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Abstract:  Air-driven boosters are widely used to obtain high-pressure gas. Through analysis of the boosting process of an
air-driven booster, the basic mathematical model of working processes can be set up. By selecting the appropriate reference values,
the basic mathematical model is transformed to a dimensionless expression. Using MATLAB/Simulink for simulation and
studying the booster experimentally, the dimensionless outlet flow characteristics of the booster were obtained and the simulation
results agree well with the experimental results. Through analysis, it can be seen that the dimensionless outlet flow of the booster is
mainly determined by the dimensionless input pressure of the driving chamber, the dimensionless outlet condition pressure of the
booster and the dimensionless area of the piston in the driving chamber. The dimensionless average outlet flow becomes larger
with an increasing dimensionless input pressure of the driving chamber, but it becomes smaller with an increase in the dimen-
sionless outlet condition pressure of the booster. Especially when the dimensionless outlet condition pressure is approximately 1.4,
the dimensionless average outlet flow reaches zero. With an increase in the dimensionless area of the piston in the driving
chamber, the dimensionless average outlet flow increases and peaks at approximately 1.89, and after this peak, it starts to decrease.
This research can be referred to in the design of air-driven boosters.
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1 Introduction of higher pressure air (Li et al., 2007; SMC (China)
Co., Ltd, 2008). For example, the high-pressure

Pressure-boosting  technologies have been injection of natural gas directly into the combustion

ultilized in many fields, such as the pneumatic
system, vacuum machinery, natural gas industry, and
cryogenics engineering (Cheng et al., 2003;
Hernandez and Jorge, 2005; Chapman et al., 2008;
Cho et al., 2009; Ge and Tassou, 2011). Compared
with the multistage high-pressure compressor,
air-driven boosters have the advantages of having a
more compact structure, a smaller size, fewer moving
parts and seals, lighter weight, and no external power,
and they are used widely in local pressure-boosting
occasions, where there is a require for a small amount
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chamber of a combustion ignition engine is considered
to be the best method to achieve the highest extraction
of energy from this fuel (Reed Business Information
(Cahners), 2003). Moreover, with the popularization
and development of energy-saving technologies of the
pneumatic system, air-driven pressure boosters are
usually used for reducing outlet pressure of air
compressors and cutting down energy consumption of
air compressors (Shi et al., 2010). However, the
booster has drawbacks. For example, a booster has a
short lifespan, and its outlet flow is small; when
boosting-rate is high, these shortages become more
distinct. Additionally, its energy efficiency is not
high, which also restricts its application and popu-
larization (Takeuchi et al., 1995; Shi et al., 2010). To



482 Shi et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2012 13(6):481-490

develop a booster with better performance, further
research on its outlet flow characteristics is essential.
In this paper, a dimensionless mathematical model of
an air-driven booster is presented, and the simulation
results are shown and discussed. Lastly, the dimen-
sionless mathematical model was verified experi-
mentally, and errors in the simulation results and the
experimental results were analyzed.

2 Principles of an air-driven booster

As illustrated in Fig. 1, a typical air-driven
booster consists of a piston, a regulator, two boosting
chambers, two driving chambers, four check valves,
and a reversing valve (Shi et al., 2010a; 2010b).

3
g_q The primary side
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<7 The second side

1: driving chamber A; 2: driving chamber B; 3: regulator; 4: boosting
chamber A; 5: boosting chamber B; 6: piston; 7: reversing valve; 8:
check valve

Fig. 1 Structure of an air-driven booster

The working process of the air-driven booster can
be found in our previous study (Shi and Cai, 2011). The
higher pressure compressed air is discharged con-
tinuously by repeating the working process, which
can be seen in the following Figs. 3, 4 and 6.

In this study, we define the pressure of the
higher-pressure air delivered from the boosting
chamber as the outlet pressure, P,, and the pressure of
the secondary side as the outlet condition pressure,
Py _condition- It 1s obviously that the outlet pressure of the
booster is not equal to the outlet condition pressure.

3 Basic mathematical model

To facilitate the study, the following assumptions
are made:
1. There is no leakage between the four chambers,

the area of the piston rod end is so small that can be
neglected, and the effective areas of all charge and
discharge ports are the same.

2. The compressed air of the system follows the
ideal gas law.

3. The compressed air flow of the booster is 1D
state-steady flow, which is the same as the air flow
through the nozzle contraction.

