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Abstract: Currently, many studies have been made for years on dimensions of pneumatic nozzle, which influence the flow
characteristic of blowing system. For the purpose of outputting the same blowing force, the supply pressure could be reduced by
decreasing the ratio of length to diameter of nozzle. The friction between high speed air and pipe wall would be reduced if the nozzle
is designed to be converging shape comparing with straight shape. But the volume flow and pressure, discussed in these studies, do
not describe energy loss of the blowing system directly. Pneumatic power is an innovative principle to estimate pneumatic system’s
energy consumption directly. Based on the above principle, a pulse blowing method is put forward for saving energy. A flow
experiment is carried out, in which the high speed air flows from the pulse blowing system and continuous blowing system
respectively to a plate with grease on top. Supply pressure and the volume of air used for removing the grease are measured to
calculate energy consumption. From the experiment result, the pulse blowing system performs to conserve energy comparing with the
continuous blowing system. The frequency and duty ratio of pulse flow influence the blowing characteristic. The pulse blowing
system performs to be the most efficient at the specified frequency and duty ratio. Then a pneumatic self-oscillated method based on
air operated valve is put forward to generate pulse flow. A simulation is made about dynamic modeling the air operated valve and
calculating the motion of the valve core and output pressure. The simulation result verifies the system to be able to generate pulse
flow, and predicts the key parameters of the frequency and duty ratio measured by experiment well. Finally, on the basis of
simplifying and solution of the pulse blowing system’s mathematic model, the relationship between system’s frequency duty ratio and
the dimensions of components is simply described with four algebraic equations. The system could be designed with specified
frequency and duty ratio according to the four equations. This study provides theoretical basis for designing energy-saving air
blowing system.
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Notations
p—Absolute pressure, Pa; S.—Effective area, m’;
ps—Supply pressure of nozzle, Pa; C —Sonic conductance (proportional to area of
Pwork—The lowest pressure of chamber II and II1, Pa; orifice), dm’/(s « MPa);
Ap —Differential pressure needed for air t—Time, s;
operated valve to switch, Pa; t—Reference time, s;
po—Density (Atomosphere Normale De Reference, T —Period, s;
ANR), kg/m3; ty—Response time of air operated valve, s;

6—Temperature, K; f —Frequency, s;

fp—Temperature (ANR), K; o —Duty ratio.

0 —Air volume flow, m’/s; Subscript

G —Air mass flow, kg/s; u—Upstream, d—Downstream, a—Atmosphere,
R—Ideal gas constant, J/(Kemol); I—Chamber I, 2—Chamber II, 3—Chamber I11,
x—Adiabatic index, i—Inflow, o—Outflow.

industry. It is used primarily for scrap removal, as well as

1 Introduction drying and cooling. It’s inevitable that some kinds of scrap
and water drops are left between processes, this system is

Air blowing system is widely utilized in many fields of  the handiest tool to blow off them quickly without stopping
the line, such as cleaning a conveyor at a metal processing
facility to remove small scrap buildup, drying the water
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drops in parts and cooling in the last process.
Compressed air in pneumatic systems was costly to
create and the blowing system consumed half of the total
air created in the industries of machining!". One question
about using the compressed air for blowing is the large
energy consumption. Many studies have been made to
reduce energy waste. ONEYAMA!? described the present
station and project on energy conservation of pneumatic
system. In Ref. [3], it is discovered that the existing air
blowing system requires double compressed air of more
efficient types. So it is meaningful to investigate the
blowing system to improve its efficiency.

The characteristic of water jet system for cleaning has
been studied for many years, CHAHINE, et al*!, verified
that pulse water jet could enhance the ability to remove
aircraft coatings. They developed self-resonating jet
nozzle based on Helmholtz oscillator’™. Their
comparative testing had shown that self-resonating
cavitating jets could perform underwater cleaning more
effectively than conventional jets. WANG, et all®!
developed a low pressure and large flow pulsation-jet
nozzle for cleaning oil tank bottom sludge. They
explained the generation mechanism, which was different
from a high pressure and low flow pulsation-jet.

