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Abstract: Thiswork presents the study of a prototype of directional cartridge valve. The cartridge
valves are widely used in hydraulic systems accomplishing the most varied functions according to
the chosen configuration. The prototype was supplied by the company BOSCH REXROTH
GROUP, which maintains partnership with the Laboratory of Hydraulic and Pneumatic Systems of
the Mechanical Engineering Department of UFSC. The non-linear modeling of the component is
done, and the results are obtained through the computational simulation using the software
MATLAB. Through a test bench, the static and dynamic models were validated, making possible to
obtain the coefficients and to under stand the behavior of the component. The analysis of the results
makes possible the identification and determination of the influence of the main parameters, as
well asit indicates the actions that need to be done for the design improvement.
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1. INTRODUCTION

In the early of 70's, the technology of the cartridge valves began to be developed at the
European west and until now many researches correlated to this area. The cartridge valves can be
constructively classified as dip-in and screw-in. The dlip-in valves are used in high power hydraulic
systems operating with flow rates among 200 to 7000 Ipm. In this category, the called logical
elements are included. On the other hand, the screw-in valves are usually available for limited
ranges of flow rate and pressure, operating with flow rates from 2 to 140 Ipm, and with continuous
pressure varying around 350 bar or intermittent pressures oscillating about the 420 bar.

In this paper the study of a directional screw-in valve is accomplished. The mathematical
modeling of the component is done using fundamental equations of the classic mechanics and of the
fluid mechanics, seeking to accomplish the physical description and the behaviora analysis of the
component. To complete the work, the prototype is analyzed experimentally aiming to determine
gains and empiric coefficients of the equations and also to make comparisons among the theoretical
and experimental results. The validation of the theoretica model makes possible to use it to analyze
others components with similar characteristics.
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2.VALVE DESCRIPTION

Under the concept of directional valves are included the valves that command the starting,
stopping and changing of the direction of movement of cylinders and motors. In this paper will be
studied a seat directional valve, with direct actuation by solenoid and return of the piston
accomplished by spring action. The valve operates in only two positions — open and closed — and
the flow rate can occursin both directions (Fig. 1).

The operation principle can be explained as following: when the solenoid is energized, aforceis
generated, moving the nucleus and consequently the piston of the valve, unblocking the passage of
A for B or of B for A, according to the design of the circuit. When the solenoid is de-energized, the
resulting force (the spring force added by the flow force and the force due to the static pressure) acts
on the piston blocking the passage A-B of the valve, characterizing this version as normally closed
(NC). This model is especially used in applications where a closing without leaks in both flow
directions is required. The lateral force due to the static pressure in the port B does not cause
influence to the opening or closing of the valve, considering the annulling of the radial forces dueto
the symmetry of the holesin the sleeve of the valve (Fig. 1b).
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Figure 1: @) Scheme of the cartridge valve; b) Holes symmetrically distributed on the valve sleeve

It can be observed in Figures 1(a) and 2(a) that the piston has a concentric channel, allowing the
fluid passage for the internal chambers of the valve and providing the lubrication of the mobile
elements, including the solenoid. The solenoid used is characterized by having the actuation pin and
the nucleus immersed in the hydraulic fluid that it circulates through the valve, being the coil and
the fixed nucleus isolated of the fluid. With this conception, a continuous flow is allowed around
the nucleus, improving the dissipation of the heat generated in the coil. The actuation pin transmits
the force between the solenoid and the piston, allowing to open the valve as well as to push the
nucleus for the initial position after the solenoid de-energizing. The pressure compensation is
accomplished through the channel that allows the passage of the fluid for the superior area of the
piston, alowing a reduction of the forces related to the actuating pressure, after the opening of the
valve.



3. MATHEMATICAL MODELING

The modeling presented below is based on the non-linear equations that govern the electro-
mechanical behavior of the valve, including the physical characteristics of the component.
Specifically, are applied Continuity equation, Momentum equation, and Flow Rate equation in
orifices (De Negri, 2001 and von Linsingen, 2001), as well as the measurement of several
parameters, such as mass of the pieces, spring stiffness, time constant of the solenoid, and
dimensions of areas and orifices.

