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Abstract. An analysis of directional proportional pneumatic valve with a computational fluid dynamic software,
ANSYS-CFX, is presented. The spool siding movement is defined with a sinus function of time. Aerodynamic spool
valve forces are computed in taking into account the fluid domain deformation. This was reached by using the so-
called mesh motion technique of ANSYS-CFX.
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1. INTRODUCTION

Pneumatic actuators are very common in industpalieation because they have easy and simple nmaint,
relatively low cost, self cooling properties, gopdwer density (power/dimension rate), fast actinghwhigh
accelerations and installation flexibility. Alsmrapressed air is available in almost all industanfs. This requires the
use of pneumatic proportional valves and developnn suitable control techniques in order to deathw
nonlinearities, which are common in servo pneursatitowever, high costs, a few of available manuf@es and the
necessity of importing abroad are factors whichaotpmany industrial applications with this typewailve. For this
reason, we are developing a pneumatic proportidinattional valve with sliding spool.

Conventionally, the flow through pneumatic valvecéculated with theoretical or empirical formukar example,
Gouveia (1996) studied a pneumatic proportionaveraf four ways with equations of uni-dimensionahmpressible
fluid mechanics in following an earlier study by dersen (1967).

The recent development and popularization of CFBwswe make it possible and easy to achieve a tbette
understanding and solution of flow through the ctaxghannel of various valves. However, we havenfbuery few
CFD analyses in relation to pneumatic applicationcontext of hydraulic application, Ba al. (2001) performed a
CFD approach to pressure loss analysis of hydrapliol valve. Jiangt al (2006) analyzed with ANSYS-FLOTRAN
the air flow inside the so called three-lands-fivays-on-off pneumatic proportional valve, as shawhig.(1).

Figure 1. Directional proportional valve

The valve is connected with five ports numberednfrbto 5 to the environmental pneumatic applicasipstem. Air
is supplied through the port 1. In Fig. (1a), tight half area of the port 4 forms a by-pass aweatfe supplied air
metering from the port 1 to 4. The right half oé thort 2 forms a by-pass area for exhausted a&enmegtout to the port
3. In Figure (1b), on the other hand, the right babort 4 is closed for the supplied air whiletleft half of the port 2
is opened. This allows the supplied air meterilognfiport 1 to port 2 and the exhausted air from pda port 5.

The spool section is cylindrical with three land& awo chambers. The spool slides in a go-and-metvay of a
frequency equal to 20 Hz and of the stroke equ@ tom. As for materials to be used for manufactutime valve, a
first study conducted that the bore would be mdd@\W and the spool of normal carbon steel.

In our last study (Jiangt al, 2006), we considered, as the first approximatibe,sliding movement of valve spool
surface as moving walls with constant velocity.sThiade it possible to avoid dealing the flow don@iange and the



use of fixed meshes of elements in stead of theimgowmesh. As the wall velocity is constant, it wasg possible to
take into account the inertial effect due to thequkcal sliding movement of valve spool.

In this study, we have investigated the use ofrtlesh motion technique available in ANSYS-CFX 1@ealing
with the flow domain change due to the sliding nmoeat of valve spool.

In the following sections, the mathematical modwml the turbulent compressible fluid is presentedrt It is
followed by a detail description of CFD geometricabdel, finite element meshes, boundary conditems solution
strategies. Numerical results are discussed autittesome conclusions..

2. MODEL ANALYSIS

Before performing CFD simulations, we have firsécked the Reynolds number with target working ctiows of
the valve. It is found that the Reynolds number aadigh as 5500 when the supply port is half ogpendence, we
have considered that the flow through the valviee@ompletely turbulent.

2.1.Mathematical Models

Governing equations for three-dimensional turbuflew of compressible fluid were represented bycbatinuity,
Reynolds equations and heat transport equations.tiiéo sake of completeness of presentation, weewritthe
followings the set of governing equations validtie context of this application. For detailed dggmns of these
equations in their complete form, one may refergikample, to Versteeg and Malalasekera (1995) .

