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Abstract

The dynamic characteristics of suction valves for reciprocating compressor with a stepless capacity control system are
studied in this article. The self-acting valve model that is applicable for stepless capacity control condition is derived. For
the suction valve movement controlled by actuator, a simulation of the hydraulic and mechanical system is conducted. An
experimental platform is setup, which is used to test the valve dynamic when it is controlled by actuator. The results from
the mathematical model show that the valve impact speeds are influenced by the valve lift, Mach number of the flow in
the valve clearance and the initial crank rotation angle of the valve closing process. The simulation results agree well with
experimental results. The simulated maximum speed is about 0.53 m/s, and the maximum speed tested by experiment is
about 0.58 m/s, both of which are much lower than the speed of the automatic valve (3 m/s). In addition, simulation
results show that the maximum speed is at constant when the hydraulic piston stroke increases, which is much different
from the automatic valve. It becomes apparent from the aforementioned results that with stepless capacity control
system the dynamic characteristics of the suction valve are changed. The valve can be limited at a low speed, and the
valve impact speeds to seat and stopper decrease significantly, which would be helpful for extending the life of the valve
plate.
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Introduction making it operate reliably.*® Steinruck et al.” devel-

Large reciprocating compressors have been mainly
used in the industries of chemical processing, gas
transport and storage, refineries, etc. One of the new
needs in these industries is better and more efficient
load and capacity control methods, which need com-
pressors to meet varied operating demands, flexible
requirements and high efficiency goals." The stepless
capacity control method was firstly reported in
White,” and its basic principle is that the suction
valve is still kept to open after suction stroke end by
an actuator, so that the redundant gas in cylinder
flows back to the inlet chamber before the real com-
pression stroke begins. Therefore, the amount of gas
compressed can be adjusted by controlling the closing
time of the suction valve, and the discharge capacity
and power reduction are virtually proportional.>* In
recent years, the stepless capacity control system has
become a hot topic of research, and key problems are
controlling the suction valve motion precisely and

oped a stepless capacity control system named
HydroCOM and applied it successfully to the indus-
trial processes. A fast-acting solenoid valve, one of
key parts in HydroCOM, is applied to control
motion of the suction valve. Hong et al.* studied the
control strategy of stepless capacity regulation, devel-
oped a prototype, and tested it in a reciprocating com-
pressor. In the literatures, the research of dynamic
characteristics of suction valves with stepless capacity
control has been rarely found.
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The stepless capacity control method is imple-
mented by actively controlling the suction valve
motion as described in various references.>” If the
motion of suction valve is abnormal, the efficiency
of compressor may be lower. And especially, the
unscheduled shutdowns of compressor may
increase.!®!! Furthermore, the stepless capacity con-
trol system could change the valve impact speed to the
stopper and seat, and influence the fatigue life of the
valve plate.'! Therefore, studies on the dynamic char-
acteristics of suction valves in the stepless capacity
control system are essential.

The actuator used to control the motion of suction
valve is driven by a hydraulic system. Because the
valve moves together with the actuator, the dynamic
characteristics of actuator can be taken as that of
the valve. This means that we only need to simulate
the hydraulic and mechanical system so as to obtain
the characteristics of actuator and valve. The simula-
tion can be conducted conveniently by the AMESim
platform.'>!3

In this article, the dynamic characteristics of suc-
tion valves were investigated by setting the mathe-
matic model and doing simulation based on the
AMESim platform. An experiment was conducted
and the experimental results were compared with the
simulated ones.

Modeling of suction valves with stepless
capacity control system

Working process of suction valves

Figure 1 shows the schematic layout of the stepless
capacity control system and the state of closed and
open valve. The flow paths are labeled with arrow
lines. A 2/3 way solenoid valve controlled by a
Programmable Logic Controller (PLC) is used to con-
trol the pressure of the hydrocylinder. The actuator
moves back and forth under the action of hydraulic
pressure. As solenoid valve powers up, the hydraulic
cylinder connects with a high pressure oil circuit, the
hydraulic pressure drives the actuator to move forth,
and the valve in contact with the actuator is forced to
open. As the solenoid valve powers down, the
hydraulic cylinder connects with a low-pressure oil
circuit, the actuator moves back under the force of
reset spring, and the valve is closed by valve springs
and gas force in the cylinder. With the action of
actuator, the closing time of suction valve will be
delayed, redundant gas in the cylinder flows out of
cylinder through the suction valve, and this is
called the back flow process. The p—V diagram of
compressor operating with stepless capacity control
is shown in Figure 2. The indicated power
decreases  with the decrease of capacity.
Therefore, using this method could not only regu-
late the capacity, but also reduce the power
consumption.