Aiming to analyze the dynamic behavior of the component, it was considered as variables the
displacement and speed of the piston, the flow rates, and the pressures in the internal chambers of
the valve. Besides these one, it was considered the mass of the mobile parts, the input flow rate, the
friction coefficients, the areas of the orifices, the flow force, the spring force, and the effect of the
backstop. These factors were included as parameters in the system, and some of them can vary or
not on the time according to predetermined conditions. The Figure 2 presents the valve in study,
being the displacement of the piston considered positive in the direction to open the control orifice.
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Figure 2: @) Variables related to the cartridge valve; b) Actuating pin; c) Mobile nucleus.
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Where:

Ovs = supply flow rate [m3/g]

gv1 = flow rate to the chamber 1 [m3/g]

Va = volume of the chamber A [m?]

L = effective bulk modulus of the fluid [Pa]

Ova = flow rate throughout the control orifice [m3/g]

Pa = supply pressure at the port A [Pal

Pp = pressure at the chamber B [Pa)

Caa = discharge coefficient related to control orifice [1]
An = area of the control orifice [m?]

3.2. Chamber B
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Where:

Vp = volume of the chamber B [m3]

Owo = flow rate at the port B [m?/ g

Agt = area of the restriction at the output B [m]

Cab = discharge coefficient related to restriction [1]

The area Agt represents a variable restriction installed in the output pipe aming the adjustment
of the pressure in the chamber B and to facilitate the comparison among the theoretical and
experimental results.

3.3. Internal chamber s of the valve

The chambers 2 and 3 are located below and above the movable nucleus of the solenoid,
respectively. During the solenoid energizing, the nucleus advances compressing the fluid in
chamber 2 and expanding the fluid in chamber 3. When the solenoid is de-energized, the inverse
fact can be observed. Due to the movement of the pieces and to the differentia pressure, the
hydraulic fluid flows among the chambers through two channels with square geometry (Fig. 2c)
located in the periphery of the movable nucleus. Moreover, the oil feeds the chamber 1 through the
concentric channel that crosses the piston. Subsequently, the fluid surrounds the actuating pin to
arrive to the chamber 2. The difference between the geometry of the pin (Fig. 2b) and the circular
geometry of the internal channd of the valve through where the pin dides allows the flow for the
movable nucleus of the solenoid, creating conditions similar to the laminar flow in a annular
section. The passages between the chambers produce an effect as a viscous friction affecting,
consequently, the time response.

The continuity equation for chambers 2 and 3 can be presented as:
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Where:

Ov2 = flow rate to the chamber 2 [m3/ g
p2 = pressure on chamber 2 [Pa]

V> = volume of the chamber 2 [m?3]

Ovs = flow rate to the chamber 3 [m3/ g
ps = pressure on the chamber 3 [Pa]

V3 = volume on chamber 3 [m?]

The flow rate to the internal chambers can be estimated through the analysis of the laminar flow
across an annular clearance for the chamber 2, and across a square section for the chamber 3, as
mentioned previously. When the clearance f; is very smaller than the hydraulic diameter Dy, of the
sleeve, and equally very smaller than the length L of the piston, it can admit that the behavior of the
flow is similar to that happens among plane plates (von Linsingen, 2001). Therefore, the equation of
the flow rate to the chambers 2 and 3, can be written as:
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Where:

Dy = medium diameter of the actuating pin [m]
fro = radial clearance between actuating pin and the valve body [m]
L, = pin length [m]
W = absolute viscosity [N.s/m?]
wjz = width of the square section of the flow channel [m]
L, = length of passage to the chamber 3 [m]
. = diameter of the mobile nucleus [m]
C.s = leakage coefficient [Pa.m3/ g
f.3 = radia clearance between mobile nucleus and fixed nucleus [m]

3.4. Modeling of the electromagnetic actuator

The simplest model of a solenoid is aresistor in series with a linear inductor. The relationships
between tension and current are obtained applying the Kirchoff's law to the electric tension.

dl
Vo= L 4R, (9)

I:m:Kf'lm (10)

Where:

Fn, = total force available in the mobile nucleus [N]
Kt = gain of the solenoid [N/A]

Vm = tension on the coil [V]

Ly, = inductance of the coil [H]

Im = electric current [A]

Ry, = resistance of the coil [Q]



3.5. Movement equation of the Valve:

dx,? dx,
MV' dzt + Bv' dt + Kv(xv +Xvi) = Fm + FR - pa'Ae - pZ'AZ + p3-A3 - Ff + FBT (11)
where;

My = Me + M, [kg]

M, = total mass to be displaced by the solenoid force [kg]
e = mass of the piston {kg]

M, = mass of the mobile nucleus [kg]

B, = damping coefficient [N.s/m]

Xy = linear displacement of the piston [m]

xi = pre-load of the spring [m]

Ky = spring stiffness [N/m]

Fr = resultant flow force [N]

A = actuating area of the pressurein A [m?]

