indicate that the flow and force
characteristics of the safety valve are significantly influenced by the flow rate. Modelling
and analysis of safety valves using computational fluid dynamics (CFD) and fluid-
structure interaction (FSI) techniques related to a spring-loaded pressure valve was the
subject of Song’s article (Song et al., 2015). Similarly, Scuro (Scuro et al., 2018)
provided CFD analysis of a directly-operated safety relief valve, while Beune (Beune et
al., 2012) analyzed opening of a high-pressure safety valves by the means of both CFD
and FSI.

Some of the research concern specific applications of safety valves including special
fluids and environmental conditions. The effectiveness of a fire pressure safety valves
(PSV) in the offshore oil and gas installation when the process equipment is exposed
to a fire was investigated by Bjerre (Bjerre et al., 2017). Simulations of several typical
offshore pressure vessels were performed using the VessFire commercial software. On
the contrary, dynamic simulation and validation of a safety valve for cryogenic flight
tanks was carried out by Manimaran (Manimaran et al., 2016). The authors presented
mathematical modelling, simulations and laboratory experiments on an inverted type
pilot-operated vent and safety valve. Research on safety valves sometimes also
requires the analysis of parameters such as viscosity (Moncalvo and Friedel, 2010), the
Reynolds number (Dossena et al.,, 2017) or pressure oscillations and vibrations
(Galbally et al., 2015).

This article provides numerical and experimental study of performance of a relief valve
used as a safety valve. The valve was installed in a hydraulic system with a fixed-speed
pump, a control valve and a hydraulic cylinder. Methodology of mathematical modelling
and simulation is similar to the one used by the authors for obtaining characteristics of
a proportional flow control valve (Lisowski and Filo, 2016) and analyzing a flow
coefficient (Lisowski and Filo, 2017).

2. MATHEMATICAL MODEL AND SIMULATIONS

Mathematical model of the system is based on the continuity equation for compressible
fluid, the Bernoulli's equation, the equation of hydraulic cylinder motion and geometrical
dependencies. Scheme of the modelled system is shown in Fig. 1. Volumetric flow rate
of the pump Q, is constant and equal to the nominal value Qpnom €xcept the start-up
time ts.ar=0.2 s, when increases linearly:

Qpnom ' Lr whent < tggre

tstart (1)
Qpnom otherwise.

Qp® =
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Fig. 1. Modelled hydraulic system: 1 — pump, 2 — safety valve, 3 — hydraulic cylinder,
Fioad — payload force, Qp, Q1, Qz, Qs - flow rate, p1, pret — pressure, Dc1, D¢z - diameter

The supply line pressure pi1 can be calculated from the formula:
dp,
ol O RIAORIAO)! )

where B — fluid bulk modulus, V; - initial volume of the supply line, Ac1 — cylinder cross-
sectional area, X — cylinder piston position, Q1 - hydraulic cylinder inflow, Qs - safety
valve flow rate. The return line pressure pret is assumed to be approximately constant
pret = 0.1 MPa. Determination of the unknown flow rate values Qa(t) and Q2(t) requires
the hydraulic cylinder piston equation of motion to be formulated:

ve(t) = =2, 3)

dvc(t 1

vd—t() = m_c (pl () " Ac1 — Prec(Ac1 — Ac2) — vc(t) T — Fload): (4)
where m stands for mass of the movable part of hydraulic cylinder (piston and rod), o«
is a damping factor, Ac; is the cross-sectional area of the rod and Fiaq is a payload
force. Value of the hydraulic cylinder piston velocity v. derived from Eq. (4) can be used
to calculate Qi(t) and Qx(t):

Q1 (t) =A¢ Uc(t), (5)

Q> ) = (Acl - Acz) ' vc(t)- (6)

Next, flow rate through the safety valve Qs(t) is based on a valve piston position Xs(t),
whose equation of motion has the following form:

dxs(t
vy(£) = 22, )

) = mia [(pl(t) — Pree) o — v3(t) @3 — x3(t) “ky — FS3]. (8)

The safety valve parameters have been marked using index 3, respectively: mz and Ds
—mass and diameter of the valve piston, as — damping coefficient, ks — spring stiffness,
Fss — initial spring tension. The initial spring tension Fs3 provides opening the valve when
pressure in the supply line exceeds 15 MPa. In this case a cylindrical gap of diameter
Ds and width xs is formed around the piston. Hence, the flow rate Qs(t) can be calculated
on the basis of the Bernoulli’s equation:

Qs(8) = ¢5 As(t) - [HEPred ©)

High value of the initial spring tension ensures that the requirement of the equation
applicability: p; > p,,, is always fulfilled. The contraction factor was set a fixed value

¢3=0.65 and similarly the fluid density =840 kg m™. Area of the gap As(t) depends on
the valve spool position:
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A3(t) =1 Ds - x3(t). (10)
The formulated system of 10 equations defines the following time-variable parameters
of the analyzed system: flow rates Q,, Q1, Q2, Qs, pressure p1, velocities v, vs, positions
Xc, X3 and gap area As. In the next step the presented equations were used to build a
block diagram simulation model in Simulink.
Main diagram of the created simulation model is shown in Fig. 2, while Table 1 presents
values of some significant geometrical and physical parameters which were used in the
simulations. It arises from the figure that main block represent the individual
components of the system: pump, safety valve, hydraulic cylinder and supply line. The
blocks are connected using pressure and flow rate signals. There are two adjustable
parameters in the editable blocks: the payload force in F_load and the return line

pressure in p_ret, respectively.
pi(t) l
Q1(t)

