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Abstract: Flow control valves are designed to maintain a constant flow rate regardless of pressure
changes. However, standard, two-way design may cause significant energy losses due to the need
to maintain high pressure in the supply line. In contrast, the proposed three-way valve allows the
required flow rate to be obtained at a supply pressure slightly above the loading pressure. This
work included building mathematical and simulation models, conducting numerical simulations in
Ansys/Fluent and Matlab/Simulink environments, and verifying the results by initial test bench
experiments on a valve prototype. The main contribution provided by the work concerns the proposal
of a new valve solution and the estimation of its operational characteristics.

Keywords: hydraulic valve; flow control valve; three-way valve; cartridge valve; CFD analysis;
Ansys; numerical simulation; Simulink

1. Introduction

Numerous solutions used in hydraulic drives to control the volumetric flow rate are
based on throttle valves. Elements of this type are characterised by simple construction
and reliability. However, they also have significant disadvantages, which include high
susceptibility to pressure changes and energy losses. The heat released at the throttling gap
is mainly discharged with the hydraulic oil to the tank, which leads to a rapid increase in
temperature and requires the use of coolers with adequate power. These disadvantages can
be primarily reduced by using flow control using a throttling element and a differential
valve. Many solutions of this type are developed in the industry and combined with
other hydraulic control components, such as proportional valves, load sensing valves,
servo-valves or electronically controlled valves. The issue of reducing heat generation and
thus reducing energy losses in hydraulic systems is often taken up in studies conducted by
leading research centres.

Flow control valves are used to obtain a fixed flow rate independently from the
pressure. There are two main methods to increase the accuracy and reduce the energy
losses of these valves: geometric modifications or the development of new control systems.
An advanced digital flow compensator combined with a flow control valve was designed
by Huang et al. [1]. Compared to the basic version, the use of the developed compensator
allowed for a significant reduction of the dead zone and an improvement of the static flow
characteristics. A novel design of a rotary hydraulic flow control valve for high flow rate
fluid power systems was presented by Okhotnikov et al. [2]. Due to high flow rates, and
thus a significant part of flow forces in the balance of forces acting on the throttling elements,
a sophisticated multi-staged servo valve system was used for flow regulation. In turn,
Lisowski and Filo analysed the characteristics of flow control valves, including geometric
modifications to the spool geometry to extend its operating range [3] and modelling a
single-pump multiple-receiver system with the usage of several parallel connected two-
way flow control valves [4]. Moreover, Liu [5] worked on flow force compensation in a
cartridge valve, and Jiang [6] investigated dynamic performance of a two-position four-way
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directional cartridge valve. Numerous further studies have addressed the usage of flow
control valves in special applications such as an electro-hydraulic hitch control valve of
an agricultural tractor [7], a metering valve for adjusting the flow rate at the inlet and
outlet ports of the boom cylinder of an excavator [8], a fuel flow rate control system for
aeroengines [9] or a flow control valve for stroke speed adjustment of a robotic lifting
device [10]. Furthermore, similar solutions related to flow rate control are also used in
hydraulic drives of vehicles, including tracked ones [11] and articulated ones [12]. In
the field of research on the use of advanced flow control valve regulation techniques,
one can find articles related to neural networks and genetic algorithms. Artificial neural
networks are used as adaptive components of hydraulic control systems, e.g., to regulate
flow rate without the flowmeter [13,14], or approximate and compensate flow rate changes
due to load disturbances [15]. Genetic algorithms are utilised mainly for optimisation,
e.g., to adjust parameters of a stepless flow control system [16] or a dual-mode wheel
loader hydraulic steering system [17]. Numerical analyses of hydraulic components and
systems are often conducted using CFD methods. Among the latest publications in this
field, one can mention the work on the study of flow through tandem square cylinders [18],
improvement of a ball control valve performance [19], a study on a spool valve flow force
compensation [20] and the transient flow analysis of a proportional two-solenoid valve [21]
as well as a check valve [22].

This article concerns numerical and experimental studies of a cartridge-type three-way
flow regulator for installation in a valve block. The studies are aimed at estimating the flow
forces acting on the valve spool and determining its operational characteristics. The pro-
posed valve is advantageous compared with the standard, two-way constructions because
it ensures maintaining the set flow rate in the working line without the need to maintain
high supply pressure. Moreover, it is a reliable valve with a relatively simple design and
manual adjustment by the operator and does not contain electronic measurement and
regulation equipment. It can be a crucial flow control component of a hydraulic drive,
especially in the case of operational or environmental conditions that preclude the use of
electronic systems and electrical power.