The study in characteristic of air blowing system has
been started in recent years. Researches find that blowing
wastes a huge amount of compressed air. SENOO!! and
KOKOROZASI®! proposed several methods of rational
utilizing air blow in the industries for reduction of air
consumption. ONEYAMA!' showed the dimensions
(length and diameter) of an air blow influence supply
pressure of the system to output a same blowing force. It
was verified that the supply pressure could be reduced
when the ratio of length to diameter decreased, which
meant pressure loss became less. In the study, the
characteristics of air blows of different shapes were
considered and the converging blow with the shape that
the area of exit was much smaller than entrance achieved
the lowest pressure loss. YANG, et al''”) investigated the
effects of nozzle shape, the curvature, Reynolds number
and the spacing between the nozzle exit and the blown
surface, which influenced the distribution of velocity of
air blowing out.

But in these studies, most discussion focused on the
volume flow and pressure which are parameters that do
not describe energy loss of the blowing system directly.
Pneumatic power is an innovative principle to estimate
pneumatic system’s energy consumption directly. This
paper describes the mechanism of energy loss in
conventional air blowing system with the principle.
Generally air flows to nozzle through pressure regulator
in many industries. Pressure drops from 0.6-0.8 MPa
(absolute pressure) in air supply to 0.2—0.4 MPa in nozzle
with available energy!'"! lost about 39%—47%.

The paper presents an innovative air blowing system

generating pulse jets with a self-oscillated device instead of
the pressure regulator. The pulse jets are proved to perform
more effectively than continuous blowing. Then the pulse
frequency and duty ratio are studied to influence blowing
efficiency. For industrial application, a pneumatic
self-oscillated system based on air operated valve is
presented and the simulation well predicts the key
parameters of frequency and duty ratio. Finally, a method is
developed to design the pulse frequency and duty ratio of
the system.

2 Energy Saving Scheme

2.1 Mechanism of energy loss

Fig. 1(a) shows air blowing system in many industries.
Air flows from air supply through pressure regulator to the
nozzle. Table 1 shows the condition of nozzle used in
industries.

Table 1. Condition of nozzle used in industries
Parameter Value
Supply pressure of the system py /MPa 0.6-0.8
Supply pressure of the nozzle p,/MPa 0.3
Pressure of atmosphere  p, /MPa 0.1

According to the equation of pneumatic power!'?), the
pneumatic power of the upstream and downstream is
obtained respectively:

Ps
Pu = psOQSOIn 0 5 (1)
Py
Ps
Pd = pstln_' (2)
Py

With the equation of continuity, the
obtained:

following is

PeQy = PO, €)

So the equation below is obtained:

wPe
n
P
s Pa 5395 61% )
Py . Pa

P,

Eq. (1) shows the energy of the air decreases by
39%-47% when the air flows through the pressure
regulator. For the purpose of avoiding energy loss at the
pressure regulator, the innovative energy saving device is
proposed as Fig. 1(b) shows. The PLC outputs pulse signals
to drive solenoid valve to switch, and then the nozzle
outputs pulse flow. So the nozzle’s upstream pressure rises



from p; to py, and the energy loss at pressure regulator is
avoided. But the instantaneous volume flow increases.
The pneumatic power increases as well. To reduce the
average volume flow the duty ratio is set to be small.
Pneumatic power could become small with this method.
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Fig. 1. System comparison

In the next section, it will be discussed that the
relationship among frequency, duty ratio of the pulse
flow, and the air consumption of the system for blowing
away particles.

2.2 Experimental study on characteristic of the air
pulse blowing system
The purposes of the experiment are made as follows:
(1) To prove the pulse blowing system saving energy
comparing with continuous blowing; (2) To study how
the frequency and duty ratio influence the air
consumption for blowing away particles.

2.2.1 Scheme of experiment

The scheme of the experiment is described as follows.

(1) Modeling the particles on the surface of work. The
particles (mixture of water and oil) are removed quickly
while the high-speed airflow is blowing. So it is needed
to modeling the particles, because the period of particles
removing is too short to measure. Grease is verified to be
a kind of appropriate material. On the one hand it is a
kind of viscous material as same as the particles, on the
other hand it is easy to measure the period.

(2) Description of blowing process. Fig. 2(a) shows the
thickness of the grease layer becomes thinner and thinner
gradually while the air is blowing.

