EXPERIMENTAL VERIFICATION OF A
MATHEMATICAL MODEL OF STATIC
CHARACTERISTICS OF PILOT OPERATED PRESSURE
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A numerical and experimental investigation of the static
characteristics of pilot operated pressure relief valves is presented
in this article. A mathematical model of a pressure drop depending
on a flow in a pilot operated pressure relief valve is developed.
A test stand is created for the experimental determination of
the pressure drop depending on the flow and the obtained
results are compared with theoretical ones. The results of solving
the mathematical model and experimental investigation are
presented in a few diagrams. A few directions for improving the
static characteristics are given, especially at the moment of the
main valve of the pilot operated pressure relief valves opening.
Advantages and disadvantages of the static characteristics of both
types of valves are presented.
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1. INTRODUCTION

The pressure relief valve is a basic component in every hydraulic system.
Its function is to limit the maximal pressure in the system. There are two
types of pressure relief valves depending on their construction: direct acting
pressure relief valves and pilot operated pressure relief valves. Direct acting
pressure relief valves are with limited application because of their pure static
characteristics at high flow and pressure ranges. To avoid this disadvantage a
pilot operated pressure relief valves have been introduced.

Many authors [5], [6], [7], [8] have investigated the characteristics of this
type of valves and different mathematical models have been obtained, which
describe their characteristics. In this article an attempt at determining the
static characteristics of a specified pressure relief valve and its experimental
verification has been made by means of contemporary mathematical approach.

2. PRINCIPLE OF OPERATION

A functional diagram of the specified pilot operated pressure relief valve is
shown in Fig. 1. This valve can be observed as a system consisting of three
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Fig. 1. Functional diagram of pilot operated pressure relief valve
Qur. 1. OyuKIMOHAIHA AUarpaMa Ha [PeIIa3HO-IIPEJIMBEH KlalaH
C HEIPSKO YIpaBJICHUE

subsystems: the main valve 1, the pilot valve 2 and the fixed orifices (R
and Rp). In neutral position both pilot and main valves are closed under the
influence of the springs 3 and 4, and there is a balance of forces at the closing
element of the main valve 1. When inlet pressure p; reaches higher value than
the preset spring force 4 of the pilot valve the closing element of the pilot valve
2 is opening, and through the orifices Ry and Rs there begins to flow a little
amount of pilot flow g,. The pressure p3 in the upper part of the main valve is
maintained approximately constant by the pilot valve. With further increase
of the inlet pressure p; the pressure drop pi3 = p1 — p3 continues to increase
up to:
_ Fpro  co-ho
P13 = A—1 = A,

at which the main valve is opening and the flow ¢; = g2 + g, is flowing to the
tank. By changing the flow ¢; the pressure drops p; 2 and p; 3 also change,
which leads to moving the closing element of the main valve 1. This provides
constant pressure drop pi 2, which is preset at the pilot valve. If the outlet port
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of the valve is directly connected to the tank, then pressure ps will not act at
the closing element of the pilot valve 2. In that case the pressure relief valve
will provide a constant pressure at the inlet port pi, not pressure drop pi 2.

3. MATHEMATICAL MODELLING STATIC
CHARACTERISTIC

The static characteristic of a pressure relief valve shows changing of the
control parameter (pressure drop p; 2) depending on the inlet parameter (inlet
flow ¢1). The static characteristics of the pilot operated pressure relief valves
are described by the following equations [2], [3]:

e Flow equation across the pilot valve

. 2
(1) Qyzuy‘dQ‘W'xy'Sm(ey)‘\/;'p3,2,

2
m

where: g, | — is the flow across the pilot valve; p, is the flow coefficient of
s

the pilot valve; do [m] is the seat diameter of the pilot valve; x, |m| is the
displacement of the closing element of the pilot valve; 8, [°] is the angle of oil

k
flowing at the pilot valve; p [—%] is the oil density; ps 2 = p3s — p2 [Pa is the
m
pressure drop in the pilot valve.
e Balance of forces acting on the closing element of the pilot valve
¢y (hy +ay) =psa- Az — 1y Ty P32

or

(2) :Cy — p3,2 : A2 - Cy : hy
Cy + Ty P32

N
where: Ay [m?] is the area of the seat of the pilot valve; Cy [—] is the spring
m

constant of the pilot valve; h, [m]| is the previous deformation of the spring
of the pilot valve; r, = 2 p, - 7 - dy - cos(f,) [m]| is the hydrodynamic force
coefficient of the pilot valve.