2. Case Study: Working Principle of a Cartridge Flow Control Valve

In the design of flow regulators, there is a series or parallel connection of a throttling
valve and a differential valve. These two elements connected in series form a two-way flow
regulator (Figure 1a). In the case when the differential valve is attached to the throttling
valve in parallel (Figure 1b), a three-way regulator is obtained. In practice, the designation
for flow regulators is simplified, as shown in Figure 1c. The flow regulator can be placed in
various places in the hydraulic system. However, most often it is the supply line where the
valve controls the flow rate, and thus, the speed of movement of the receiver, such as an
actuator or hydraulic motor.

Figure 1. Drawing symbol of a flow regulator; (a) valves connected in series, (b) valves parallel
connected, (c) simplified; P, A, B—connection ports.

The geometric model of the studied flow regulator is shown in Figure 2a and the
cross-section in Figure 2b. Working fluid flows from supply port P to the output port A.
The relief port B is used to discharge excess fluid. A pressure difference on both sides of
the spool (4), moving inside the sleeve (3) is created by the throttling nozzle (5), depending
on the flow velocity.
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Figure 2. Cartridge flow regulator: (a) view, (b) section; 1—body, 2—adjuster, 3—sleeve, 4—spool,
5—nozzle, 6—spring, 7—sealing; P—supply port, A—output port, B—relief port.

The spool position is determined by adjusting the spring (6) tension and the pressure
difference on both sides. In this case, the port B opening area is crucial. The cross-sectional
area of the port B gap also depends on the position of the spool (4); however, with the spool
displacement, it enlarges much faster than the area of port A decreases. By imposing the
appropriate initial spring tension value and fixing the proper throttling nozzle diameter,
the desired flow rate can be obtained, assuming the sufficient delivery of the supply unit.

Figure 3 shows a 3D model of the working fluid flowing through the valve, built by
performing Boolean operations on a geometric model.

Figure 3. Model of the working fluid; P, A, B—connection ports.

The incoming fluid from the P port is divided into two streams: main A and relief
B. The A stream narrows in the area of the throttle nozzle and then bends at an angle
of 90 degrees to flow out through the radial holes in the spool and the sleeve to the A
port. The flow area of the radial holes decreases when the spool moves along the sleeve.
This fluid jet contraction, together with the main throttling nozzle, forms a cascade flow
throttling system.

3. Methodology

The research methodology includes formulating a mathematical model, defining a
discrete CFD model and its parameters, such as boundary conditions and turbulence model
and assessing mesh quality.

3.1. Mathematical Model

The formulated mathematical model includes a variable speed pump, a studied flow
control valve and two relief valves (Figure 4).

A vane pump with eleven vanes was used as the supply unit. The theoretical flow rate
against the rotational angle α depends on the eccentricity ep. It can be calculated from the
following equation:

Q0(α) = [r−
ep

2
· (1 + cos(α))] ·ω0 · b · ep · (1− cos(α)), (1)

where the pump design parameters are r = 43 mm and b = 20 mm. The required
flow rate of Q0 = 30 dm3 ·min−1 is obtained for the eccentricity value ep = 2.5 mm.
The resulting non-uniformity of the flow is 2.13 %. Nominal value of rotational speed
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ωnom = 1440 rot ·min−1 is reached after the starting time tstart, when it increases linearly
from zero:

ω0(t) =

{
ωnom · t/tstart for t < tstart

ωnom otherwise.
(2)

Figure 4. Hydraulic system diagram with denotations for mathematical model formulation: 1—pump,
2—safety relief valve, 3—flow control valve, 4—load line relief valve; P, A, B—connection ports.