The Continuity Equation (Eqg. 1), wheses the fluid density ant is vector of the mean velocity.
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The Reynolds equations (Eq. 2 to 4), where P issume, p is the fluid viscosity, u’, v’ and w' anarbulent
fluctuating components of velocity.
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In the Heat transport equation (Eq. 5),i€the specific heat, T is temperature,is heat conduction coefficient. T’
is turbulent fluctuant of temperature.
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The equation of state (Eq. 6) for air consideredaaspressible fluid relates static pressure, dgmsitl temperature
by the gas constant, R, and the ratio of spec#at lat constant pressure to the specific heatrstaot volumey=1.4.
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The standard k-turbulent model (Eg. 7 and 8) is used in this work
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in which k ande are turbulent kinetic energy and dissipation respely, y, is the turbulent viscosityg, is the
Schmidt number for the energy (temperature) eqoatjois viscous dissipationC,is the multiplier of the shear rate

generation term of the turbulent kinetic energysigation rate equation,,Gs the multiplier of the dissipation source
term in the turbulent kinetic energy dissipatioteraguation.

2.2. CFD Geometry Models

With reference to Fig.(1), the flow from the supplgrt 1 to port 4 will be analysed in this works jeometry is
three-dimensional and has one plan of symmetnhawis in Fig.(2) (we have inversed the directiorvalve with the
supply port 1 on top). As compared with the modstdiin our last staudy (Jiamgal, 2006), the exit cylinder was
extended in this study. This is to avoid the voréxhe immediate exit of the chamber and achientumed velocity
distribution at the outlet.

In the system of actual coordinates used in thiskwihe xy plan is the plan of symmetry. Due to the symmetry,
only half of fluid domain, i.e., with coordinategreater than or equal to zero, was analysed.
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Figure 2. Geometry of proportional valve fluid ddmand computational model

The spool slides rightwards from the position cspending to half opening of the supply port. Thasults in the
periodic movement of the left and right extremesssss of the chamber. The movement is assumed to e
following sinus function:

X =rsinut 9

in which x is mediated rightwards from the centfeh® entry session, r is the radius of the enisyis the angular
frequency of spool movement. When the time t isaédqo zero, the left session of the chamber ishathalf open
position, i.e., at the centre of the entry session.

The angular frequencyy, is related to the frequency of the spool go-resliding movement, f, by the following
well-known relation:

w =21 (10)



As the frequency considered in this study is eqo&0 Hz, the value of the angular frequency is #dl/s. The
period of the spool go-return movement is equdl.@b s. A quarter of this is the time for that spmol goes from the
half open position to the close of the valve. Tikd.0125 s. At this time, the left session of thember arrives at the
border of the entry session. No fluid can flowsitite chamber from the entry.

2.3. Numerical Solutions with ANSYS-CFX 10

In this work, we have used ANSYS-CFX 10 to achiauenerical solutions of the governing equations. fihie
element mesh was built within ANSYS and exporte@EX.

From the point of computational fluid dynamic viethjs problem may be classified as the transiesw flvith
moving domain because the spool movement changesh@imber position with reference to the entry ted exit
domains.

Transient flows with moving domain are usually salvn CFD with remeshing techniques. There arekiwds of
remeshing techniques. One consists in changinépthe of elements (through the change in nodal pwsE) but not in
the topology of elements, i.e., the connectivity aments remains unchanged. With more advance@stdng
techniques, both element form and connectivity rbaysubjected to changes during the flow domain rdedton.
Further more, some elements may disappear, someesdble generated. Only with these advanced rengeékatures
that one can simulate the large deformation ofifdomain. Unfortunately, the mesh motion techniofuANSYS-CFX
10 does not possess these advanced remeshingefedtwllows only the change in element formss thus anticipated
that the simulation of directional proportional pngatic valve with ANSYS-CFX 10 can not go throudie tentire
stroke of spool. Some elements may be distorte@nwhe spool displacement is too large, in suchag that their
Jacobian turned to be negative and let to the ctatipn aborted.

Given this situation, instead of trying to simulatentinually the whole stroke, we investigated peticular
positions of the chamber corresponding to the dedd/2, 1/4, 1/8, 1/16, 1/32 and 1/64 openingsslzown in Fig. 3.

A 1/4 opening, for example, means that the ratithefopen area in the entry session, the gap,tbearea of the entire
entry session is equal to 1/4.
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Figure 3. Finite element meshes (for the sakgats, the exit cylinders are only partially represd.)