4. The temperature of the compressed air is
equivalent to the atmospheric temperature.

3.1 Energy equation

Each chamber was considered as one control
unit, and the whole booster was considered as the
coordinate system. In respect that there is no leakage
between the chambers, all of the chambers do not
exhaust and charge air simultaneously. Therefore, the
energy equation for the intake and exhaust sides of
every chamber can be obtained:

Cvm((ii_f= (S-h+C,-G)O, —0)+ RGO, — PAu, (1)
dé
Com= =S h(0, =0)+ RGO~ PAu, 2

where C, is the specific heat at constant volume, m is
the mass of the compressed air, 4 is the temperature,
0. 1s the atmosphere temperature, 7 is the time, S is the
heat transfer area, / is the heat transfer coefficient, R
is the gas constant, G is the mass flow of the com-
pressed air, P is the pressure, 4 is the area of piston,
and u is the velocity of piston.

3.2 Equation of continuity

According to the law of mass conservation, the
air mass can be given as

dm
s (3)

3.3 Flow equation

Based on the ratio P1/Py, the flow equation for
the flow through a restriction can be given as

A.P,B P
L U2 o(P,,P), —->0.528,
yer PU
G= “4)
AP,D P

—L<0.528,
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where

RY _[R)"
p(By,B)= [P—Uj [PU] ) (5)
2K
ey ©
D:( 2 )m / 2w ™
Kk+1 R(x+1)

where P, and Py is the pressure of downstream side
and upstream side, respectively, 4. is the effective
area of intake and exhaust ports, 6y is the temperature
of upstream side, and « is the specific heat ratio.

The average outlet flow of the booster is the
average value of one period.

G=" (8)
t

3.4 Motion equation

The piston velocity can be given from Newton’s
second law of motion. In this study, the friction force
is considered to be the sum of the viscous friction and
the Coulomb friction. The viscous friction force is
reckoned to be a linear function of the piston velocity.
The forces on the piston are illustrated in Fig. 2.

Pgya and Pgyg is the pressure of the driving chamber A and chamber B,
respectively; Pya and Pyg is the pressure of the boosting chamber A
and chamber B, respectively; Aq and A, is the piston area of the
driving chamber and boosting chamber, respectively

Fig. 2 The forces on the piston of the booster
The right side is figured to be the positive direc-

tion of the vector. The piston motion equation can be
obtained as follows:

(Bndy = Fpdy + Bpd, — Ry d, - F) I M,
CX_1 xxo0,L )
0,x=0,L,

where

F, u=0,
F = (10)
F +Cu, uz0.
where M is the mass of the piston, L is the stroke, Fris

the friction force, F¢ is the Coulomb friction force,
and C is the viscous friction coefficient.

3.5 State equation

Pressure changes of the air in each chamber can
be calculated by deriving the state equation of ideal
gases:

d_PZI[PV do } (11)

—| = =2+ ROG - PAu
e vl 6 &

where V is the volume.

4 Dimensionless mathematical model

To facilitate the research, the assumptions made
in Section 3 also apply to this section.

The reference values and the dimensionless
variables are shown in Table 1. It is clear that the
reference air mass flow is determined solely by the
effective area of the intake and exhaust ports, the
supply pressure and the temperature. The basic
mathematical model can be made dimensionless as
described below.

4.1 Dimensionless energy equation

The dimensionless energy equations for the
discharge side and the charge side are given as

A0S o) - -G,
i ST,

400 (8
" ST

(12)

sk %

+G*j(l—0*)+(k—l)(G* —P' AU,

(13)

where the dimensionless parameter 7 hd* is the di-
mensionless temperature settling time of the dis-
charge side, Tyq is the temperature settling time
constant, and 7, is the isothermal pressure time con-
stant (Kagawa, 1985). The dimensionless and di-
mensional time constants can be written as follows:
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Table 1 Reference values and dimensionless variables

Variable Reference value Dimensionless variable
Time m |4 . . . .t
Tp =—b =—_° __ (time to totally exhaust m, of air at G, of air mass ¢ =—
Gmax AeD R\/E ];)
flow)
Pressure P (supply pressure) P P
P
Temperature 6, (atmospheric temperature) o - 0
9’(1
Air mass flow AP . . . . . G
G = \E/QL (maximum air mass flow at charge side of boosting chamber) G = e
Air mass PV, . . . . x v
m, =——2 (maximum air mass in boosting chamber) m = L V
R6, m, 6
Displacement L (maximum displacement) . X
X ==
L
Volume V, =L- A, (maximum volume of boosting chamber B) v vV
Vo
Area of piston A4, (area of piston in boosting chamber) R A
= 2