(3) Measurement of the quantity of particles removed.
Fig. 2(b) shows the light signal sent from the light
emitting diode(LED) penetrates the grease layer to the

phototransistor, and then the phototransistor is turned on.
Light intensity is proportional to output (U;) of the
phototransistor approximately and inverse to thickness of
the grease layer left. The output of the phototransistor is
approximately proportional to the thickness of the grease
layer blown away. U is defined as the ratio of U, to
reference output of phototransistor to describe the quantity
of particles removed. Fig. 2(c) shows the relationship
between the quantities of particles removed and air
consumption in the blowing process.

Initial station Final station

(a) Variation of grease layer

Nozzle
LED

|:!"—'—’:|/ Grease layer
|:| D/Phototransi stor

(b) Measurement principle

Non-dimensional quantities
of particles U

The volume of compressed air ¥/dm’

(c) Relationship between the quantities of particles removed
and air consumption

Fig. 2. Experiment principle

2.2.2  Experiment result

The experiment result can be obtained as follows.

(1) Frequency (f). Fig. 3(a) shows the characteristic
curves at different frequencies. Different volumes of air (V)
are consumed at different frequencies to blow away the
same quantities of particles (U=0.8). The pulse blowing in
higher pressure condition (p=0.5 MPa) consumes smaller
volume of air comparing with continuous blowing in lower
pressure condition (ps=0.3 MPa). The pulse blowing
consumes the smallest volume (42% volume of continuous



blowing) when the frequency reaches 10 Hz.

(2) Duty ratio (@ ). In this section, the influence of the
duty ratio to air consumption will be discussed.

Figs. 3(b)-3(d) shows the system characteristic when
duty ratio is changed at frequency of 10 Hz. In Fig. 3(b),
it consumes the smallest volume (26% volume of
continuous blowing) when the duty ratio reaches to 40%

to blow away a same quantity of particles (U=0.8). In Fig.

3(c), it consumes the smallest volume (29% volume of
continuous blowing) when the duty ratio reaches to 50%.
In Fig. 3(d), it consumes the smallest volume (27%
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volume of continuous blowing) when the duty ratio reaches
to 40%.

As Fig. 3(e) shows, industry condition (continuous
blowing p=0.3 MPa) is defined as reference condition. ¥
is the volume of air consumed to blowing away 0.8
particles (U=0.8) in the reference condition and ¢, is the
time consumed. It can be seen that V/V, (#/t)) varies
depending on p, and ¢ (duty ratio). V/Vj is reduced to 30%
and #/ty to 15%(Fig. 3(f)) when ps increases, which means
70% of the air and 85% of time are conserved when duty
ratio is 40% and p; is 0.7 MPa.
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3 Energy Saving Device

As mentioned above, the PLC is applied to drive the
solenoid valve to generate pulse flow. It is so complicated
that is not convenient to be applied in industry. So in this
section a pneumatic self-oscillated system is discussed.

3.1 Principle of self-oscillated system

As Fig. 4(a) shows, in the start, the air operated valve
stays at right position, the air flows from the air supply to
port B then is divided into two branches, one flow to
nozzle and the other to operating port G through throttle
1. So the pressure of the left operating chamber starts to
rise, meanwhile the air in the right operating chamber
flows from the throttle 3 to the atmosphere. The pressure
of right operating chamber dropping, then the differential
pressure between right and left operating chamber
becomes large gradually. When it reaches to Ap the air
operated valve switches to the left position. Then the air
flows from the air supply into the right operating
chamber through port 4. So the pressure of the right
operating chamber raises, meanwhile the air in the left
operating chamber flows into atmosphere through throttle
2 and nozzle. The pressure of it dropping, then the
differential pressure between right and left operating
chamber becomes large gradually. When it reaches toA p
the air operated valve switches to the right position. So
self-oscillation is achieved by this process’s cycling.

Fig. 4(b) is the picture of the system. The red pipes are
the pipe BC, CD, and CE in Fig. 4(a). The white pipe is
the pipe AJ. The left side branch has two throttles. The
right side branch has one throttle. On the top, a throttle is
used to regulate effective area of outlet of the system,
standing for nozzle in Fig. 4(a). All the pipes are
connected to a 2 positions 5 ports operated valve. The
valve is driven by compressed air. When the differential
pressure of side ports becomes large, the valve switches.