When the stepless capacity control system in reci-
procating compressors is in use, there are two ways to
open the suction valves. One is to open the valve by
gas force at first, then launch the actuator which gives
the action on the suction valve. In this condition, the
valve open process is the same as that of the auto-
matic valve. The other way is that the valve is forced
open by actuator before it opens automatically, and in
this condition, the valve moves together with the actu-
ator. In the closing process of suction valve, if the
speed of valve is lower than that of the actuator, the
valve will move alone, otherwise the speed of the valve
will be limited by the actuator and they will
move together. From the above description, two
kinds of movement patterns of the valve can be
summarized:

1. The suction valve moves alone. In this pattern, the
valve still works as a self-acting valve, and its
movement is uncontrolled by the actuator. The
dynamic characteristics of the valve are studied
with a self-acting valve model that is applicable
for the stepless capacity control condition.

2. The suction valve moves together with the actuator.
The valve works like a forced valve and its move-
ment is completely controlled by the actuator, i.e.
the valve has the same dynamic characteristics as
the actuator, which can be obtained by the simu-
lation of hydraulic and mechanical system based
on AMESim.

When the force of actuator is relieved, if the valve
speed is higher than the actuator reset speed, the
valve and actuator will move together. Otherwise,
the valve will move alone as a self-acting valve. So
the speed of self-acting valve (valve moving alone)
and the reset speed of actuator have to be calculated
separately. By comparing these two speeds, the situ-
ation of valve movement could be confirmed.

Mathematic model for suction valves moving alone

As mentioned earlier, if the suction valve moves
alone, its dynamic characteristics are investigated by
using a mathematic model based on the theory of self-
acting valve. Following assumptions are used in the
derivation of the equations.'*

1. The suction valve moves alone.

2. The equation of the valve movement is a one-
degree of freedom system.

3. Ideal gas equation and one-dimensional gas flow
are used without heat transfer.

The suction valve is closed until the end of the clear-
ance volume expansion process of compressor. When
the pressure differential of gases between cylinder and
valve cavity is high enough to balance out the force of
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Figure 2. p—V diagram of compressor with stepless capacity
control system.

valve springs, the valve will be opened. During the
opening process, the equations of valve motion and

gas flow are as follows'!"!*
d&*h 1
= [Bps(1 — @)a, — ZK(Ho + h)] (1
de 1 l—cos® A ., \ '
w__Z S Wi 0
10 - (a—i— 5 + 4sm )
k(S22 4 % sin 26)
x : 2)
—VEwRReV 1 - o7

The initial and boundary conditions are as follows'*

(h)g, =0
[ (dh/d6)g=0

(d*h/d6?), =0
(dh/de);= —Cr(dh/do),
(=H ‘

(‘P)o(): 1- ZKHO/.Banp,

As suction process ends, the suction valve still
keeps open due to the action of the actuator. The
gas in the cylinder backflows to the suction pipe
although compression process has begun. The back-
flow process is similar to the discharged process. But
in backflow, the suction valve works as a discharge
valve and opens completely under the action of the
actuator. This process is different from the ordinary
self-acting valve. The equation of gas flow can be
derived from the theory of self-acting valve.'*

dg 1 1—cos® A .5\
@——;(U‘FT‘FZSIH 0>

sinf A .
X |:nkgp(7+zsm20>
22 1 e [
VitV "‘1} @)

The gas backflow process lasts until the action of
actuator is removed, which is driven by hydraulic
pressure, then the suction valve is closed by gas pres-
sure and valve springs. In the process of valve closing,
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the equations of valve motion and gas flow can be
expressed as follows''!'*

d*h 1

T = 5 [ply = Dayy + ZK(Ho + ) @
dp 1 1—cos® A ., \"

@— —n<(x+2+4sm 9)

inf A .
X [nkw(%—i—zsm 20)
2 1 h v o
k—1ava? VY ‘1} ©)

The initial and boundary conditions are as
follows'

(h)eo =H
(dh/d6),, = 0

(d°h/d6?), = s [ Bps(gs, — Da, + ZK(Ho + H)]
(dh/d6),= —Cr(dh/do),
(=0 }

When the backflow process stops, the valve begins
to close. Thus, the initial condition values 6y and ¢
are the final values of the backflow process which can
be calculated by equation (3). This process is also
much different from the ordinary self-acting valve.