Having determined pump flow rate Q0 as the input, a mass conservation equation can
be formulated for the supply line of volume V0:

dp0(t)
dt

=
B f

V0
· (Q0(t)−Qr(t)−Q1(t)−QB(t)). (3)

The safety relief valve (2), for which a detailed model one can find, e.g., in [23] is
used to protect the system against excessive pressure build-up. The load-generating relief
valve (4) has an analogous structure. The model uses the safety valve characteristics
described by the equation for the range of its nominal operation:

Qr(t) =
p0 − pr

∆pv2
·Qv2,nom, (4)

Q2(t) =
p2 − pr

∆pv4
·Qv4,nom. (5)

The flow rates through the inlet throttle nozzle n1, as well as the gA and gB gaps of the
flow control valve (3), can be determined from Equations (6)–(8), respectively:

Q1(t) = An1 · µn1 ·
√

2/ρ · |p0(t)− p1(t)|, (6)

QA(t) = AgA(x1) · µgA(x1) ·
√

2/ρ · |p1(t)− p2(t)|. (7)

QB(t) = AgB(x1) · µgB(x1) ·
√

2/ρ · |p1(t)− pr(t)|. (8)

The input nozzle is changeable. The following diameters were established for studies:
d1 = 2.5, 3.5, 4.5, 5.5 mm. However, for the given diameter, the nozzle area is constant.
Therefore, the discharge coefficient was also assumed to be constant, µn1 = 0.7. The areas
of gA and gB gaps depend on the x1 spool position, according to Figure 5. Discharge
coefficients of these gaps were assumed as µgA = µgB = 0.6. The main outlet gap of the
valve AgA is created by exposing four radial holes in the spool and the sleeve. Its cross-
section is a non-linear function of the spool displacement. Similarly, the AgB discharge slot
area of the annular shape also depends on the spool position, shown in Figure 5.
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Figure 5. Flow control valve gA and gB gap areas against spool position x1.

The flow control valve spool of the ms mass is subjected to the hydrostatic force Fhs
resulting from the difference between p0 and p1 pressures acting on the spool area As,
the spring Fspr, viscous friction Fφ and hydrodynamic reactions caused by the change of
flow direction in the gA and gB gaps, FhdA and FhdB, respectively. The hydrostatic force
Fhs(t) = (p0(t)− p1(t)) · As. The spring force includes the initial tension xspr,0 and the
deflection from spool position: Fspr(x1) = (xspr,0 + x1(t)) · kspr. Viscous friction depends on
the fluid viscosity η, damping factor φ and spool velocity: Fφ(t) = η ·φ · dx1

dt . Hydrodynamic
forces arise as a result of the impact of the QA and QB fluid streams on the spool, for which
equations of axial components [24] can be written as follows:

FhdA = ρ ·QA · (vgA,out · cos(θA,out)− vgA,in · cos(θA,in)

FhdB = ρ ·QB · (vgB,out · cos(θB,out)− vgB,in · cos(θB,in)).
(9)

The vgA,in, vgA,out, vgB,in, vgB,out are the average velocities determined at inlets and
outlets of the gaps, while θA,in, θA,out, θB,in, θB,out are the corresponding fluid jet angles.

m1
d2x1(t)

dt2 = Fhs(t)− Fφ
dx1(t)

dt
− Fspr(x1) + FhdA + FhdB. (10)

The pressure difference ∆p = p0 − p1 arises due to the flow through the inlet nozzle.
There is a p2 pressure resulting from the system’s load at the valve outlet. The mass
conservation equation defined for the load line is used to calculate p2 pressures:

dp2(t)
dt

=
B f

V2
· (QA(t)−Q2(t)). (11)

The system of equations is closed by the pressure equation p1 inside the flow control
valve. Its value can be determined assuming that the nozzle n1 and the slot nA form a
cascade. In this case, the following relation holds:

p1(t) =
An1 · µn1 · p0(t) + AgA · µgA · p2(t)

An1 · µn1 + AgA · µgA
. (12)

3.2. Discrete Model and Mesh Quality Assessment

The discrete fluid model is presented in Figure 6. The model has one inlet surface
P and two outlet surfaces, A and B. The mesh comprises irregular elements, including
tetrahedrons in the bulk flow and prisms at the boundaries. Tetrahedral elements are more
convenient for modelling complex geometry, including throttling gaps and flow channels,
than others, such as hexahedral or polyhedral. Pressure–velocity coupling was achieved
using the pressure-based solver with the convergence condition 10−4 for both mass and
momentum residuals.
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Figure 6. Meshed model of the fluid; P, A, B—connection ports.