3.2 Simulation and experiment

3.2.1 System model

To simplify the system, the following assumptions are
made: (1) anywhere in a pipe has an equal pressure, (2)
isothermal state, (3) the valve switches at uniform
velocity.

Fig. 5(a) shows the model of the system in Fig. 4 when
the air operated valve switches to the right position. The
arrows show flow direction. ChamberI stands for pipe
BC, CD and CFE in Fig. 4, chamber II stands for pipe FG,
chamber III stands for pipe AH. Cj; is the flow
conductance into chamberI and C,; is chamberII . C, is
the flow conductance out chamber I and C;, is
Chamber IIT. The channel between the air supply and
chamberIIl is cut off. Fig. 5(b) shows the model of the

system when the air operated valve switches to the left
position. Cj; is the flow conductance into chamber I11, Cy,
is the flow conductance out chamber II .The channel
between the air supply and chamber I is cut off.
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Fig. 4. Self-oscillated system
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Fig. 5. System model
Fig. 6 shows the wvariation of pressure in
chambersI, II, III. One cycle can be divided into four
periods (a, b, ¢, d), i.e., periods a and b when the valve in
the right position, and periods ¢ and d when the valve in
the left position.
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Fig. 6. Description of pressure variation of the system

Pressure change at each chamber can be obtained by
differentiating the state equation of ideal gases in
isothermal state:

dp RO
- g (5)
e vV
The equation of air mass flow through an orifice!'* is
K+l
K 2 &l D
N , La<o528,
P\ re, (K+lj . (6)

G=

K+l
o [PJ _[m] N T,
RO, (x-1)(\ p, P P

Eq. (7) can be written as follows which is wildly used
in pneumatic simulation

S.Dy

6, P
C 70’ 7d<
PolDy 0, (7)
2uCp, |22 pd pd Pusos.
0, pu Pu

In period ¢ in Fig. 6, air flows from chamber]lI to
chamber I because the pressure of chamberII is higher
than chamberI. The pressure change at chambersI,II,
11T are described as follows:

%:L@(Gu _G10+G70)5 (8)
dt 4 )

dp, RO, 9

e I -G, ), ©
v (-G.)

2

dp, _ RO

3
-5(-G,).
L ()

3

(10)

In period b, p; rises beyond p, (p1>p,) and air flows from

chamber I to chamber II. So pressure changes at
chambers1, II, IIT are as follows:
R ) (an
dt I/l lo 2i )2
dp, _ RO, (12)
7
dp3 — R03 (—G ) (13)
v *

3

In period ¢, p; drops gradually. In period d, right
operating chamber drops to p, Pressure changes at
chambers1, II, IIT are as follows:

R (14)
dt I/l lo 2 )2

dp, _ RO, (=G.,.). (15)
dt V2 20

dp, _ RO, (16)
—=—2(G, —-G,,).

dl V ( 3i 30)

3

Considering the reference valve of Table 2 and
coefficient Table 3, we can make the basic equations
shown above dimensionless. The non-dimensional equation
of motion can be written as follows, for the period of a, Egs.
(8)—(10) are made dimensionless:

WG kG, +hkk, kG (17)
de = _kacoinZGZ*oﬂ (18)
dt
d’%z_kSLG;o' (19)
a T,
For period b, Egs. (11)—(13) are made dimensionless:
dpl G k G _kcoinlkl Gz*l 2 (20)
dr*
dzgf = kcoinZ ;i’ (21)
de
dp} — —k3 r G;O' (22)
T
For periods ¢ and d, Egs. (14)-(16) are made



dimensionless:

T
dp* dpi __r(G3l* —k3G30*) (25)
1 = _kl Gl*o + kcoinlkalG;O > (23) dt 7;3
de
dp,” _ .
dr' - _kacoin2G207 (24)
Table 2. Reference valve and non-dimensional variable
Variable Reference Variable Description Non-Dimensional variable
Pressure Ps Pressure supply P = pﬁ
Ti , v 0, Time to fill up a chamber (7) through st
ime .= - -
RO,p,C\ 6, a throttle (C) at a mass flow of Gax [
. 9 The maximum mass flow through . G
Air Mass Flow Grnax = PoCPs [~ ¢
0, a throttle(C) at supply pressure of ps G
Table 3. Coefficient description P P ps*
- Experiment — —
Symbol Expression K .
Simulation - - - - - - - _————— —ea
kcoinl Cli / Clo
L 1.0
Ko /1y =]
’ 209
ki Cio 1 G § 0.8
Q.
k> Cpy ! Cy; 0.7
§ . 06
k3 C30 / CSi E & 0.5
£ 04
;5 0.3
3.2.2  Comparison of simulation and experiment results ;: g'f
Table 4 shows the system parameters measured. It can 0.0

be seen in Fig. 7 that there is a good agreement between
experimental and simulation results.

Table 4. System parameters

Parameters of system for simulation

Parameter Value
Reference time /s 0.01
Reference time  #o/s 0.15
Reference time  #3/s 0.55
Coefficient  keoini 0.01
Coefficient  keoin2 0.07
Coefficient k, 0.26
Coefficient k3 0.38
Coefficient k; 0.98
Differential pressure Ap/MPa 0.04
Response time  t,/s 0.01

Parameters of system components

Parameter Value
Supply pressure p/MPa 0.8
Pipe volume Vi/em® 5.65
Pipe volume Vslem® 0.96
Pipe volume Vs lem® 5.61
Flow conductance Clo/(dm3 «s e MPa l) 6.2
Flow conductance CzO/(dm3 «s'eMPa l) 0.016
Flow conductance C;,/(dm3 «s'eMPa l) 0.1
Flow conductance Cl,/(dm3 «s'eMPa l) 6.4
Flow conductance Cz,/(dm3 «s'eMPa l) 0.062
Flow conductance C30/(dm3 «s'eMPa l) 0.038

0.00 5.00 10.00 15.00
Non-dimension time ¢

Fig. 7. Experimental and simulation results

There are differences between experimental and
simulation results for the pressure response of
chamber I, because it is assumed that the valve switches
at constant speed, while in fact the motion of the valve is
complicated. Above all, frequency and duty ratio are
predicted well by the simulation. The absolute error of
frequency is 1% and duty ratio is 12%. It can be found
that Cy; is different from C;;, both of which are the
conductance of the valve(should be the same) in Table 4,
because it is supposed that the valve port opens
completely after switching, while in fact it may not opens
completely.

3.3 System parameter design

In the last section, the outputs (frequency and duty
ratio) of the self-oscillated system are predicted. There
may be a function between outputs and system
parameters. In this section, the function will be studied,
which may be described as (V,C) = F(f, ).

The following definition can be made.

Definition (a): T is period of self-oscillated system,
and T =At, +At, +t,+t,+2t.



Definition (b): fis oscillation frequency of system.

Definition (c): ¢ is duty ratio.

To simplify the model, the following assumptions are
made.

Assumption (a): The flow conductance from
chamber II to chamber Iis much smaller than from
chamber III to atmosphere. The mass flow from
chamber II to chamber Iis small enough to disregard
comparing with from chamber III to atmosphere, i.e.,
ko <1

coinl
Assumption (b): The time taken to fill up chamberIis
much smaller comparing with fill up chamberll, i.e.,
k

coin2
Assumption (c): The time taken to fill up chamberIis
much smaller comparing with fill up chamberIII, i.e.,

< 1.

L,

With these three assumptions the main stream and
branches (Fig. 5) are defined. The mass flow in the main
stream is times more than in branches. So the response of
pressure in main stream is times faster than in branches.
Assumptions (d) pwork* >0.5 pa*<0.25 and A p*<0.5 as
Fig. 6 shows.

3.3.1 Simplification of the model

For period a ([0, 1,']), comparing the magnitudes of
teams in Eq. (17), the right third team is much smaller
than the former teams with Assumption (a). So Eq. (17)
can be rewritten as

dn = Gl*i _lel*o' (26)

*

Comparing the magnitude of the first right team in Eq.
(18) with the first two teams in Eq. (17), the former is
much smaller than latter with Assumption (b). The
variation of pressure in chamber II is so small comparing
with chamber I that it can be regard to be constant.
Similarly the variation of pressure in chamber III is
disregarded. So At, in Fig. 6 is decided by Eq. (26).