Equations (1) to (5) are solved by the Runge—Kutta
method, and the solution logic is shown in flow charts
presented in Figures 3 and 4. The results vary with the
change of the Mach number, valve lift and the initial
rotation angle of the valve closing process. The Mach
number of valve clearance, defined as Mv = u,/Cs, is
a characterization of valve clearance flow loss and
influenced by piston area, valve opening area, com-
pressor speed, gas properties, etc.'* The larger the
valve opening area is, the smaller the Mach number.

Simulation modeling for suction valves moving
together with actuator

It has been pointed out earlier that when the suction
valve moves together with the actuator, the dynamic
characteristics can be investigated by the simulation
of hydraulic and mechanical system based on the
AMESim platform.

In the modeling of the hydraulic and mechanical
system, the following assumptions are considered'* '

1. No thermal analysis is incorporated in the hydrau-
lic system.

2. The flow resistance of oil in pipes and the friction
between movement parts are ignored.

3. Control signals and differential phases between
these signals are simulated by function generators
that are modeled by using available components in

the control libraries of AMESim. The frequency of
signals is equal to the operating frequency of
compressor.

4. The gas force and the force of valve springs are
equivalent to one spring force.

5. Because all the movement parts have same speed,
the mass of movement parts can be replaced by
one object M.

6. The relief valve is used to control the maximum
pressure of the oil circuit. The oil filter, oil cooler
and check valves are modeled by using available
components in the hydraulic libraries of AMESim.

A two-stage L-type air compressor has been
researched in this paper, and its four suction valves
are controlled by the stepless capacity control system.
The hydraulic and mechanical systems are shown in
Figure 1. The schematic layout of the model based on
AMESim is shown in Figure 5. For each controlled
valves, the mass M is the total mass of movement
parts that contains the hydraulic piston, actuator
and valve plate. The spring in the hydraulic cylinder
acts as a reset spring. The other spring is used to
replace the valve springs. The gas force during the
suction and backflow process is varying with the
crank rotation angle, and it can be calculated from
equation (6). By referring to Tang et al.,” the changing
regularity of the gas pressure can be obtained. During
the suction process, the largest gas force is about
25N, and the hydraulic force is about 2411 N
(hydraulic pressure 12 MPa). Hence, the influence of
gas force can be ignored when the valve opens.
During the valve closing process, the largest gas
force is about 98 N. The reset spring and valve springs
force can reach to 1100 N. According to equation (6),
the gas force at different valve closing time is approxi-
mately interpreted by a linear function, which can be
defined by a force source in AMEsim force libraries.

Fy = B(p —ps)ay = Bps(p — Day (6)

Experimental research

Figure 6 shows the experimental setup designed to test
the performance of the stepless capacity control
system and the dynamic characteristics of suction
valve, and Figure 7 shows the picture of the actuator.
The experimental system includes a two-stage L-type
air compressor whose four suction valves are con-
trolled by actuators, hydraulic unit, PLC control sys-
tems and data acquisition systems. Each side of
cylinders has one suction valve that is controlled by
the actuator. The suction valve dynamic of the cover
side of the first stage is measured by an eddy current
displacement sensor (£0.1% uncertainty), and the
pressure of this side is also measured by a pressure
sensor (+0.2% uncertainty). The speed of the suction
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Figure 3. Flow diagrams of solution logic for equations (I) and (2).

valve was calculated by taking a derivative of valve
displacement with respect to time, and the absolute
accuracy of this process is 0.01m/s. The results
show that the capacity of the compressor can be regu-
lated steplessly, and the energy consumption is
reduced proportionally with respect to the reduction
of the capacity.

Main specifications of stepless capacity control
system are shown in Table 1.

