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ABSTRACT

Thiz study was conducted to analyze the special quality of a very low power consumption type of pnenmatic on-off

tricro walve, and to numerically inwvestigate its flow characteristic depending upon a change in stroke Az a result, it was
identified that an enough electromagnetic force (248 acted on the solenoid =0 that the poppet of the micro valve might

tun a stroke (0.3 mm) at the high response speed ( 5ms), and that the yoke caused no magnetic force to be emitted. [t was
identified that the dynamic pressire acting on the poppet wall was lttle reduced when the poppet stroke was 04 mm or
less, but thatas it got to be beyond 0.4 mm, it was remarkably reduced and when it was 0.8 mi, it went down to 40%.
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NOMENCLATURE 1. INTRODUCTION

F :magnetic force A remarkable development in computer and control
Bg : magnetic flux density technologies enables users to control a ticro walve
= section area of a plunger precizely, and so it iz widely applied to warious flelds
m number of cod layers such as semiconductor chip mounter, production line of
N number of cod turns electronic products, automatic feeding line of bearing,
h : coi height injection molding machine, fatimie and wibration tester,
4, magnetic permeahility and =0 on. _It has been recently highlighted as a 1'_:655

_ L technology in development of a technology-intensive
@ - flow resistivity process in the semiconductor industry and the like.
¢ :space factor The tnicro walve has an excellent high-speed and
d - coil diatneter repetitive operability, and makes a pressure act on a
A coil height dynamic area of the poppet uniformly and shows the

high responsiveness irrespective of a change in the
pressure applied to the port.

The purpose of this study iz to design and analyze a
very low power consumption type of pnewnatic on-off
tnicro walve which has the characteristics of high
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responsiveness and very low power consumption
Therehy, thiz study iz to verify its perfonmance

We analyzed a magnetic fleld of the solenoid and a
flow of the poppet by using commercial soffware
(Mlazzwrell and Fluent). As a result, we could werify the
performance of the designed mmicro valve. We plan to
ensure  opttmun design data through  fidure
Experitents

2. DESIGN OF MICRO VALVE

2.1 Composition and Operation Principle of Micro

Valve

Fig 1 shows the schematic diagram of the micro walve.
The micro valve comprizes a poppet walve, a plunger, a
stationary core and a spring for controling the
direction of compressed air, and an O-ring and a gasket
for intercepting any lealzage, and others.

The operation principle of the micro wvalve iz as
follows: When the solenoid iz electrified, a magnetic
force forces the poppet walve to move forward, and
thereby, the compressed air flows mto a pressure port
through a supply pot. When the solenoid iz not
electrified, a spring force forces the poppet walve to
move back and thereby, a supply port gets to be closed
and the compressed air is exhausted out of an exhaust
port. Thereby, it reciprocates at a high speed.

2.2 Design Specifications of Micro Valve

Table 1 shows the design specifications and
specifications for performance of the micro walve
specifications for petformance are 24VDC in supply
power and 3mm in diameter
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Fig 1. Schematic Diagram of hMicro Valve

Table 1. Dresign Specifications

ltemn Walue Unit
supply Pressure 3 bar
supply Voltage 24 W
Flectric Powrer 0.3 W
Port 3 i
Btroke 0.3 i

Coil Turn Fhatmber f,200 turn
Coil Diatneter 0.04 it
Coil Resistance 1.5 kL2
Effective Area 0.189 it

Flow coefficient 0.01 -

Fesponse Time 10 s
Temperature Rise Value 50 °C
Wagnetic Force 24 M

Spring Constant 0.01% Binm

Design specifications are 0.3W, responsiveness of
10ms or less, compactness of 7mn i thickness, and
low noise of 40dB or below It 15, therefore,
characteristically used for the medical purpose

3. ANALYSIS OF MAGNETIC FIELD OF
ON-OFF SOLENOID

3.1 Design Theory of Solenoid

The key technologies of the micro walve as designed
and mamifactured are classified into the solenoid
technology and the poppet technology. In the case of
the solenoid technology, analysiz of the magnetic field
is itnportant. The magnetic force (F) generated by the
solenoid is represented by Equation (1)

By o
.

&[] (1

dp Ex

Where in, F iz the magnetic flux density brought

abowt by a penmanent magnet and g 15 the magnetic
permeability. If 3, a section area of the plunger is
ohtained from Equation (13, it is induced by Equation
(2):

8 e
o J‘fxlEI F
E

["] (2
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The radius of the plunger i represented by

1’|=.\|III:2'.HGF':I.I"J'IB: and the magneto motive force

(1T 1z induced by Equation (3).