A, = area of the chamber 2 [m?]

Ag = area of the chamber 3 [m?]

F¢ = friction force [N]

Fgr = backstop force [N]

3.6. Flow Forces

Based on the application of the balance of momentum to the fluid mass present in the chamber
B, it is observed that the flow of fluid inside the valve provokes forces on the mobile piston and
that, therefore, it should be overcome by the solenoid (Blackburn et al, 1960; von Linsingen, 2001).

In a general way, the sum vector of the forces actuating on the fluid in a control volume it is
congtituted by the surface force, including the pressure forces that act in the input and output
sections, and by the reaction force that the wall apply on the fluid. The resulting force is that the
fluid applies on the wall, being same and of contrary sign by force of reaction of the wall.

The sum vector of the external forces provokes the variation of the momentum, which can be
expressed by the steady state and transient flow forces, that is.
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Where:

Fs= surfaceforce [N]

Fp = reaction force [N]

Fr = resulting force [N]

Fesep = steady state flow forces [N]
Fest = transient flow forces [N]

The surface force on the port B has not axial component, being neglected. On the other hand, the
surface force on the port A acts on the control orifice and depends of its specific conditions.
Therefore, considering the high speed of the fluid on the orifice, the static pressure is localy
reduced and, additionally, the flow section is very small. Consequently, the surface force on the Eq.
(12) can be considered neglecter.

Being considered the control volume shown in Fig. (3a), the components of the flow force can
be written accordingly below (Bravo, 2002).

a) Steady state flow force Fesp



The equation that depict the steady state flow force, can be expressed as:
Fecp = 2.Cd,.Ay.(P, — Py)-COSP, (13)

b) Transient flow force Fex:

The transient flow force appears due to the acceleration of the mass of the fluid in the control
volume. To provoke this acceleration, the pressure in the beginning of the chamber needs to be
higher than the pressure in the opposite extremity, meaning that there is temporary variation

between the input and output pressures in the chamber A. The transient flow force can be estimated
by:

d / d(p. -
Fw=-Cda-Kga-La-Sgn(qva)(\/zp-(pa-pb)- )“+xv- ZI[A)p' (P pb)] (14)
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Where:
@, = angle of thefluid jet [degree]
L, = length of the chamber B [m]

Ke = ZAA = geometric gain of the control orifice [m]
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Figure 3. (a) Control volume, (b) hydraulic circuit used in the experiment

4. TESTSDESCRIPTION

The hydraulic circuit for test of the directiona valve (1V2) it is presented in Fig. (3b) and it
follows the recommendations from the International Standards I1SO 4411 (1SO, 1986) and 6403
(IS0, 1989). The settling of the flow rate and supply pressure is accomplished through a manifold
containing proportional valves (BP) 0V2 installed in UPCH (Power and Conditioning Hydraulic
Unit). During the tests, the pressure of the system is controlled through the valves 1V1 and 1V 3,



being the flow rate measured through the transducers 1S5 and 1S6 and the differential pressure
through the transducer 1S2. The hydraulic fluid is a minera oil 1ISO VG 32, being the temperature
maintained in 40 £ 2°C. A data acquisition and control system was used to obtain the dynamic
characteristics. The displacement of the piston was accomplished through a micrometrical table and
the measure of the displacement force through a load cell. As described in Bravo (2002), some
adaptations in the body of the valve were made seeking to improve the measurement conditions.

5.RESULTSANALYSIS
5.1. Steady State

The equation of the flow rate (Eq. 2) was used to obtain the discharge coefficient Cya. During
the test, the differential pressure across the valve was maintained constant and the valve was opened
gradualy. It is observed through the Fig. (4a.) that happened an abrupt inversion in the behavior of
the discharge coefficient where a value reduction was followed by a sudden increasing of the
discharge coefficient. This behavior is function of the theoretical values of the area of the control
orifice Aa that reaches its maximum value in a specific position. From this condition, the flow area
does not change with the piston displacement. However, the value of the discharge coefficient
grows in consequence of the continuous increasing of the flow rate, which is generated by the
change in the behavior of the flow in the input region of the valve.
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Figure 4. Static response of the valve: (a) discharge coefficient, (b) flow rate x piston displacement,
(c) flow rate x pressure drop, (d) flow force xx flow rate.