The initial mesh was created in accordance with the general recommendations. Due
to the complex geometry of the flow channels, forcing sudden shifts in flow direction and
step changes in the cross-sectional areas, it was necessary to use the local grid refinement
technique and conduct a mesh quality assessment process. Starting from the default mesh
version, calculations were made, and the mesh was gradually refined in the vicinity of
the flow gaps. The obtained flow rate against the number of mesh nodes and elements is
presented in Table 1. The values of parameters and settings were assumed as for a real
valve for nominal flow Q1 = 10.0 dm3 min−1 and the load line pressure p2 = 10.0 MPa.
The results show that as the mesh was refined, the obtained calculation result approached
the laboratory results. However, increasing the number of elements above 1.2 · 106 does not
affect the flow rate’s obtained value. Hence, the m3 grid of 2.15 · 105 nodes and 1.19 · 106

elements was adopted for further simulations. The difference from laboratory results was
less than 4 %, while the computation time was about 210 min.

Table 1. Mesh quality assessment.

Case
(-)

Nodes
(-)

Elements
(-)

Time
(min)

Calculated Flow
(dm3 min−1)

Experimental Flow
(dm3 min−1)

m1 131124 681846 111 9.37 9.94

m2 165697 881507 160 9.49 9.94

m3 215124 1196093 210 9.55 9.94

m4 235848 1311315 240 9.55 9.94

3.3. Physical Parameters and Boundary Conditions

Parameters of typical hydraulic oil were assigned to both Ansys and Simulink models.
The pump flow rate, the load line pressure range and the Re range for the flow through the
flow control valve were also determined. The values are summarised in Table 2.

Table 2. Physical parameters.

Oil Kinematic
Viscosity

Oil
Density

Oil
Temperature

Inlet
Flow Rate

Load Line
Pressure

Reynolds
Number

ν ρ T Q1 pload Re
m2 s−1 kg m−3 oC dm3 min−1 MPa −

41 · 10−6 850 50 30 1–30 2000–28,000
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The following boundary conditions have been defined for the Ansys simulations:

• Inlet: average fluid velocity calculated based on the flow rate; velocity specification
method: Magnitude, Normal to Boundary; inlet flow rate Q1 = 30 dm3 min−1;

• Outlet A: static pressure; outlet condition: Gauge Pressure; pressure value: various
values in subsequent simulations in the range pA = 1− 30 MPa;

• Outlet B: static pressure; outlet condition: Gauge Pressure; pressure value: various
values in subsequent simulations in the range pB = 0.1–10 MPa.

3.4. Turbulence Model

The calculated Re values indicate transitional or turbulent flow depending on the flow
rate. At first, a turbulence model had to be selected. Based on the publications related
to CFD research on hydraulic components such as pumps [25] and valves [26–30] the k-ε
turbulence model was chosen. Since there are several variants of the k-ε model, including
Standard, Realisable and RNG, some initial simulations were carried out to compare the
results. The obtained results were virtually identical; hence the Standard k-ε model was
selected as the least time-consuming one.

The Standard k-ε model comprises two transport equations, which can be found,
e.g., in [31–33]. It is based on two major factors: kinetic energy of the turbulence k, and
kinetic energy dissipation ε. The calculation process also requires determination of a
number of parameters, such as turbulent viscosity µt, turbulence intensity I, length scale
` and the constants sk, sε, C1ε, C2ε and Cµ. The values adopted based on the general
recommendations of Ansys [34] and previous research by the authors [4,35] are presented
in Table 3.

Table 3. Parameters of the k-ε model.

Turbulence
Intensity

Turbulence
Length Scale

Turb. Viscosity
Constant

Kinetic Energy
Constant

Kinetic Energy
Dissipation Constants

I (%) ` (mm) Cµ (-) sk (-) sε (-) C1ε (-) C2ε (-)
4.3–6.3 0.12–0.51 0.09 1.0 1.3 1.44 1.92

4. Results of Numerical Simulations

The results include velocity and pressure distributions obtained through CFD simula-
tions and flow rate as a function of time for various load line pressures and initial tensions
of the valve spring.

4.1. Results of CFD Simulations in Ansys

In the first step, maps of pressure and velocity distribution were determined, assuming
the typical value of the supply pressure p0 = 11 MPa and the same load on both outputs
A and B with the pressure pgA = pgB = 10 MPa. A default nozzle diameter dn1 = 3.5 mm
and a spool displacement x1 = 0.5 mm were used. As a result, the average value of the
fluid velocity in the supply port vP,avg = 19 m s−1 was obtained. Figure 7a,b shows the
pressure and velocity distributions in an isometric view on three mutually perpendicular
planes drawn through the axes of the main valve channels. In turn, Figure 8a,b presents
the same parameters in the cross-section relative to the longitudinal symmetry plane of
the valve. Figure 9 shows an enlargement of the area around the flow slot of the B channel
with an estimate of the jet angle value.
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Figure 7. CFD results for equal loads on both outputs in the isometric view: (a) pressure distribution,
(b) velocity distribution; P, A, B—connection ports.