If we solve the equations (1) and (2), the static characteristic of the pilot
valve there will be obtained:

. 2 p32-A2—Cy'hy
3 Qy = fy - dg - T -sin(0y) - y/— P32 = .
® y= iy )/ e
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e Pressure drop at the fized orifices
(4) P13 = Ru - qy + Rim - q; + R - @y + Rom - q,

p12 = (Ruy + Ry) - gy + (Rim + Ram) - CIZ =R qy+ Rp - CIZ,
where: p13 = p1 — p3 [Pa| is the pressure drop at the pilot chain, R} = Ry; +
_128-w-p-ly 128 w-p-ly [Pa-s

]EZl -
4 4
W'ddrl 71'~ddr2

Pa-
in the orifices Ry and Ra; Ry, = Rim+Rom = &1 P +£2. p [ A S]

5 } is the linear hydraulic resistance
m

2-A3 2- A%m m?

ddr ™

4[m?|

area of the orifice Ry or Ra; dgy, |m| is the diametar of the orifice Ry; [; |m] is

the length of the orifice Ry; dgy, [m| is the diametar of the orifice Ry; lo [m] is
2

is the local quadratic resistance in the orifices R; and Rs; Ay, = is the

the length of the orifice Ro; v [g] is the oil viscosity.
s

e Pressure drop at the main valve

(5) P12 = P13+ D32,
where: p1 2 = p1 — pa |Pal is the pressure drop at the main valve.

e Balance of forces acting on the closing element of the main valve
pr2- Ao —pr2- AA=cy- (ho+x0) + 70" T0" P12

or

(6) o = p1,3-Ag —p12-AA—co- hoy

co+ 170 P1,2

where: Ag [m?] is the area of the closing element of the main valve; AA [m?|
is the unbalanced area at the closing element of the main valve; hg |m| is the
previous deformation of the spring of the main valve; xo [m]| is the displacement
of the closing element of the main valve; ro = 2-pg-m- Dy -sin(fy) - cos(6p) [mlis
the hydrodynamic force coefficient of the main valve; pg is the flow coefficient
of the main valve; D; |m]| is the seat diameter of the main valve; 0 [°] is the
angle of oil flowing at the pilot valve.

e Flow across the main valve

. 2
(7) Q2=M0'D1'7T'960'Sln(90)'\/;'191,27
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2
m

where: ¢o [—} is the flow across the main valve.
s

e Flow through pilot chain

(8) Q1 = q2 + qy.

The static characteristics of the pilot operated pressure relief valves are fully
described by the equations from (1) to (8).

The specified pressure relief valve shown in F'ig. 2 has the following parameters:

o the seat diameter of the pilot valve da = 5 [mm)|,

o the seat diameter of the main valve D; = 24.3 [mm],

o the closing element diameter of the main valve Dy = 25 [mm],

N
o the spring constant of the pilot valve ¢, = 61 [—] ,
mm

N
o the spring constant of the main valve ¢y = 15 [—] ,
mm

o the fixed orifices diameter dg. = 1 [mm]|,
o the oil viscosity v = 46 |cSt]

The numerical static characteristic is shown in Fig. 3.

Fig. 2. Specified pilot operated pressure relief valve
QOur. 2. OnpeseieH npea3sHo-TIPeMBEH KJlalaH ¢ HeNPAKO YIPaBJICHIEe
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Fig. 3. Numerical static characteristic of a pilot operated pressure relief valve
Qur. 3. YucjieHn cTaTUYHU XaPaKTEPUCTUKY Ha PEryJIUpPAIl] [IPe/II1a3eH BEHTUI

4. EXPERIMENTAL RESULTS

The basic aim of this investigation is to determine the true static characte-
ristic of the pilot operated pressure relief valves, and to compare it with the
numerical characteristic. The diagram of the Fig. 4 shows the experimental
static characteristic of the specified valve. In the diagram mentioned above the
approximately identical numerical and experimental pressure vs flow depending
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Fig. 4. Experimental static characteristic of a pilot operated pressure relief valve
Qur. 4. ExcriepruMeHnTaIHN CTATHIHA XaPAKTEPUCTUKU HA [IPEIA3HO-TIPEINBEH
KJIATIAH C HEIIPSIKO YIIPABJIEHUE

© Umnkenepun nayku, rog. XLVIII, 2011, Ne 4 47  (© Engineering Sciences, XLVIII, 2011, No. 4



is notable. By this fact, the applied mathematical methodology for calculation
of static characteristics of pilot operated pressure relief valves is verified.