« T
T = 14
W=7 (14)
Cm
T, =—, 15
WS (15)
S, =24, +2L\7 A4, (16)

The dimensionless maximum heat transfer area
can be calculated as

. 24 +2L\/mA
§ DTN 5 o |

b . 17)
Ab b
For the charge side:
. T
T, =—te, (18)
T
Cm
I, =— 19
o (19)

4.2 Dimensionless equation of continuity

The dimensionless equation of continuity can be
given as
dm’

ra (20)

4.3 Dimensionless flow equation

The dimensionless flow equation for both sides
of the chambers becomes:

2 ot
BB [g{r_(é%jk, §;>052&
G =DV u u u 1)
457, fi <0508
6, 5

The average outlet flow of the booster can be
given as

' 22)

4.4 Dimensionless motion equation

The dimensionless equation of motion can be
given as follows:

(/T Y (PyA, —Pydy + Ry~ By —F),
x#0,1,
0, x =0,1,

2 *
d"x

a0y

(23)

* ., . . . .
where F; is the dimensionless friction force, and can
be written as
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* *’ u b
F =< L. (24)
! {Fn +Cu, uz0,

* . N . .
where F, 1is the dimensionless maximum static
. . * . . .
friction force, F. is the dimensionless Coulomb
. . F . . N N
friction force, and C 1is the dimensional viscous
friction force coefficient. All dimensional parameters
can be written as follows:

Fr=—s 25
) (25)
* F\

=t (26)

P4,
c=Ct 27)
F 4,

The dimensionless parameter, T; f*, is defined in
Eq. (28). Tt corresponds to the J-parameter that is
used in the current selection method of a pneumatic
cylinder (Ando, 1965; Kadota, 1971). The J-parameter
is given by Eq. (30).

T,
T, =7f, (28)
P
T, = ff, (29)
b s
T°PA
J= "L]V (30)

From Egs. (28)—(30), the relation between Ty
and the J-parameter is

€2))

Because the J-parameter appears as a coefficient
of acceleration, it is known as the inertia coefficient,
and T; represents the dimensionless natural period of
the booster (Tokashiki, 1999).

4.5 Dimensionless state equation

The dimensionless state equation for the dis-
charge side and charge side becomes:

dP° _P'd0° 0G PAu

e Tt
de 6 dt Vv Vv

(32)

5 Simulation study and experimental
verification

5.1 Simulation study of the booster

From the discussion above, it can be found that
the dimensionless outlet flow of the booster is de-
termined by nine dimensionless parameters as above
mentioned. The initial values of the nine dimen-
sionless parameters are shown in Table 2. The soft-
ware, MATLAB/Simulink, is used for modeling the
simulation. The flow diagram for the solution algo-
rithm can be seen in Fig. 3, and Fig. 4 depicts the
motion characteristics of the piston and the outlet
flow characteristics of boosting chamber A.

Table 2 Initial values of the dimensionless parameters

Parameter Value Parameter Value
P’ 0.55 c’ 0.0008

Pocondition” 1.33 Ty 0.0167
Ay 1 The' 4.47
F 0.008 Tha' 2.98
Sy 1

Fig. 4 shows that when the piston began to move
towards the left with the increase of the pressure in
boosting chamber A, the velocity of the piston
dropped from the peak. When the pressure of the air
in boosting chamber A was higher than the pressure
of the second side, the air in boosting chamber A
became exhausted, and the pressure of the air in
boosting chamber A remained constant. The velocity
of the piston increased and later remained steady.
When the piston reached the left terminal, the air in
the former working driving chamber flew to atmos-
phere quickly, so the pressure of boosting chamber A
decreased sharply and reached the bottom. Then, the
piston started to move toward the right side, and the
boosting chamber A began to charge air. After a
fluctuation in the pressure of boosting chamber A, the
velocity of the piston and the input flow of boosting
chamber A remained stable until the piston reached
the right terminal.
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Initializations

he state of the
reversing valve is set
right

A 4
The downstream pressure of
the driving chamber B is set at
the atmospheric pressure; the
upstream pressure of the
driving chamber A is set at the
reduced pressure

The downstream pressure of
the driving chamber A is set at
the atmospheric pressure; the

upstream pressure of the
driving chamber B is set at the
reduced pressure

A
—| Calculation

Fig. 3 Flow diagram for the solution algorithm

1.0,

x
< 0.5

Fig. 4 Motion characteristics of the piston (a) and out-
let pressure and flow of boosting chamber A (b)

5.2 Experimental verification of the mathematical
model

The dimensionless outlet flow and dimen-
sionless cycle time can be attained easily and expe-

diently. These parameters were studied experimen-
tally to verify the dimensionless mathematical model
that was set up above.