Figure 8. CFD results for equal loads on both outputs in the longitudinal cross-section: (a) pressure
distribution, (b) velocity distribution; P, A, B—connection ports.

Figure 9. CFD results for equal loads on both outputs: jet angle in the B gap; θB,in, θB,out—jet angle at
inlet and outlet; P, A, B—connection ports.

As presented in Figures 7a and 8a, the inlet pressure in the P port is slightly higher
than the pressure resulting from the loading of the outlet ports. The valve divides the
inlet fluid stream into two streams directed to A and B ports. Due to the differences in
cross-sectional areas of the gaps and the occurrence of the n1 throttling nozzle, the division
is uneven. The stream directed to channel A has an average velocity of 6.5 m/s, whereas
to channel B it is 12.5 m/s. The fluid velocity increases locally through the B channel,
and the stream bends. It significantly impacts the forces associated with the working
medium flow. As seen in Figure 9, the cross-sectional area of the slot is perpendicular to
the longitudinal axis of the valve. Hence, the fluid stream inflows to the gap at an angle
θB,in = 84◦, while the outflow bends at an angle of 87◦. Since the axial component of the
flow forces is proportional to the cosine of the fluid stream jet angle, and the outflow angle
is greater than the inflow one, the flow force in the B gap acts in the direction of the spring
force. In the case of the A channel, the medium flows out through radially arranged holes
(Figures 7b and 8b). Hence, the input and output jet angles are close to 90◦, and the impact
of the flow forces on the spool in this gap is negligible.

Flow through the flow control valve when ports A and B are loaded with different
pressures are shown in Figures 10 and 11.



Appl. Sci. 2023, 13, 3719 9 of 17

Figure 10. CFD results for different loads on both outputs in longitudinal cross-section: (a) pressure
distribution, (b) velocity distribution; P, A, B—connection ports.

Figure 11. CFD results for different loads on both outputs: jet angle in the B gap; θB,in, θB,out—jet
angle at inlet and outlet; P, A, B—connection ports.

In this case, the pressure p0 = 5.5 MPa was assumed at the inlet to the valve,
p2 = pA = 5.0 MPa at port A, and pB = pr = 1.0 MPa at port B. With these data, the
average value of liquid flow velocity at the valve input was 31.6 m s−1, in the A regulated
channel v = 5.2 m s−1 and in the B relief channel v = 26.4 m s−1. As shown in Figure 10,
despite a significant surplus of the supply flow rate over the controlled value in B channel,
the inlet pressure is only 0.5 MPa higher. The bending angles of the stream (Figure 11) in the
B channel are similar to those obtained with the equal loading of both outputs θB,in = 84◦

and θB,out = 88◦.

4.2. Simulink Model and Results of Simulations

A general view of the hydraulic system model created in Simulink is shown in
Figure 12.

Figure 12. Model of hydraulic system in Simulink.

As shown in the figure, the main hydraulic components are a pump, a flow control
valve and two relief valves, including one that is electromagnetically controlled. The
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components are connected by two lines: a supply line and a load line. Additionally, there is
a possibility to close the flow through port B of the flow control valve using the manual
switch. The determined signals of pressure p and flow rate Q are transmitted between the
components. The input parameters are initial spring tension x_spr1, the pump turn-on
signal Upump1, the channel B opening signal swON_1 and the relief valve control signal
Uv2. Parameter values adopted for the simulations are presented in Table 4.

Table 4. Crucial valve parameters.