For each of above six meshes, we first considerfieced domain problem and computed a CFD soluti®mva did
in our earlier study (Jiangt al, 2006). With this solution as the initial solutjom moving domain problem is then
solved in which the spool surface is moving cordihurightwards following the relation given in E§. The spool
displacement, xCylinder, is defined with ANSYS-CHXpression Language as shown in Table 1. The vafue
XCylinder is applied as the displacement in x dicgcof Mesh Motion in ANSYS-CFX.

Table 1. Mesh motion parameters

Variables Values defined in CFX
frequency 20 [s™-1]
nstep 50
omiga 2*pi*frequency
radius 3 [mm]
tStep 0.00001 [s]
tTotal nSteps*tStep
tStart in function of gaps as given in Table 2
phi omiga*tStart
XxCylinder radius*sin(omiga*Time-+phi) - radius*siri{p)

As can be seen in Table 1, the time step is equal@0001 s. The number of time steps is equaDtore total
time that the spool surface undergoes the rightsvaxdvement is equal to 0.00001 times 50, whichlt®esu 0.0005s.
This represents 4% of the stroke time (0.0125 b flesulted spool displacement is about 6% of tiekes (3 mm).
We have chosen these values because otherwiségrfmr values of the simulation time, most meshad some
elements degenerated and resulted in the negativene.

Table 2. Initial time

Gaps tStart (s)
1/2 0
1/4 0.00330928
1/8 0.00547191
1/16 0.00703601
1/32 0.0082156
1/64 0.00912436

Obviously, 4% of the stoke time or 6% of the strake small but enough to investigate the effedhefinertial
forces on the spool valve due to its acceleratioour earlier study (Jiang al, 2006), we have assumed that this effect
was small enough to be neglected. The argumenthetdhe spool velocity was small as compared éontiaximum
velocity of air flow inside the chamber. Howevdristhas not been proved. As shown in Table 3, athahe spool
velocity computed with Eqg. 9 is indeed small, itealeration is not. As the spool is reaching tlese position, the
acceleration value in modulo is as high as fouesirthe gravitation (9.81nj)s Hence, the effect of the inertial forces
on the spool valve due to its acceleration neede tmvestigated.

Table 3. Spool velocity and acceleration.

Gaps Velocity (m/s) Acceleration (s
1/2 0.376991 0

1/4 0.344860 -19.1379

1/8 0.291323 -30.0683
1/16 0.238986 -36.6387
1/32 0.193305 -40.6722
1/64 0.155165 -43.1753

As for boundary conditions, a uniform pressure étu#®& bar is applied to the entry section of thp@y port. On
the wall of the valve bore, the no slip conditiamr felocity is applied. At the exit section, theoa® of boundary
condition is quite subtle. In this study, a unifopmeéssure equal to 5.4 bar is applied at the kit is, we considered
that pressure loss across the valve is 0.6 bas iBhcommonly accepted pressure loss in the desfigtirectional
pneumatic valve.



3. RESULTS AND DISCUSSIONS
3.1 Velocity and Streamlines

Streamlines coloured with velocity are shown in. BigThese indicate the complexity of the flow pattinside the
valve especially when gaps are small. The maximahacity is about 120 m/s in all the six cases anlb¢ated at the
gaps where air enters into the chamber. Large x@stare developed in the chamber. For small gdp&,dr 1/64 for
instance, most air particles have experienced akzigzags before reaching the chamber exit.
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Figure 4. Streamlines coloured with velocity (foe tsake of space, the exit cylinders are only grtiepresented.)



3.2 Aerodynamic spool valve force

Obviously, spool valves are not good conduct offlaiwv in the view of aerodynamics. But they are dao the
view of fluid power control because the valve shawirig. 1, like most spool valves, is staticalgldnced. That is, in
the chamber, the modulated pressure acts on twal ageas in opposite directions

This does not completely eliminate the aerodyndorice, however, because the momentum of the gaxgekaas it
passes through the chamber. Andersen (1967) statei the chamber was nectangular form, the aerodynamic force
would tend to close the valve and would rise foatistrokes and then become virtually constant.aBee of the
variation of aerodynamic force with chamber sh@emeral empirical data are not available. Lee dadk®urn (1952)
demonstrated that the maximum aerodynamic forcéoeareduced to about 10 percent of its ordinarye/dly proper
shaping of the spool chamber. Hence, CFD may playngortant role in the optimal design of pneumattves as it
makes it easy to compute the aerodynamic force.

