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ABSTRACT
This paper discusses the influence of the poppet geometry of the direct spring operated pressure relief
valve on the dynamics of its motions. Using derived differential equations, a mathematical model in
Matlab –Simulink has been obtained. The results obtained by a computer simulation describe dynamic
properties of the poppet and its influence on the system dynamic with respect to the poppet geometry.
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1. INTRODUCTION
The pressure relief valve, as part of either a hydraulic or pneumatic system, is a necessary safety
element that protects the system and its elements from excessive pressure [1, 2]. The occurrence of
pressure above the upper limit can cause the failure or malfunction of the system and/or elements in
the hydraulic system. In order to avoid this, the system is fitted with the pressure relief valve that
maintains pressure in the system below the upper limit value.
The design (construction) of the pressure relief valve [2] and the fluid characteristics used in the
hydraulic system cause oscillations [3] of the pressure relief valve poppet at its opening (these are also
affected, to a lesser but not negligible extent, by the air quantity in the hydraulic system and piping
material [4]). Due to these oscillations, the valve flow area is constantly changing. This causes a
permanent flow change through the relief valve, and thus the system pressure oscillation [5]. Various
relief valve poppet shapes can lead to various dynamic characteristics, responses and working
stability, which can reduce vibration and noise in the system. Based on derived differential equations
the Matlab-Simulink model has been obtained for examining the impact of poppet geometry on the
system pressure and displacement, velocity and acceleration of the valve poppet.
2. MATHEMATICAL MODEL
The pressure relief valve is an important element of the hydraulic system. An arrangement of a
pressure relief valve in a ship’s steering gear is shown in Figure 1 [6]. Figure 2 shows the structural
model of a direct spring operated pressure relief valve. When the system pressure in the hydraulic
system ps is below the upper limit, the spring keeps the poppet on its seat, the valve is closed. If the
pressure in the system rises above the permissible value, pressure force that acts on the poppet
overcomes the spring forces and the poppet is moved from its seating, the valve is open. Now, through
the relief valve, fluid from the system is redirected into the tank, thus reducing the pressure in the
system. After the initial pressure drop, the valve poppet starts to move toward its seating, thus
reducing the valve flow area through the valve. At this moment, the system pressure is increasing.
These flow and pressure oscillations in the system cause unwanted vibrations and noises, which
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affects its proper functioning and system elements. These unwanted appearances can be decreased by
selecting a proper valve poppet geometry.

Figure 1. Part of ship’s steering gear

Figure 2. Pressure relief valve model

Considering that the total mass of the moving parts m is equal to the mass of the plunger plus one-half
mass of the spring, the differential equation of the dynamic behaviour is derived as follows:
m⋅

d2 x
+ Fv + Fs + Fuf ± Fc − Av ⋅ ( ps − pds ) = 0
dt 2

... (1)

where: x – poppet displacement, t – time, Fv – viscosity friction force, Fs – spring force,
Fus – unsteady flow force, Fc – Coulomb friction force, Av – poppet area normal to pressure,
ps – system pressure, pds – discharge port pressure (assumed to be equal to atmospheric pressure).
Viscosity friction force is given as in Eq. (1) [3,4].
Fv = k ⋅

dx
dt

... (2)

where: k – viscous force coefficient.
The spring force which acts on the poppet is [4]:

Fs = k ⋅ ( x0 + x )

... (3)

where: k – spring stiffness, x0 – pre-compressed spring length, x - poppet displacement.
Due to the fluid flow through the valve poppet, unsteady flow force act on it by force [7]

⎡
dx x ⋅ ( d − 0, 5 ⋅ x ⋅ sin 2α ) d ( ps − pds ) ⎤
⎥
⋅
Fuf = π ⋅ ρ ⋅ L ⋅ Cd ⋅ sin α ⋅ ⎢( d − x ⋅ sin 2α ) ⋅ +
dt
dt
⎢
⎥
2
ρ
p
p
⋅
⋅
−
(
)
s
ds
⎣
⎦

... (4)

where: ρ - fluid density, L – damping length, Cd – discharge coefficient, α − poppet half angle,
d – feed canal diameter.
Coulomb friction force acts in a direction opposite to that of the poppet motion, given in Eq. (5).

⎡
⎛ dx ⎞ ⎤
Fc = F ⋅ ⎢ − sign ⎜ ⎟ ⎥
⎝ dt ⎠ ⎦
⎣

... (5)

where: F − intensity of Coulomb friction force. This force contributes to the hysteresis exhibited by
the valve during its opening and reseating.
The system pressure ratio is given by the differential equation [7]:

p& s =

β ef ⎛

dx ⎞
⋅ ⎜ Qin − Qout − Qv − Av ⋅ ⎟
Vc ⎝
dt ⎠
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... (6)

where: βef – effective bulk modulus, Vc – pressure sensing volume, Qin – inlet flow rate, Qout – outlet
flow rate, Qv – flow rate through the relief valve.
The influence of the air content in fluid and the pipeline material on bulk modulus is expressed as the
effective bulk modulus [4,8]
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1
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+
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... (7)

where: βl – bulk modulus of the fluid, βp – bulk modulus of the pipeline, βp – bulk modulus of the air,
a – relative air content at atmospheric pressure, κ – specific heat ratio (adiabatic exponent) of air.
The fluid volume flow through the pressure relief valve is
Qv = Cd ⋅ Avf ⋅ 2 ⋅

( ps − pds )

... (8)

ρ

where: Avf – valve flow area.
The flow area through the valve is proportional to the poppet displacement from the seating and the
poppet half−angle Avf = π ⋅ x ⋅ sinα ⋅ (d − x ⋅ sinα ⋅ cosα), where: d − pressure sensing port diameter.
According to the above set expressions, the differential equation that describes the motion of the valve
poppet is derived.
3. SIMULATION RESULTS AND CONCLUSION
Based on the derived differential equation of the pressure relief valve poppet movement, the
simulation model in Matlab−Simulink has been obtained.
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Figure 3. Simulation model of the direct spring operated pressure relief valve
The influence of the poppet half-angle on the system dynamic characteristics has been examined by
means of the shown mathematical model. Under the same operating conditions the performance of the
pressure relief valve is changed, by altering the poppet half−angle. The simulation results are
presented through displacement, velocity and acceleration of the poppet and through the system
pressure, Fig. 4, 5, 6 and 7.
At the time t = 0,02 s, the driven element reaches its end position. Further pump operation increases
the system pressure until it reaches the cracking pressure so that the pressure relief valve opens.
During the pressure relief valve operation, the pressure oscillations occur. They are especially
pronounced at the opening time, see Figures 4 and 5. The stabilisation of the initial pressure
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oscillations in the system is fastest at the lower poppet half-angle (α = 30°), while at the higher value
(α = 90°) the stabilisation requires more time.

Figure 4. System pressure diagram

Figure 5. Poppet displacement diagram

Figure 6. Poppet velocity diagram

Figure 7. Poppet acceleration diagram

Another notable feature is the influence of the poppet geometry on the maximum system pressure.
Figure 4 shows that at the poppet half-angle of 30° the system pressure is higher than for the higher
tested half−angles. This indicates that it is necessary to properly select and set the direct spring
operated relief valve with respect to its geometry and shape in order to protect the system from the
moment of a sudden initial pressure increase to the system's stabilization.
By using the simulation model, it is possible to predict the pressure relief valve performance during its
construction. In addition, by using the mathematical model it is possible to select the optimal setting
points of the pressure relief valve (poppet shape, spring stiffness, spring pre-compressed length etc.)
with respect to the system requirements.
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