Results and discussion
Results from mathematical model

When My=0.2, H=1.5mm and the initial rotation
angle of valve closing process 6y =4.5, the variations

of valve speed and displacement with the crank rota-
tion angle during a compression cycle are shown in
Figures 8 and 9. From the figures it can be seen that,
in the valve opening process, the initial acceleration of
the valve is zero and then increases rapidly. But in the
closing process, the valve moves with an almost con-
stant acceleration from the beginning of the valve
closing. The valve impact speed against the valve
seat is even higher than the impact speed to the stop-
per. It is because that when the suction valve closure is
delayed, the valve is closed by gas pressure and valve
springs.

The impact speed is calculated with the change of
the valve lift, Mach number and initial angle of valve
closing process. The results are shown in Figures 10
and 11 and Table 2. Both the impact speeds to the
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Figure 4. Flow diagrams of solution logic for equations (3) to (5).

stopper and to the seat increase with the valve lifts.
From Table 2, it can be seen that the Mach number
and the initial rotation angle of the valve closing pro-
cess have a large effect on the valve impact speed to
stopper. Furthermore, it can be concluded that the
essential factor affecting the valve impact speed is
the initial pressure of the valve closing process. The
results in Table 2 are plotted in Figure 11. For a con-
stant valve lift, the valve impact speed to seat
increases with the increase of initial pressure ¢y of
the valve closing process, which can be attributed to

that the acceleration of valve closing process increases
with the initial pressure.

Results from AMESIim

The valve speed is studied by changing the length of
the hydraulic piston stroke, which also means the
valve lift. Ignoring the compressibility of oil and the
oil leakage in the hydraulic cylinder, the valve speed V'
can be described in equation (7), where dg/d¢ is the oil
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Figure 5. Simulation model of stepless capacity control system based on AMESim.

volume flow rate in the hydraulic cylinder, and A4 is
the piston area

dq
V="4 (7)

The hydraulic piston stroke is the distance piston
could move. The simulation results for different
hydraulic piston stroke length are shown in
Figures 12 and 13. It is obvious that the peak speed
during the valve opening is lower than 0.58 m/s no
matter how long the stroke is. It is likely that, when
the diameter of the hydraulic piston is constant, the
piston speed is determined by the oil volume flow rate
of the cylinder that is approximately constant as the
hydraulic system reached a steady state. But the reset
and valve springs force changes as the actuator dis-
placement changed. Thus, the hydraulic system
cannot reach a complete steady state, which brings
on a speed decrease after the peak speed when the
stroke is longer than 3 mm. During the valve closing

process, the initial acceleration increases with the
piston stroke length increase. It is because that the
reset spring forces are different at the beginning of
this process.

The valve speeds from the self-acting valve model
and the actuator controlled valve model are compared
in Figure 14. For actuator controlled valve, the valve
is opened by the actuator before it opens automatic-
ally. It is obviously that the self-acting valve speed is
much higher than that of the actuator controlled
valve.

Results from experiment and comparison

Figure 15 shows the displacement of the valve and the
pressure in the compressor cylinder which are mea-
sured by sensors. It can be seen that the gas in the
cylinder begins to be compressed and the pressure
increases rapidly after the suction valve is closed.
Figure 16 shows the experimental and simulation
results of the actuator controlled valve speed (valve
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lift H=1.5mm). The experimental peak speed during
the suction valve opening process is almost 0.58 m/s,
but during the closing process the peak speed is
only 0.39m/s. It is partially attributed to that the
return spring force is a little too low in the experimen-
tal setup. Comparing the simulation results with the
experimental results, the difference between the simu-
lation and experiment is small (peek speeds differ by
0.06 m/s), which can be attributed to the assumptions
made in the simulation model.

Comparing the results shown in Figures 14 and 16,
it can be seen that the self-acting valve speed (higher
than 2.5m/s) is much higher than that with the actu-
ator controlled (about 0.58m/s). It could be

concluded that during the suction valve closing pro-
cess, due to the lower speed of the actuator, the valve
speed will be limited by the actuator and they will
move together. During the suction valve opening pro-
cess, if it is opened by actuator, its speed will be much
lower than the speed when the valve opens automat-
ically. As shown in Figures 10 and 11, valve impact
speeds increase rapidly with the increase of the valve
lift. But Figure 13 shows that the peak speed is almost
constant with the increase of the piston stroke. If the
valve movement is controlled by the actuator, even
increasing the valve lift, the valve would still be lim-
ited at a low speed. Therefore, with the controlling of
actuator, not only the flow loss of valve clearance
could be reduced by increasing the valve lift, but
also the valve life could be extended by limiting the
valve impact speed.