B
U= =—"2+3H] [4
Hy

(3

Then, h and T, which detertnine a coill space, are
determined by Equation (4) as represented by & and

which are wvalues by ﬂﬁ which the temperature is

increased.

8, =(I'R2A N [C]

8, = (gl LAETY-(NIi by [C] (4

Wherein, & iz the walue by which the final

temperature iz increased, and ﬂﬁ is the walue by

which a continuous specific temperature is increased,
and T iz thecoil width (hig).

If h(cod height) is obtained from Equation (4), it is
induced by Equation (5

. g8
2426,

Wherein, g is the rated time, @is the flow resistivity,

(3

A 15 the heat dizsipation coefficient of the coil, and
& iz the space factor of winding
Then, the inner diameter/outer diameter (¥ ¥, 3 of the

coil should be determined. The inner diameter (1’,'} iz
determinied by the outer diameter of the plunger + the

coill polarity + the bobbin  thickness.  From
v.+r +T and ¥ =IR , the woltage expression,
Fquation (6) is induced:
4ar + v, )N
V= “G(r'd;im 7] ()

Therefore, the cod diameter (d) can be obtained as in
Equation (7.
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(7

.M
d=Jaet+re—)  [raml

Accordingly, the munber of coil layers is determined
by m=I/d , and the menber of windings is
determined by A =((h/d)-1Dm.

For an increase in temmperature, the exciting current
(I, should be obtained in the first place. The mean
length (1 3 and full length (1) of the coi are as in

Equation (&)

I =x(2r+1, 1 =M_ (&)

Coil resistance (20°0) = ] = resistance coefficient;
Coil resistance (100°C) = 1.314= R ;, Exciting current

(1) = ¥Ry, and magneto motive force (LN = M,
Therefore, an increase in the temperature is determined
by &

3.2 Soknoid Modeling and Result of Analysi
thereof

In order to analyze the solenoid part of the micro walve,
the solenoid is tmodeled as shown in Fig 2 The
analysis results including the response characteristic of
the micto wvalve depending upon the solenoid are
shown in Figs 2~ 5

Az can be known from Figs. 2~ 9 it can be kmown that
an enough eectromagnetic force (2408) iz workdng 2o
that a displacement (0.3 mi) i which the micro walve
moves may take place. They show characteristics of
the high-speed position responsiveness and the speed
TESpONSIVENess.
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Fig 2 WModeling of Solenoid
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Fig 6 Schematic diagram and grid systerm used

maumerical cotmputation
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4. NUMERICAL ANALYSIS OF THE FLOW
FIELD OF THE POPPET

4.1 Calculation Area and Boundary Conditions

In order to grasp the flow field characteristic in the
tnicro valve, the flow field of the poppet was analyzed
by changing the pressure ratio befween upstrearn and
downstream in the flow field and the poppet stroke. Fig,
fi showes the calculation area and the grid system used
in numerical computation. A (the ratio of specific
heat 15 1.4) weas used as an operating fluid in numerical
cotnputation. Pressure inlet conditions were applied to
the mlet boundary, pressure output conditions were
applied to the outlet boundary, and adiahatic no-slip
conditions were applied to the wall The upstream
supply pressure (Fy)was fiwed at 0. 30Pa and the outlet
pressure (Py) weas set at the atrnospheric pressure. Then
the flow field of the poppet was numerically analyzed
by changing the dimensionless length to 0.2, 0.4, 0.8
and 0.3 in 4 phases with respect to the masitmum stroke
of the poppet The range of the poppet stroke
displacement iz 0% =% 0438

The alignment grid systemn was used in mmerical
cotnputation and it generated about 40,000 node points.
Also, i order to simulate properly development of
boundary layers by viscosity on the wall and the flow
field in the minttmum area, grids were concentrated on
the wall and the minimuam sectional area,

4.2 Dominant Fquation

In menerical computation, cormpressive Mawier-Stoles
equations as follows were used In order to simulate
propetly the effect of turbulence on the flow field in
the tmicto walve, a standard k- & tirbulent model was
used, which was an eddy wiscosity model using the
Boussinesq hypothesis'!