Figure 5 shows aerodynamic forces acting the spadhce against time steps obtained with CFX Posgssor.
The abscise represents time steps of which thg isn@.00001 second. As much as fifty time stepsasponding to the
total time of 0.0005 seconds were performed foheaesh as long as there was no element had negativae in the
course of the spool surface motion. The vertical @presents the aerodynamic force acting on thel spirface.

It can be seen that the maximum magnitude of thedgaamic force is about 0.2 N. All curves, excitt of “1/2”,
tend to some constant values as the number ofdteys is sufficiently large. This agrees with wAatlersen (1967)
stated for the case of rectangular chamber as vimtioned earlier. But there is difference: thesevesrdo not tend to a
unique constant value; instead, each curve tendglifferent constant value. The curve “1/4” tetwl®.16 N, the curve
“1/8” tends to 0.12N, the curve “1/16” tends to4B0! and the curve “1/32” tends to 0.019N. Basedhese, it seems
that the aerodynamic force decreases along witlydpedecreases. But this tendency is reversed thieegap is further
reduced. One can see that the curve “1/64” ten@0# N which is greater than that of the curve82t/

In Fig. 6a, the last values of the six curves ig.Fiare drawn in function of the ratio of its ca@pending stroke over
the radius of the air supply port. It can be seksarty that the aerodynamic force does not followdArsen’s
observation which was for the case where the chamdbs rectangular. In our case, along with the enoent of spool
starting from “1/2” position rightwards, the aerodynic force on the spool surface first increasesfa negative value
(resisting the spool to be closed) to a maximunitpesvalue (dragging the spool rightwards) at “1¢ap. Then, it
decreases until “1/32" gap. After that, it increasgain to “help” the valve to be closed. This choape behaviour of
the aerodynamic force for the directional propardibopneumatic valve has never been reported inafitees. It
constitutes the main original contribution of therent investigation.
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Figure 6. Aerodynamic spool valve force vs. stroke

In Fig.6b, results in Fig.6a which were computedhwhe moving spool are compared with those contpote
fixed domains. The essential difference in viewphysics is that the spool acceleration was takemaacount in the
former case while it is neglected in the later c&sults do not show much difference except fergbsition where
the spool begins to slide rightwards. It could hent concluded that the spool acceleration mighhéglected in
computation of the aerodynamic force. However, weutd remain conservative in face of such “conduosi
Remember that, in this study, the spool did nafestiontinuously over the whole stroke. Insteadpsiticular positions
of stroke from which the spool moved very slightlgre simulated. This is an approximation basedromtuition of
physics. That is, the reaction in term of forcepgems instantly when applying the acceleration.&led to prove its
validity by the experimentation on the valve orusing other independent CFD software which hasagpaf dealing
with the mesh motion such as Fluent for instance.

4. CONCLUSIONS

Three-dimensional air flow through a pneumatic prtipnal directional spool valve has been invesddawith
CFD method. To take into account the influence pdad movement, we have built and analyzed six didtement
models with respective valve gaps equal to 1/2, 1/8, 1/16, 1/32 and 1/64 of the supply port opgniNumerical
results have shown that there are large vortexasdrthe spool so that the flow in the valve isnamplex.

Compared with our earlier study (Jiang, 2006), ohenprovements in the current work consists irréasing the
length of the exit cylinder to be ten times itsiuad This avoids perturbations of the vortex jusiblv the chamber exit.

The most significant improvement of the currentdgtis that by using the mesh motion technique ibCthe
spool movement in a sinus function of time has semlated. This made it possible to take into aotahe effect of
the spool acceleration, hence, the effect of thdia force of fluid acting on the spool surface.

To avoid too much element distortions due to theospnovement, we computed first solutions usingedix
domains corresponding to the six position of valsef the valve had already moved to that positidmen we started
the spool movement according to its sinus functibtime. Although the absolute time with the spowvement that
we simulated seems to be small, it is enough tystiue importance of the spool acceleration orait®@dynamic force.
From the well known Newton’s second law in physiesactions in term of forces happen instantly wheplying
accelerations.

With the use of CFD technique, this work has derrated that it is possible to examine and prediow f
characteristics of a pneumatic valve, especiallgampute the aerodynamic spool valve force. Froenvibw of fluid
power control, this is essential information forgptimal design of pneumatic proportional directibwalve.
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