The graphic of flow rate versus piston displacement (Fig. 4b.) aids to choice of the opening
stroke. From a displacement of approximately 1,37 mm there is not more changing in the area of the
control orifice. For displacements above 2,0 mm the flow rate is almost constant under a specific
differential pressure.

A typical graph of product catalogs is shown in Fig. (4c.) and specifies the relationship between
the flow rate and the differential pressure on the component. Through this information, the user can
select the better valve for the planned work condition. For the obtaining of the curve, the tests were
accomplished commanding the valve through the solenoid and changing the length of the actuating
pin, allowing the variation in the stroke of opening x, of the valve. As expected, for largest strokes
the valve presented smaller pressure losses. Can be observed that for low flow rates, for instance
below 16 Ipm and displacement of 0,8 mm, it was not possible to measure of the differential
pressure in the valve. For this range, the measurement by the differential pressure transducer was
not reliable because the noise presence. Figure (4d.) presents the flow force versus the flow rate for
different values of pressure drops on the valve. The opening of the valve was gradually increased
with displacements from 0,2 to 2,5 mm.

5.2. Dynamic Response

Figure (5a.) shows the flow rate and pressure drop curves for transient conditions during the
opening of the valve. The pressure drop in the experiment is measured through the differential
pressure transducer 1S2 (Fig. 3b). The dynamic response is observed when the solenoid is energized
through an on/off switch. For accomplishment of the dynamic tests, the closing spring had to be
removed because the insufficient force of the solenoid. Consequently, the valve closing resulted of
the interaction between the static pressure and flow force. Comparing the results, it is observed that
the theoretical model presented a faster response than the experimental test. During the test, the
valve needed 18 to 19 ms to reach 91% of the total value of the flow rate. However, it was
necessary 140 ms to achieve the steady state. The theoretical model presented a time response of 13
ms to reach the maximum value of the flow rate and 19 ms to reach the steady state.

Among some reasons that could cause the difference between the results, the most probable is
the insufficient force of the solenoid. Besides, the magnetic characteristics of the solenoid were not
modeled, and the inductance was treated as a linear parameter. A delay at the reading from the flow
rate transducer could be provoked by the limited dynamic response of the instrument. It can explain
the died time in the flow rate response related to the pressure response during the experiment, once
the pressure measured already presents a reduction from the instant 0,235s, indicating that is
happening the opening of the valve.
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Figure 5. (&) Dynamic response: (a.) opening and (b.) closing of the valve.



The Figure (5b.) shows the time response for the closing of the valve during the experiment. As
the valve was operating without the spring, the closing at the moment of the de-energizing of the
solenoid was caused essentially by the steady state flow force described in Eg. (13) and in Fig.
(4c.). The spending time to close the valve was of the order of 35 ms.

Comparing the obtained dynamic results, it is possible to conclude that:

= The solenoid is inadequate, once it does not supply enough force to move the valve
correctly. Consequently, the time of real opening is higher than the expected;

= The dynamic response of the valve is very high. However it was only verified when the
closing spring was removed. The changing of the solenoid should correct the delays noticed in
normal conditions of operation.

= Concerned to the comparison among the theoretical and experimental results, it is observed
that the further substitution of the solenoid will give better results than the ones already reached in
the opening of the valve. Beyond, it is observed that the format of both theoretical and experimental
curves of flow rate and pressure are very similar, showing that the model is a good representation of
the physical phenomena.

6. CONCLUSION

The study of mathematical models for hydraulic components design is essential for the
knowledge of its static and dynamic behaviors. Through the interrelationship among results from
simulations and experiments, it is possible to reduce both time and cost during the component
development. As observed aong this work, the parameters were obtained more precisely and easily
compounding theoretical and practical activities.

For the modeling, fundamental equations of both classic mechanics and fluid mechanics were
applied. The non-linearity’s inclusion in the proposed models, such as, geometry of the control
orifice, pre-load of the spring, friction and the effect of the backstop, alowed more effective
physical descriptions by the theoretical model.

The experimental activity, necessary to validation of the model of the directional valve, made
possible to obtain important parameters. This one, being used in the theoretical model, allowed
quite similar results when compared with the tests. However, some divergences on the results were
found, suggesting modifications on the prototype to alow its correct operation. In short, the
detailing level adopted in the modeling was suitable for the description of the behavior of the valve
and for the analysis of the variables and involved parameters.
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