Qp(t) Qp(t) p1(t) 0.1e6 p_ret
p_ret [MPa]

Q2(t)
’—D Q3(t) SafetyValve 30000 F_load

il

©

=

3

o
p1(t) (¢
p_ret (4

Q3(t)

F_load [N]
SupplyLine HydCylinder

\
sink2 L

—%
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Fig. 2. Block diagram of the simulation model

Table 1
Physical and geometrical parameters of the simulation model
Name Denotation Value Unit

Nominal pump delivery Qpnom 15 dm3 min-!
Cylinder and piston rod diameter Dc1/De2 60/32 mm
Safety valve piston diameter D3 12 mm
Safety valve initial spring tension Fs3 1680 N
Safety valve opening pressure ps 15 MPa
Fluid density o 840 kg m-3
Fluid bulk modulus B 1000 GPa
Return line pressure Pret 0.1 MPa

The assumed values of the system parameters ensure correct operation with the
payload below 40 kN. Hence, in order to check operation of the safety valve, simulation
tests were carried out with the payload up to 45 kN. Example results obtained for 20,
40, 42.5 and 45 kN are shown in Fig. 3.

It arises from the figure, that in case when the payload force is 40 kN or less, the safety
valve is switched off and the entire flow rate is directed to the cylinder (Fig.3a and
Fig.3b). However, the safety valve opens when the cylinder piston reaches the end
position (time=5.8 s). Case (c) illustrates situation when the pressure is slightly above
the acceptable value and the safety valve is partly open (Qs=12.2 dm®min?). Finally,
case d) represents the situation when the payload force is too high. Hence, the entire
fluid flows through the safety valve while the cylinder piston does not move.
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Fig. 3. Simulation results including supply line pressure p1, cylinder piston position x. and
safety valve flow rate Qs; @) Fioaac=20 kN, b) Fioag=40 KN, €) Fi0ad=42.5 kN, d) Fioagc=45 kN

3. TEST BENCH EXPERIMENTS
The obtained simulation results were next verified at the test bench, which scheme
shows Fig. 4 and front view presents Fig. 5.

DAQ system l

Fig. 4. Test bench scheme: 1 — pump, 2 — safety valve, 3 — hydraulic cylinder,
4 — control valve, 5 — relief valve, 6 — check valve, 7 — flow meter, 8 — displacement
transducer, 9 — pressure transducer, 10 — data acquisition system

In addition to the main components which are: a pump (1) a safety valve (2) and a
hydraulic cylinder (3) there is also a load-generating relief valve (5) and two elements
providing the return movement: a control valve (4) and a check valve (6). The measuring
system include a flow meter (7) a displacement transducer (8) and three pressure
transducers (9). Change of the piston movement direction is realized by means of
control signal u. The payload force Fioad Can be calculated on the basis of the difference
between the average values of the pressures: AVG(pioad) and AVG(prer) measured
during the cylinder piston movement.

Floaa = (AVG(pload @®) - AVG(pret(t)))(Acl - Acz)- (11)

Results of laboratory experiments in the form of pressure charts pi(t), Pioad(t), pret(t), flow
rate Q1(t)=Qp(t)-Qs(t) and the piston displacement x(t) are shown in Fig. 6.



383

Section Technical

NN

a

Fig. 5. Test bench front view; 1 — safety valve, 2 — hydraulic cylinder, 3 — control valve, 4 —
check valve, 5 — relief valve, 6 — p1 pressure gauge, 7 — flow meter display, 8 — displacement

transducer, 9 — control panel
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Fig. 6. Results of the test bench experiments: a) Fioag=16.3 kN, b) Fi0ad¢=32.5 kN,
C) Fload:40.9 kN, d) Fload:43.0 kN

As arises from the presented charts, laboratory experiments confirmed simulation
results. Having the payload force equal to 16.3 kN and 32.5 kN, the safety valve is
closed. If the force exceeds the threshold value (Fioag=40.9 kN), the valve opens to
some extent and reduces value of the Q: flow rate. For Fia¢=43.0 kN the valve is fully
open and entire flow passes through it.

4. SUMMARY

The presented article concerns modelling and laboratory testing of a safety valve in a
hydraulic system. Main task of the valve is to protect the system from the effects of a
sudden excessive pressure increase. Two cases of the pressure increase were tested:
the first one concerned the situation when hydraulic cylinder piston reached its end
position, while the second one resulted from the excessive payload force. Results of
both simulations and laboratory experiments in each case indicate, that the proposed
relief valve protects the system to a sufficient degree. The results of experimental
research coincide with simulations and thus prove the correctness of the mathematical
model and the adopted modelling methodology.
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The results presented in this paper may be interested for researchers and developers
working on hydraulic components (Krawczyk et al., 2018) or using them in their own
infrastructure e.g. biotechnology (Skrzypczak-Pietraszek et al., 2018). The approach to
aligning experimental research and the numerical model may be of interest for any
researcher using surrogate models in his/her own practice e.g. materials science
(Szczotok et al., 2018), surface machining (Gadek-Moszczak et al., 2014; Ulewicz and
Selejdak, 2018; Pliszka et al., 2018), protective coatings (Radek et al., 2018), power
plants (Osocha et al., 2018) or even in museum revitalization (Karpisz and Kielbus,
2019), while others use specific methods to quantify uncertainty (Pietraszek et al.,
2016). The usefulness of the presented research can also be inspiring for effective
university management and commercialization of these studies (Kozien and Kozien,
2017; Kozien, 2017).
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