Conclusions

In this article, the dynamic characteristics of the suc-
tion valve are clarified by a changed self-acting valve
model which is applicable for the stepless capacity
control condition and by a simulation model based
on AMESim. The accuracy of the simulation results
is verified by the experimental measurement. Without
the control of the actuator, the impact speed of the
valve is almost 3 m/s, and it increases rapidly with the
increase of the valve lift. But with the control of the
actuator, the predicted valve impact speeds reduce to
about 0.53m/s, and the experiment value is about
0.58 m/s which verified the accuracy of the prediction.
During the suction valve closing process, the valve
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Table 1. Main specifications of stepless capacity control system.

Compressor Thrust coefficient, 8 0.901
Ratio of crank radius to length of connecting rod, A 0.2 Mach number in valve clearance, Mv 0.2
Adiabatic compression coefficient, k 1.4 ZK 10 kN/m
Speed 300 r/min
Gas Air Hydraulic unit
Relative clearance volume, « 0.16 Maximum pressure, P 220 bar
Inlet pressure of first stage, p; 0.1 MPa Capacity of pump, Q, 14.4 L/min
Suction valve Diameter of cylinder, D 16 mm
Mass of movement parts, m 2.72 kg Stiffness of reset spring, Kg 50 kN/m
Area of holes in valve seat, ap 0.0056 m> Preload of reset spring, FP,e I kKN
Valve lift, H 1.5mm
4.0
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speed is limited by the actuator and it moves opens automatically. When suction valves are con-

together with the actuator. To limit the suction
valve at a low speed, one practical way is to
make the valve depressed by the actuator before it

trolled by the actuator, the peak speed of the suction
valve will still keep at a low value with the increase
of .the valve lift, which is only 0.58 m/s. Therefore,
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Table 2. Impact speed to seat at different Mv and 6.

Actuator controlled
Self-acting

Valve Speed F/m-s”

T T T 1
10.15 10.20 10.25 10.30

Time #/s

V. (m/s)
Mv 6y o H=0.74mm H=1.00mm H=150mm
0.12 45 1.024 1.56 1.84 2.28
50 1.030 I.75 2.05 2.54
55 1.019 149 1.76 2.20
020 45 1.061 243 2.83 3.47
50 1.083 286 3.34 3.95
55 1.059 24l 2.82 3.46
030 45 1.112 328 3.82 4.70
50 1.185 425 4.99 6.06
55 1.171 4.05 4.69 5.78
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Figure 14. Comparison of speeds between self-acting valve
and actuator controlled valve.

Figure 12. The variation of displacement with different
piston stroke in a compression period.
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Figure 15. Displacement and pressure tested by experiment.
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Figure 16. Comparison of valve speeds between simulation
and experiment.
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with the stepless capacity control system, the dynamic
characteristics of suction valve are changed, the valve
impact speed to seat and stopper decrease signifi-
cantly, which would be helpful for extending the life
of valve plates.
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Appendix

Notation

a, area of holes in valve seat

Cr valve rebound coefficient

C, local speed of sound

D diameter of hydraulic cylinder

Fg gas force

Fyre preload of reset spring

h valve displacement

H valve lift

Hy, preload distance of valve spring

K adiabatic compression coefficient

K valve spring stiffness

Kz reset spring stiffness

m mass of valve movement part

My Mach number in valve clearance

p pressure in cylinder

Ds inlet pressure

P hydraulic pressure

0, capacity of hydraulic pump

s displacement of actuator

S hydraulic piston stroke

u, gas equivalent velocity in valve opening area

v speed of actuator

V speed of valve

V. impact speed of valve to seat

V4 impact speed of valve to stopper

VA valve springs amount

o relative clearance volume

B thrust coefficient of valve

A ratio of crank radius to length of connecting

rod

w rotation speed of compressor

10 dimensionless pressure p/p;

o initial dimensionless pressure

0 crank rotation angle

6o initial rotation angle of valve closing
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