Spool and Nozzle
Mass

Spool
Diameter

Spool Damping
Coefficient

Nozzle
Diameter

Spring
Rate

Spring Init.
Tension

ms ds φs dn1 kspr xspr,0
kg mm N s mm−1 mm N mm mm

0.0176 12 9.5 3.5 10, 20, 30 1, 2, . . . , 5

Figure 13 shows the flow rate values obtained by the flow control valve at constant
pressure in the load line (valve port A) p2 = pA = 10.0 MPa, assuming the fixed value of
spring rate and variable initial spring tension. According to a typical valve operation, the
relief channel B was assumed to be unloaded pB = pr = 0.1 MPa. Figure 13a shows the
results obtained using a soft spring (spring rate kspr = 10 N mm−1), while Figure 13b shows
the results after using a rigid spring (kspr = 40 N mm−1). In the first case, the flow rate
can be adjusted in the range of about QA = 6− 12 dm3 min−1 with the maximum pressure
drop ∆p = p0 − pA = 0.69 MPa. In the second case, the flow rate QA = 12− 24 dm3 min−1

and the pressure drop ∆p = p0 − pA = 1.71 MPa.

Figure 13. Valve flow rate obtained with fixed load line pressure: (a) soft spring (kspr = 10 N mm−1),
(b) rigid spring (kspr = 40 N mm−1).

In turn, Figure 14 presents the course of the flow rate for constant spring parameters
and changing pressure in the load line. Analogously to the previous simulation, Figure 14a
shows the results obtained with soft spring and Figure 14b with a rigid one. To illustrate
the accuracy of valve operation more clearly, the pressure–flow rate characteristic Q = f (p)
was drawn from the results (Figure 15). The summarised results include both spring
stiffness values and different initial tensions.

In the third stage, the ability of the flow control valve to compensate for the changing
load was tested. For this purpose, simulations of the valve operation subjected to sinu-
soidally varying pressure in the load line with an average value of p2 = pA = 10.0 MPa
and an amplitude of 2.5 MPa were made. The results relating to different spring stiffness
values are shown in Figure 16a and Figure 16b, respectively.

As seen from the charts, the supply pressure changes its value along with the load
variation. Pressure in the supply line equals the load pressure increased by the drop across
the valve. Nevertheless, despite fluctuations in the pressure, the regulated volumetric flow
rate is maintained at a quasi-constant level with a deviation not exceeding 5%.
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Figure 14. Valve flow rate obtained with stepwise changes in load line pressure: (a) soft spring
(kspr = 10 N mm−1), (b) rigid spring (kspr = 40 N mm−1).

Figure 15. Flow control valve p-Q characteristic: (a) soft spring (kspr = 10 N mm−1), (b) rigid spring
(kspr = 40 N mm−1).

Figure 16. Valve flow rate obtained with sinusoidally varying load line pressure: (a) soft spring
(kspr = 10 N mm−1), (b) rigid spring (kspr = 40 N mm−1).
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5. Laboratory Test Bench and Experimental Results

Figure 17 shows a diagram and an overall view of a test bench used for carrying out
laboratory experiments. Through the supply system consisting of a variable displacement
pump (1), a relief valve (2) and a filter (3), the input flow rate for the studied flow control
valve (4) was generated. The pressure in the load line was set using the valve (8). Flow
meters (5) and pressure transducers (6) were used to measure flow rates and pressures in
all flow channels. The oil temperature in the tank was measured by a thermometer (7).
Operational parameters of the measuring and data acquisition equipment, including the
theoretical accuracies, are summarised in Table 5.

Figure 17. Test bench: (a) scheme, (b) view; 1—pump; 2—safety relief valve; 3—filter; 4—flow control
valve; 5—flow meter; 6—pressure transducer; 7—thermometer; 8—relief valve; 9—Data acquisition unit.

Table 5. Measuring and data acquisition equipment parameters.

Pressure Flow Rate Temperature DAQ Card

Name Trafag NAT KEM HM Introl FH0 Advantech 4704
Range
Unit

0–25
MPa

0.3–33
dm3 min−1

0–100
◦C

12 bit
8×AI, 2×AO

Accuracy ±0.2% ±0.3% ±0.5 ◦C n.a.

The experiments carried out on the test stand allowed the actual p-Q characteristics
of the valve to be obtained. The procedure included the following steps: (a) installing a
spring of appropriate stiffness, setting the initial tension to obtain a specific value of flow
rate, (b) setting the minimum pressure in the load line, (c) switching on the power supply,
(d) gradually increasing the load pressure to the maximum value by changing the relief
valve setting and then (e) acquiring the measurement data with time step ∆t = 0.02 s.