The experimental apparatus shown in Fig. 5
consists of a booster (VBA4200), a throttle valve
(AS3001F), a regulator (IR3020-03BC) by SMC, an
air power meter (APM-450) by Tokyo Meter and a
data acquisition card (USB-4711A) by Advantech.
The air power meter adopted can simultaneously
measure the pressure, flow and temperature of com-
pressed air. The accuracy of pressure, flow and tem-
perature is 0.1%, £1% F.S. and 0.1 °C, respectively
(Cai et al., 2003; 2006).

Fig. 5 Configuration of experimental apparatus
1: regulator; 2: booster; 3: air power meter; 4: tank; 5:
throttle valve; 6: data acquisition card; 7: computer

In this experiment, firstly, the compressed air
source was opened and the outlet pressure of the
regulator was set to the fixed value. Next, adjust
throttle valve and make sure that air was exhausted
steadily from the tank. After that, the pressure of the
air was approximately the fixed value. The last stage
was data acquisition and preservation.

The experiment can be performed according to
the method described above. A small outlet flow of
the booster must be set so that the influence of pres-
sure fluctuation on the supply and the tank can be
reduced. The outlet flow of the booster, which was
obtained by simulation and experimentation, is shown
in Fig. 6.

The outlet condition pressure of the booster in
the experiment study is the pressure of the com-
pressed air in the tank. However, the outlet condition
pressure of the booster in the simulation study is a
constant value. The curves of the dimensionless outlet
condition pressures are shown in Fig. 7.

As shown in Fig. 6 it is clear that the simulation
results are consistent with the experimental results,
and this verifies the mathematical model above.
However, there are two differences between the
simulation results and the experimental results: (1)
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Outlet flow in the experiment results increases more
drastically, but drops less dramatically than that in the
simulation results. (2) The interval of exporting-air in
the experiment is shorter than that of simulation.

The main reasons for the differences are summa-
rized as follows. Because of persistent discharge of air
from the tank, when the booster starts to exhaust
compressed air, the pressure of air in the tank is the
lowest, as shown in Fig. 7, the velocity of the piston
increases swiftly, and the higher-pressure air in the
boosting chamber is exhausted rapidly. With each
additional increment of flow of air exported, the
pressure of the air in the tank increases, the speed of
piston decelerates, and the flow of air discharged
from the booster decreases. However, the simulation
is based on the assumption that the dimensionless
outlet condition pressure is constant. Therefore, the
experiment outlet flow rises sharply and drops slowly.

Experimental curve  ------.- Simulation curve

Time (s)

Fig. 6 Experimental and simulation curves of outlet
flow of boosters

—— Experimental curve --—-- Simulation curve
1.22 M‘u “ M Wf“ \ /ﬁ‘M\ 1
1.20
N T

2 4 6 8 10

0

P(}condition

Time (s)

Fig. 7 Experimental and simulation curves of the di-
mensionless outlet condition pressure

When the booster stops to discharge compressed
air, the pressure of the air in the tank starts to de-
crease, which is lower than the pressure of the air set
in the experiment. Therefore, the booster may start to
discharge air, even though the pressure of the air does
not reach the pressure set, and that shortens the in-
terval of the exporting air.

Other uncontrollable factors in the experiment,
such as fluctuation of the supply pressure, leakage
between chambers and temperature of the atmos-
phere, are also reasons for these differences between
the simulation and experimental results.

6 Outlet flow characteristics

The rate of change of the dimensionless outlet
flow is the ratio of the change in the outlet flow for one
parameter and the total change in the outlet flow for all
parameters, which is defined for evaluation of the in-
fluence of each parameter.