The period of b can be divided into two parts, for the
part b, in Fig. 6, the pressure of chamberlrises from
p*work to po*. For part b,, the pressure of chamber I keeps
to be a constant (p, ).

For part b, ([ta*, tbl*]), the different from period a is
flow direction between chamberslandIl. The analysis
of period a can be preformed to part b,. Time period Ay,
in Fig. 6 is decided by Eq.(26).

For part b, ([tbl*, tbz*]), the pressure in chamber I
gradually becomes saturation. So the variation of
pressure is disregarded in the period. The pressure
difference between chamber I and II becomes large
gradually. When it comes to time point 4, in Fig. 6 the
valve begin to switch. Time period ¢, in Fig. 6 is decided
by Egs. (21), (22).

Comparing the magnitude of right team in Eq. (21)

with right two teams in Eq. (26), the former is much
smaller than latter. The rate of pressure variation in Eq.
(26) is much faster than in Eq. (21). As a result, the time
period Az,” is so small comparing with 7 that the
relationship between them can be written as

*

AL, <1. 27)

*

i

The same analysis is preformed to part b, the following
is obtained:

Ay <. (28)

i

With Definition (a) and Egs. (27), (28), the following is
obtained:

T'a =t +1, . (29)

With the analysis above, the pressure of chamber I is
regarded to be p,". So Eq. (26) can be written as

G =kG . (30)

On Assumption (d) (p"yon>0.5), there are

Gli* :2\}171*(1_171*)9 (31)
G, =p. (32)

Egs. (31) and (32) are substituted into Eq. (30), then the
following can be obtained:

. 4
pg = 2 ° (33)
4+k

On Assumption (d) (p'worc>0.5, Ap'<0.5), the mass
flow into the chamber I and the mass flow out the
chamber III can be respectively written as follows:

Gzi* :po*'z p_z*[l_p_z”], (34)
D, D,

G}o* = pz*' (35)

Eq. (34) is linearized at work point pz*: pwork* and
substituted into Eq. (20), then the following can be
obtained:

dpz* _ zp;ork _po* k (P
. R coin2 2
dr Py (po ~ Py )

P P J (36)
zpjvork_po*



#," is obtained by integrating Eq. (36) as follows:

oo ] PPy ~Po) il

zp\:m‘k _po* Al; (37)
1 * * N
kr:unZ 21)\)\,<)rk _pO

2]70* _zp:nrk p\:ork

Substituting Eq. (35) into Eq. (22), we can obtain:

oLy (33)
dt T,

- 3

#," is obtained by integrating Eq. (38) as follows:
1T ]
— ]n1+£*. (39)
kT P
For period ¢ ([t;,*, tc*]), with the same analysis as
period a, Eq. (23) can be rewritten as

*

Y _G' kG, . (40)
dr
At. in Fig. 6 is decided by Eq. (40). With the
magnitude analysis, the time period Az, is so small
comparing with 7, that the relationship between them can
be written as

*

Al <1. (41)

*

ly

With Defining (a) and Eq. (40), the following can be
obtained:

T"(1-a)=t, +15,. (42)

For period d ([tc*, tdl*]), the compressed air in
chamber I is discharged completely. The pressure of
chamberlis regarded as same as atmosphere (p,). On
Assumption (d) (pwork*>0.5), the mass flow out the
chamber IT and the mass flow into/out the chamber III can
be written as follows:

G, =p,, (43)
G, =2p, (1 -p; ), (44)
G, =p, . (45)

Eq. (44) is linearized at work point p3*:pwork* and
substituted into Eq. (25) with Eq. (45), the following is
obtained:

dp;” 2p =l L[ . P Lo
= e g e p (10)
pwork(l_pwork) s

fo is obtained by integrating Eq. (46) as follows:

—\/P;k(l—l’;k) b

g kP (1) (47)

%

s Prs(1-PL) 257

2-2] k| P (1=l ) P

Substituting Eq. (43) into Eq. (24), we can obtain:

dp,” .
% = 7k2kcoin2p2 : (48)
fo" is obtained by integrating Eq. (48) as follows:
11 )
¢ =——]n1+£*. (49)
2 IccoinZ pwcrk

Substituting Egs. (37), (39) into Eq. (29), respectively,
we can obtain:

Ta—ty, A
eInl+
k — T* (1 _a) _t:sp 17work=F (50)
2 s
\/pwork(po _pwork)lnl_ Zp:vork _pO* .M
2p:vork _170=F 2170=F _2p:vork p:vork
_ p\:ork (pO* - p\:ork)
=t (Tt oo™l (5D

2 =Py | AP
2p0* - 21)\:0rk p\:ork

Inl—

Substituting Eqs. (47), (49) into Eq. (42), respectively,
we can obtain:

O L
Tty ™ Pk 2o 1o P 1P
2ot 4| P 1P o7

220 o P 1P ) Pook

Inl- (52)

oy \Taty)h (53)
s ln(l+Ap* /p:mrk)

The parameters (¢, ts, k», k3) are solved based on Egs.
(51)~(54) with specified f and ¢&. The parameters
determine dimensions of pipes and throttles in Table 5
are obtained according to ¢y, t;3, k> and k;.

3.4 Experiment result
Table 5 shows an example for designing the system. It
can be seen in Fig. 8 that the system works with the duty



ratio and frequency almost as designed to. The absolute
error of duty ratio increases from 7% to 33% as
frequency increases, one of the reasons for this is the
assumption that the valve switches at uniform velocity,
so there is a difference between calculation and
experiment in response time of air operated valve. So
when the period of the system (7) becomes small the
difference increases and cannot be disregarded. Another,
Assumptions (a), (b) and (c) cannot be satisfied
practically. So when the period of the system becomes
small, Az,” and Az.” cannot be overlook.

Table S. Example for system design

Design objective

Parameter Value
Oscillation frequency f/Hz 6 13
Oscillation duty ratio « /% 50 30

Selected parameters

Parameter Value
Supply pressure ps,/MPa 0.8
Differential pressure Ap/MPa 0.04
Flow conductance Cll,/(dm3 «s e MPa l) 6.2
Flow conductance Cl,/(dm3 «s'eMPa l) 6.4
Flow conductance C3,/(dm3 «s'eMPa l) 0.1
Response time  t/s 0.01

Calculated parameters

Parameter Value
Reference time  #o/s 0.54 0.15
Reference time  #3/s 0.84 0.61
Coefficient k, 0.60 0.25
Coefficient k3 0.39 0.36
Coefficient  keoini 0.01
Coefficient  keoin 0.03 0.07

Parameters of system components

Parameter Value
Pipe volume Vi/em® 10.5 6.91
Pipe volume Valem® 3.42 0.97
Pipe volume Vyem® 8.61 6.19
Flow conductance Cg,/(dm3 «s'eMPa l) 0.062

Flow conductance Czl,/(dm3 «s'eMPa l) 0.037 0.02
Flow conductance C;l,/(dm3 «s'eMPa l) 0.039 0.036

4 Conclusions

(a) The paper presents an innovative air blowing
system blowing pulse flow. The method of pulse blowing
is proved to save energy comparing with the continuous
method. The experiment result shows that pulse blowing
system consumes less air and time.

(b) The influence of pulse frequency and duty ratio on
energy consumption is studied. Optimum parameters are
obtained and applied to save energy by 70%.

(c) The paper presents a pneumatic self-oscillated
system based on air operated valve. By simulating the
behavior of the system, the important parameters of
frequency and duty ratio is calculated.

(d) The paper presents a method to design the system
with specified pulse frequency and duty ratio. The
pressure differential equations of chamber I and II are

coupled. The equations are difficult to solve. The
parameters of ke and ke are presented to indicate
coupling degree. If coupling degree is small the design
method works.

D1 D2 D3

Experiment
Design objective — — —

0.8
0.7
0.6
0.5

0.4
0.3
0.2
0.1 - -
0.0

Pressure p/MPa

0.00 0.10 0.20 030
Time #/s

(a) Objective frequency is 6 Hz

4! P2 P3

Experiment —s— —h—
Design objective — — —

0.8
0.7

0.6 -
0.5

0.4 -
0.3 1
0.2 1

Pressure p/MPa

0.1 T

0.00 0.04 0.08 0.12
Time ¢ /s

(b) Objective frequency is 13 Hz
Fig. 8. Pressure response of chambers 1, II, 111
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