3o, Aew) 5
at a
3 3 a (& &y
—(A )+ —(@®p ) =— | — ¥ +—
a3 -ii‘JrJl 3 3 :Ei‘JrJ
(10
a[z aulJ F 8y
Bl R
dx, W3 x dr, ij,

Fouations (M, (10, and {11} were made to be discrete
by FWL (finte wolume method) The upwind scheme
was applied to the space term and the 4-phase
Funge-Futta method weas applied to the time term. For
conwergence determination of a solution, a residual
difference in each state gquantity was set at 10% We
irvestigated the change of the mass flow at the nlet

Copyright © 2005 by JFPS, ISBN 4-931070-06-X



and outlet of the flow filed and then the condition in
which the sum of the mass flow was 0.3% or less was
set as the convergence condition,

3 3
it — (e Hy=
a(,ﬂﬂiwar (o H)

A x+’u—‘§+u(r} o
afl PI; 31" AL )

4.3 Result and Review of Numerical Analysis

Fig 7 shows the velocity wector and the MWach mumber
at the point in which the poppet stokes against the
maximum displacement of the poppet iz 0.2 At the
point that the sectional area gets to be minitmumn as the
poppet approaches to the flow outlet, fluid passes
through the flow channel with it being accelerated at
the supersonic speed. Also, it can be identified that the
flowr iz separated in the lower end of the poppet so that
a wortex flow 15 formed.

Fig & shows the dynamic pressure distribution along
the poppet wall The horizontal asxiz indicates the
position along the poppet wall in a red dotted line to
the upper-left part of the graph and the longitudinal
ams indicates the dynamic pressure which represents
the supply pressure at the dimensionless length 2 A
high distribution of the dynamic pressure is shown in
the center of the poppet wall due to the effect of the air
as emitted out of a narrow pipeline in the inlet, and it
tends to be rapidly reduced beyond the mintmum
sectional area. Considering the change of dynamic
pressure  depending upon the poppet stroke, the
dynarnic pressureis little reduced and a similar value is
maintained until x/0 gets to be 0.4, while it is
rapidly reduced after x/D gets to be 0.4 It can he,
therefore, lknown that when x/ .0 getz to be far, upto
0.8, only 4F% of a peals of the dynarmic pressure at the
initial position acts on the poppet wall

Fig 9 shows the welocity wector inside the flow field as
ohtained by three-dimensional analysis. The incoming
flaid from the inlet gets to be accelerated through a
narrow pipeline so that as a flow thereof iz formed
around the poppet, it gets to be spouted to the outlet of
the flow field. It can be lmown that the flow rate is
accelerated again as the fluid getz ot of the lower end
of the poppet and goes down through a pipe of which
the zectional area is narrow.

Fig 10 showres the turbulence intensity inside the flow
field The expected result of the turbulence intensity
and the distribution thereof inside the flow field can be
identified in it. Also, it can be known that the clozer the
flow goes to the outlet, the greater the turbulence
intensity increases, and particularly that a strong
turbulence intensity is shown in the point where the
flow iz turned.
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5. TEST ONMICRO VALVE

Fig 11 shows components of the micro walve and Fig,
12 showrs a petformancetest device for the micro valve.
In order to measure the flow capacity of the developed
tricro walve, it was tested by opening it with the
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operating pressure set at 3 kg/cm?® wntil the operating
pressure gets to be lkgdorn® The result iz shown in
Figl3. Also, in order to measwe the response
characteristic of the micro walve, it was tested by
applying voltage to the valve so that it may be on from
off until the operating pressure gets to he 3 kgdord
from 0 kagcre. The result is shown in Fig, 14,

&5 can be known fromn the test results, it was identified
that the flow capacity coefficient (Cv) of the developed
tnicro valve was [.01 and the dynamic response time
was Smsec (at 3har).

6. CONCLUSION

In this study, the performance of the micro valve was
evaluated through analysiz of the characteristics of the
very low power consumption type of pnewnatic on-off
tricro walve and test thereof, and thereby, the following
results were obtained;

1. It was identified that an enough electromagnetic
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force (24 acted on the solenoid =0 that the poppet of
the micto valve might rin a strolee (0.3 mm) at the high
response speed (5ms), and that the yole caused no
magnetic forceto be emitted.

2. The characteristics inside the flow fleld depending
upon a change of the poppet stroke were manerically
analyzed. As a result, the velocity wector field and the
pressure field inside the micro walve were propely
sitmilated. Also, it was identified that the dynamic
pressure acting on the poppet wall was little reduced
when the poppet stroke was 04 mm or less, but thatas it
gat to beheyond 0.4 mm, it was remarkably reduced and
whetn it was 0.3 mm, it went down to 40%. This means
that the flow capacity coefficient indicating the
effective sectional area of the micro walve is 0.01.

3. The micro walve was manufactred and further
tested in order to wverity its performance by using a
performance test device The test results showed the
winding current {16mda), the electric power (0.3W,
the flow capacity coefficient (0,01}, the effective area
(0.19 i), and response time(5ms). The performance
test and the analysis thereof demonstrated that the
optitrum design of the micro walve was feasihle.
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