According to the dimensionless mathematical
model above, each parameter can be changed for
comparison while all other parameters are kept con-
stant, as shown in Table 2, and the simulation results of
each dimensionless parameter are illustrated in Fig. 8.
Fig. 9 describes the rate of change of the outlet flow for
each parameter.

It can be seen from Figs. 8 and 9 that:

1. The dimensionless outlet flow characteristic is
impacted significantly by the dimensionless input
pressure of the driving chambers, the dimensionless
outlet condition pressure and the dimensionless area of
the piston in the driving chambers. The rates of change
of the outlet flow for the three parameters are 0.48,
0.26, and 0.24, respectively.

2. Especially, when the dimensionless input
pressure of the driving chambers rises from 0.55 to 0.8,
the dimensionless outlet flow increases from 0.24 to
0.46. When the dimensionless outlet condition pres-
sure rises from 1.17 to 1.33, the dimensionless outlet
flow decreases from 0.44 to 0.24. When the dimen-
sionless area of the piston in the driving chambers rises
from 1 to 1.5, the dimensionless outlet flow increases
from 0.24 to 0.32.

3. The dimensionless outlet flow is slightly af-
fected by the dimensionless maximum heat transfer
area and the dimensionless temperature settling time of
the discharge side. The rates of change of the outlet
flow for the two parameters are about 0.008.

4. There is little influence of the dimensionless
temperature settling time of the charge side, the di-
mensionless maximum static friction force, the di-
mensionless viscous friction force coefficient and the
dimensionless natural period on the dimensionless
outlet flow. The rates of change of the outlet flow for
the four parameters are smaller than 0.004.

In summary, the dimensionless outlet flow of a
booster is mainly determined by the dimensionless
input pressure of the driving chambers, the dimen-
sionless outlet condition pressure of the booster and
the dimensionless area of the piston in the driving
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chamber. The influences of the other parameters can
be neglected. The conclusion agrees well with To-
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kashiki (1999).

The parametric study on the relationship be-
tween the dimensionless average outlet flow and the
dimensionless input pressure of the driving chambers,
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the dimensionless outlet condition pressure, and the
dimensionless area of piston in the driving chamber
were conducted, and results are shown in Fig. 10.
From Fig. 10, it can be seen that the dimen-
sionless average outlet flow increases continuously for
the most part with an increase in the dimensionless
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input pressure of the driving chambers; however, the
dimensionless average outlet flow decreases non-
linearly with an increase in the dimensionless outlet
condition pressure, and the dimensionless average
outlet flow reaches zero when the dimensionless
outlet condition pressure is approximately 1.4. At the
beginning, the dimensionless average outlet flow
increases with increasing dimensionless area of the
piston in the driving chamber and peaks at approxi-
mately 1.89. After this peak, the dimensionless

o
o

e o o
N oow s
T T

e
=

Change rate of output flow

T C R AS

Po-condilion

P The' Tha' Sp’

Fig. 9 Rate of change of outlet flow for each parameter
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Fig. 10 Outlet flow characteristics of the booster
(a) Relationship between outlet flow and P,’; (b) Rela-
tionship between outlet flow and Py condition (c) Relation-
ship between outlet flow and A4~

average outlet flow starts to decrease with increasing
dimensionless area of the piston in the driving
chamber.

7 Conclusions

The boosting process of an air-driven booster
was studied, and a basic mathematical model was
developed. Appropriate reference values were se-
lected, the basic mathematical model was transferred
to a dimensionless expression, and the outlet flow was
analyzed through simulation and experimentation.
The conclusions can be drawn as follows:

1. Simulation results agree well with experi-
mental results, and the mathematical model set above
is correct.

2. The outlet flow characteristics of the booster
are mainly determined by the dimensionless input
pressure of the driving chambers, the dimensionless
outlet condition pressure of the booster, and the di-
mensionless area of the piston in the driving chamber.
The influence of all other parameters can be ne-
glected.

The dimensionless average outlet flow increases
steadily for the most part, with increasing dimen-
sionless input pressure of driving chambers, but it
decreases non-linearly with increasing dimensionless
outlet condition pressure. When the dimensionless
outlet condition pressure is approximately 1.4, the
dimensionless average outlet flow reaches zero. At
the beginning, the dimensionless average outlet flow
increases with increasing dimensionless area of the
piston in the driving chamber and peaks at approxi-
mately 1.89. Next, the dimensionless average outlet
flow starts to decrease with increasing dimensionless
area of the piston in the driving chamber.
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