In the first step, the flow control valve settings were adjusted to the required flow
rate QA = 10 dm3 min−1, while the load line pressure pA was changed in the range of
2–30 MPa. The pump flow rate was set to Q0 = 30 dm3 min−1, and the discharge channel
B was not loaded. The obtained graphs of flow rate Q0(t), QA(t) and load pressure pA(t)
are shown in Figure 18, while the uncertainties are summarised in Table 6.

Table 6. Flow rate and pressure measurement uncertainty.

Mean Error Mean % Error Max. Error Std. Deviation Std. Error

Q0 0.17 dm3/min 1.58% 0.58 dm3/min 0.38 dm3/min 0.23 dm3/min
QA 0.26 dm3/min 2.59% 0.78 dm3/min 0.60 dm3/min 0.35 dm3/min
pA 0.24 MPa 2.15% 0.65 MPa 0.37 MPa 0.22 MPa
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Figure 18. The obtained graphs; (a) flow rates and load pressure against time, (b) flow characteristics:
1—measured, 2—approximated.

The approximated QA(pA) characteristic with the corresponding result from the
Simulink model is shown in Figure 19.

Figure 19. Comparison of the p-Q characteristic: solid—experimental curves, dashed—simulation results.

The valve response to a variable pump flow rate in the range Q0 = 2− 30 dm3 min−1

was tested in the second step. In this case, a constant load was also assumed in the load
line QA = 10 dm3 min−1. The obtained laboratory charts are shown in Figure 20, while a
comparison of the approximated laboratory curve QA = f (Q0) and simulation results is
shown in Figure 21.

Figure 20. Experimental results of a variable flow rate test: Q0, QA—flow rates, pA—supply line pressure.
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Figure 21. Controlled flow rate QA against supply flow rate Q0: 1—approximated experimental
curve, 2—simulation result.

6. Discussion

The results show that the flow control valve is able to maintain the required flow rate
regardless of the load pressure value. Figures 13 and 14 show the possibility of adjusting
the flow rate to a certain extent by changing the initial spring tension. If it is necessary to
change the adjustment range more significantly, a spring with a different spring rate can be
applied. The use of a stiffer spring allows a greater flow to be obtained; however, at the
same time, energy losses rise due to the increase in pressure drop across the valve.

According to the obtained p-Q characteristic (Figure 15), the flow rate deviation in
the entire considered load range does not exceed ∆QA = 9 % for the low flow rate setting
(Q = 6.0 dm3 min−1) or ∆QA = 4% for a high flow rate (Q = 22 dm3 min−1). In general, at
a given setting, the flow through the valve rises as the pressure in the load line increases.
This is due to the influence of the hydrodynamic force (Equation (9)), which was estimated
with the help of velocity distributions obtained from CFD studies (Figures 9 and 11).

In subsequent simulations, the ability of the flow control valve to compensate for
the varying pressure in the load line was tested. For this purpose, the load line was
assigned a sinusoidal p2 pressure of average value 10 MPa, amplitude 2.5 MPa and period
2 s (Figure 16). The use of a flexible spring (kspr = 10 N mm−1) resulted in a maximum
flow rate deviation not exceeding 5 %, with a maximum pressure drop across the valve
∆p1 = 0.7 MPa. A stiffer spring that allows higher regulated flow rates to be obtained
provides a more even flow where the maximum flow rate deviation does not exceed 3%.
However, the pressure drop is significantly higher, reaching the value of about 1.9 MPa.

Laboratory tests were aimed at confirming the correctness of mathematical and sim-
ulation models and verifying the actual flow characteristics of the valve. In the first
experiment, the flow rate through the A channel of the valve was measured at fixed valve
settings, ensuring the nominal flow QA = 10 dm3 min−1 and QA = 22 dm3 min−1. Fixed
pump flow rate Q0 = 30 dm3 min−1 and pressure in the load line varying in the range of
p2 = 2–30 MPa were assumed. The measurement uncertainties estimated by means of the
standard deviation factor are equal to ∆Q0 = ±0.38 dm3 min−1, ∆QA = ±0.60 dm3 min−1

and ∆pA = ±0.37 MPa. The results shown in Figure 19 indicate a high level of agree-
ment. The correlation coefficient for the low and high flow rate settings was 0.99 and 0.96,
respectively. As part of the second experiment, the value of the obtained flow rate QA
was tested at a constant load of the supply line p2 = 10 MPa and a variable pump flow
Q0 = 3− 30 dm3 min−1. As shown in Figure 21, also in this case, the results of simulations
and laboratory experiments show a high degree of correlation, except for the lowest values
of pump flow Q0 < 4 dm3 min−1. The results also showed that the regulated flow rate,
provided that the pump capacity is sufficiently high (Q0 > QA), is almost constant over the
entire range, with a deviation not exceeding ∆QA < 1%.

