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Abstract

An improved model of reciprocating compressor operation cycle with a stepless capacity control
system is presented and influence of the key parameters of the system is evaluated. In the stepless
capacity control system of a reciprocating compressor, mechanical unloaders are used to partially
hold suction valves open for a certain time during the compression stroke. The typical working
process of the reciprocating compressor is changed by capacity regulation apparatus. However, some
critical parameters like the hydraulic force acting at the unloader have not been rigorously studied in
previous researches. Here an improved numerical model of a double acting reciprocating compressor
under the control stepless capacity is proposed and verified by experimental trials. Numerical simula-
tions are carried out to select and evaluate the acting force which definitely has an influence on indi-
cator diagrams of compressors. It is observed that the optimized range of 350N to 380N is preferable
for the unloader force such that the intensity of opening and closing impacts are minimized.

Key words: reciprocating compressor, stepless capacity control, numerical model, parameters

optimization

0 Introduction

Reciprocating compressor is a kind of large-scale
and key equipment widely used in oil extraction, gas
production , oil refining, chemical industry''" and other
fields. Nowadays, a current market demand exists for a
variable exhaust volume of reciprocating compressor,
which requires that the exhaust volume of compressors
should be variable to adjust to the production needs.
However, most compressors use a backflow valve reflu-
xing method to change the exhaust volume which leads
to high power consumption and waste. The stepless ca-
pacity control method is being studied and developed
for the application constantly. The suction valves will
be held open forcibly during a variable portion of the
compression stroke. It uses unloaders controlled by
computer numerical control hydraulic valves on suction
valves to adjust the time of suction valves opening and
closing'?’. The unloader is driven by a single-rod cyl-
inder, which possesses a multitude of advantages, such
as small size and simple structure, compared with a

double-rod symmetric cylinder'®’.

Counter-current flow will be produced during the
initial portion of compression process and compressed
gas volume will be reduced. As a result, power con-
sumption will be decreased. The action of stepless ca-
pacity control system will change the movement of valve
plate and working condition of suction valve significant-
Iy,
and capacity control effect will be influenced by the

The working cycle of reciprocating compressor

key parameters of the stepless capacity control system.
Furthermore , improper parameters may lead to faults of
suction valve as leakage, spring fracture and valve
plate fracture.

Mathematical models of the working cycle under
different operating conditions of a reciprocating com-
pressor are proposed >”'. The working loads and time
of the suction valve can be calculated by these models.

Valve dynamics and time dependent flow field
through the valve are coupled®’. Equations of gas flow
and valve plate under the stepless capacity control sys-
tem are established’’. Equations of valve plate under

normal operating conditions of a reciprocating compres-
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sor are established "’

Based on these equations,
transient motion and stress of the plate are analyzed by
numerical simulations.

Above all, most research reports focus on dynamic
characteristics of reed valves or ring valves of the com-
pressor with the stepless capacity control system. How-
ever, there are few studies on the behavior of mesh
valves, which is also widely used in large-scale com-
pressors, when a compressor is under capacity regula-
tion condition. In addition, high-pressure hydraulic oil
needs to be provided by the hydraulic system to provide
enough force to hold the valve open in practical appli-
cation. However, too large force may cause excessive
impact stress on both valve plate and unloader which
adversely diminishes the working life of the valve and
the unloader. Therefore, an attempt is made in the pa-

per to obtain the lowest hydraulic pressure requirement
for the same performance by thoroughly studying the in-
fluence of different unloader force. An improved nu-
merical model of a reciprocating compressor installed
with the stepless capacity control system is reported.
To verify the accuracies of the models, theoretical and
experimental trials have been conducted. *Object and
models’ section describes the research objectives and
mathematical models. ‘ Simulation and analysis’ sec-
tion analyzes the motion law of the plate valve and the
cylinder pressure. The effects of the acting force of the
unloader are also be evaluated. A method of optimiza-
tion design on the acting force through data verification
is presented. The proposed models and method provide
the basic technology to realize precise control of recip-
rocating compressor in different working conditions.

Nomenclature
h Valve displacement (m) ® Angular velocity
Maximum displacement (m) A Ratio between the crankshaft radius and connecting rod length

L Compression length of the springs (m) @ Pressure ratio

v Velocity (m +s™") o Coefficient of effective force action
V Volume (m’) n Relative capacity

m Mass (kg) A Change quantity

P Pressure (Pa) & Loading coefficient

A Force area on the valve (m’) s Suction process

VA Number of valve springs sv Suction valve

K Equivalent stiffness (N + m™") sp Suction valve plate

k Ratio of specific heat of gas sbp Suction buffer plate
aA Flow cross section area of valve (m”) ss Suction valve spring

R Gas constant sV0 Suction valve opening

T Temperature ( °C ) bp Buffer plate

t Time (s) r Removal of actuator force
C Rebound coefficient sve Suction valve closing

F Force (N) m Maximum

q Gas load cy Cylinder

o The valve flow coefficient str Stroke volume

B Coefficient of applied force of gas cle Clearance

0 Angular exp Expansion

ac Actuator

1 Object and models

The objective of this work is a two-dimensional
(2D) type model of a double-acting reciprocating com-
pressor with two cylinders, as shown in Fig. 1. The op-
erating parameters of the compressor and symbols of the
numerical models are shown in Table 1.