A test stand for experimental determination of the true static characteristic
of the specified pressure relief valve is shown in Fig. 5.

Fig. 5. Experimental test stand
@ur. 5. Crenj 3a €KCIIEPUMEHTAJIHO TeCTBaHe

5. CONCLUSION

The experimental static characteristic has confirmed the proposed methodo-
logy for numerical obtaining of the static characteristic. However, the diagrams
generally show some features of the static characteristics of pressure relief
valves.

The main advantage of the pilot operated pressure relief valves is its low
slope, or low statism at higher flow and pressure ranges from the moment of
opening the main valve, compared with the direct acting pressure relief valves.
This low statism primarily is due to low spring constant of the main valve.
But, the main disadvantage of these valves is their high (relative) error of the
control value (pressure pj) at the beginning, to the moment of opening of the
main valve. From both the diagrams we can notice the difference between the
moment of opening of the pilot valve and the moment of opening of the main
valve. An appropriate designing modification on some details of the valve like
orifice diameter and seat diameter of the pilot valve can reduce the pressure
difference of the opening of the pilot and the main valve, but to keep good
dynamic characteristics yet. It is important to say that some modification can
improve static characteristics, but at the same time it can influence negative
to dynamic characteristics. So, static and dynamic characteristics are usually
investigated simultaneously in order to get optimal performance of the valve.
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As inlet pressure p; (or pressure drop pi2) increases, the pilot flow ¢, also
increases. Usually for different designs of pilot operated pressure relief valves,

1
the pilot flow g, moves around 0.5 — 1.6 [— .
min
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EKCIIEPUMEHTAJIHA BEPUOUNKAIINA HA
MATEMATUYEH MOJAEJI HA CTATUYHUTE
XAPAKTEPUCTUKU HA ITPEJITASHO-IIPEJINBEH
KJIAIIAH C HEIIPAKO YIIPABJIEHUE

CaAuiko JumutrPoB, CUMEOH CUMEOHOB, CJIABYO [[BETKOB

PeswowMme

B HacrosimaTa craTusi € 1mpejicTaBeHO YUCJIEHO U eKCIIEPUMEHTAJI-
HO OIIpejieJisiHe Ha CTATUYHUTE XapPAKTEPUCTUKU HA IPEJITa3HO—
[IPEJINBEH KJIAlAH C HEMPsKO yrpasienne. Pa3zpaboren e maTema-
THYEH MOJIEJ Ha CIIaJ[a HA HAJLATAHETO B 3aBUCUMOCT OT /1e0uTa B
kianana. Cbh3gaieH e CTeH T 38 eKCIIePUMEHTAJTHO OIPE/IeTISTHE Ha
CIIaJia Ha HAJSITAHETO B 3aBUCUMOCT OT Je0UTa U IO0JIyYEeHUTE Pe-
3yJITATH Ca CPABHEHU C TEOpEeTUIHUTE. Pesysirarure OT pelaBaHe-
TO HA MaTEMATUYHUsI MOJIEJ I OT €KCIIEPUMEHTAJHOTO U3CJIe/IBAHE
ca MOKa3aHU B HAKOJIKO Juarpamu. Jlajenn ca HSIKOJIKO HACOKH
3a MOAOOpsBaHe Ha CTATHIHUTE XapAKTEPUCTUKH, OCOOEHO B MO-
MEHT Ha OTBapsiHe HAa OCHOBHUsI KJIAIIAH HA IIPE/INAa3HO—TIPETUBEH
KJIATIAH C HENpSKO ympasJeHue. [IpejcraBenu ca mpeauMcTBaTa
U HEJIOCTATHIUTE HA CTATUIHUTE XaPAKTEPUCTUKHU HA JBATA TUIIA
KJIAIIAHA.

Karowo6u dymu: IpeiIia3Ho—IPEJINBEH KJIAIIAH ¢ HEIPSIKO yIIpaB-
JICHUE, CTATUIHUA XaPaKTEPUCTUKH.
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