7. Conclusions

The article deals with a proposal of a novel three-way flow control valve. Valve
development requires numerous studies, including modelling, numerical simulation and
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laboratory experiments to determine operational range and flow characteristics. The
proposed solution is particularly significant from an economic point of view because the
valve has a relatively simple structure, does not require any advanced electronic control
systems and can reduce power consumption compared to standard two-way flow control
valves. First, CFD analyses were carried out, which made it possible to estimate the dynamic
flow forces appearing in the B gap caused by a change in the direction of the working
fluid stream. The results were used to build a model in the Matlab/Simulink system and
conduct further simulations. Based on the simulation outcomes, the flow characteristics
Q = f (p) and the valve’s ability to compensate for load changes were determined. The
results of the simulation studies were confirmed on the test bench using the prototype of
the proposed valve, achieving a high level of compliance with the correlation coefficient
above 0.95. Detailed conclusions are as follows:

• The proposed valve can be used in practice in all power hydraulic systems where a
specific fixed value of the minimum flow rate must be ensured regardless of the load.

• There are operational limitations: under conditions of variable load, the possibility
of increasing the flow by 10% compared to the required value should be taken into
account, especially for low regulated flow (setting 6 dm3 min−1 results in accuracy up
to 10%, while for 22 dm3 min−1 the maximum change does not exceed 4%.

• Compared to a typical two-way flow control valve, the proposed solution is more
advantageous in terms of energy demand, especially in systems of many valves
connected in parallel, since the presence of a relief line prevents the need for higher
pressure in the supply line.

• The valve can be used in systems and environmental conditions that exclude direct
access to the electrical power supply.

• To obtain a wide range of adjustable flow rates, springs of different stiffness can be
used, with a stiffer spring allowing for higher values. At the same time, the exact
setting is achieved by manually adjusting the initial tension of the spring.
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Nomenclature

Indices
0 supply line
1 flow control valve
2 load line
r return line
Parameters
An1, AgA, AgB, As flow control valve areas: n1 nozzle, gA and gB gaps, s spool ( m2)
B f fluid bulk modulus ( MPa)
C1ε, C2ε, Cµ turbulence model constants (-)
FhdA, FhdB hydrodynamic forces in A and B gaps acting on spool ( N)
Fhs, Fs, Fφ forces acting on spool: hydrostatic, spring, viscous friction ( N)
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I, ` turbulence model factors: intensity, length scale (-, m)
Q0, Q2, Qr flow rate: pump, load line, return line ( dm3 min−1)
Q1, QA, QB flow control valve flow rate: inlet, A port, B port ( dm3 min−1)
Qv2,nom, Qv4,nom nominal flow rate through v2, v4 relief valve ( dm3 min−1)
V0, V2 volume: supply line, load line ( m3)
b, r pump design geometrical parameters ( mm)
d1, ds flow diameter of n1 nozzle, spool diameter ( m2)
ep pump eccentricity ( mm)
kspr valve spring stiffness ( N m−1)
ms valve spool mass ( kg)
p0, p2, pr pressure: supply line, load line, return line ( MPa)
p1, pA, pB pressure: inside valve, at the A port, at the B port ( MPa)
sk, sε turbulence model constants (-)
t, tstart time, start-up time ( s)
vP,avg, vA,avg, vB,avg average fluid velocity in the P, A, B port ( m s−1)
x1 valve spool position ( m)
xspr,0 initial tension of valve spring ( m)
α pump rotational angle ( rad)
∆pv2, ∆pv4 readjustment of v2, v4 relief valve at nominal flow ( MPa)
η fluid dynamic viscosity ( Pa s)
θ fluid jet angle ( rad)
ν fluid kinematic viscosity ( m2s−1)
µn1, µgA, µgB discharge coefficient of flow control valve nozzle and gaps (−)
µt turbulent viscosity ( m2 s−1)
ρ fluid density ( kg m−3)
φs valve spool damping coefficient ( N s m−1)
ω0, ωnom pump rotational speed, pump nominal speed ( rev s−1)
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