The typical stepless capacity control system of a
reciprocating compressor is mainly composed of a hy-

draulic unit, a computer-controlled unit, mechanical
actuators and the monitoring system, as shown in
Fig.2. Mechanical unloader is the key part of the me-
chanical actuator driven by the hydraulic system. The
suction valves of a reciprocating compressor are opened
and closed by the mechanical unloader during part of
the compression to control the compressor capacity.
The process is controlled by the computer-con-
trolled system. At present, the stepless capacity con-
trol systems is widely used because of high energy-sav-



HIGH TECHNOLOGY LETTERSIVol.24 No. 1[Mar. 2018

ing effectiveness. Moreover, the suction valves working
under the stepless capacity regulation condition have
complicated stress states and are easily damaged by
shocks.

The motion of an actuator decided by the unloader
force has a major influence on the performance of a
stepless capacity regulation system.

In the capacity regulation condition, the unloader
force needs to hold open of the suction valve for a cer-
tain time during the compressor stroke. If not, the re-
capacity load could not be

quired appropriate

achieved.

Table 1

Fig.1 The double-acting reciprocating compressor

Operation parameters of the compressor

Unit number Structural form

The number of cylinders

Driven machine Number of suction valves

K101 Horizontal type

2 Motor 8

Suction pressure( MPa)  Exhaust pressure( MPa)

exhaust volume(m’/min)

Cooling form Number of exhaust valves

0.1 0.3

12 Water cooling 8

Motor Compressor

2
Actuators
|~

/ Hydraulic unit -

Computer-controlled unit

Fig.2 Schematic diagram of a stepless capacity control system

The movement of valve plate is mainly decided by
the unloader force when the capacity control system is
operated. If the force is not large enough, the valve
plate will be partially opened instead of fully opened in
the reverse stroke resulting in the increment of pressure
loss.

When the unloader is pushed down to force the
valve plate into an open position, it creates an undesir-
able loading impact on the valve plate. Too large force
may cause excessive impact stress on both valve plate
and the unloader which will adversely diminish the
working life of the valve and the unloader.

The unloader force provided by the hydraulic sys-
tem is also one of the major determinants of the type
selection of a pump in the process of system design.

It needs to establish a working cycle model to ana-

lyze the adjusting effect of the capacity control system
and motion law of the valves. The differences of the
working dynamic characteristics between a plate valve
and a ring valve under full load condition are listed as
follows :

(1) The plate needs to be taken as a whole to
calculate the force and flow area of the plate valve.

(2) After overcoming part of stroke, the valve
plate impacts on a damping plate and is thereby braked
due to the enlarged moving mass. Then the valve plate
overcomes the remaining stroke together with the damp-
ing plate.

(3) In addition to the gas force and spring force,
the deformation force resulting from the plate deforma-
tion is also an important factor to valve plate move-
ment.

2 Theoretical analysis

A mesh valve usually includes a valve seat, a
valve plate, a valve lift guard, a buffer plate and some
springs. Different suction and discharge pressures have
different requirements on the structural design of the
valve, particularly on the material of the valve plate
and the spring stiffness.

As shown in Fig. 3, there are multiple flow chan-
nels machined on the valve seat and valve lift guard.
The direction of the gas flow in the suction valve is in-
dicated by arrows. In order to calculate the equivalent
flow area of the plate valve, each resistance area is
considered as an orifice and the equivalent flow area is
calculated by the equations of series-parallel effective
flow area.
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Fig.3 The structure section view of a plate valve

In full load condition, mesh valves of a reciproca-
ting compressor are automatic. When the pressure is
larger than the spring force, the plate valve will open
and the cylinder is connected with the inlet chamber or

the discharge chamber. When the pressure is less than
the spring force, the valve will be forced into a close
position. The alternating impacting of an actual valve
plate on a valve seat and/or valve guard causes the im-
pact loading.

Moreover, the model can be also able to describe
the valve behavior under two typical fault conditions.
The valve spring’ s fatigue and valve leakage by reduc-
ing the spring stiffness and adding a variable cross-sec-
tional leakage area respectively.

In this paper, the model is used to show the valve
behavior and gas flow under normal condition. The
mathematical model of valve motion under full load
condition is shown in Eq. (1), where h,, v,, m, are
the displacement, velocity and mass of the suction
valve respectively, P, is the suction pressure and T is
the suction temperature.

H
I:P" (1 - QD“ Aﬁﬁs - ZsKss(LO + hs) - Ksphs - ksprsbp(hs - Tsp)]

aA,

dh, v,
A
do, 1
dg - m.w’
Ci;; == i l;;lp:w %( sing + %sinZG) + %
’ Ve +

The parameters of the initial condition include
opening angle of the valve, initial displacement of the
valve plate, initial velocity of the valve plate, initial
acceleration of the valve plate and initial pressure in
the cylinder. The initial displacement, velocity and ac-
celeration of the valve plate are all zero, as shown in

hilyy =0

dh, o

a0 |, (2)
2

&, 0o

40 |,

The initial pressure in cylinder P, can be calculat-
ed by force equilibrium formulas in Eq. (3) and
Eq. (4).

(P, -PA, -ZK]L, =0 (3)

1
Py = (PA, - ZK,Ly) (4)
p

where A, is the area of port, Z is the number of
springs , K, is equivalent stiffness of the spring and L, is
the initial length of the spring.
H,
When the valve plate moves to h, = —7, the valve

2 ’

|4

2

1 2k )
of [ERT - (00

1 - cosf + A sin’@
( 2

(D)
plate will impact the buffer plate and the moving mass
will be enlarged, as shown in Eq. (5), causing a fur-
ther decrease in the acceleration of the valve plate.

dh, dh,
ms( s ) = (ms + mbp) ( _ s )
da 6= H%\y before da 0= 6%‘[1
(5)

after

where m,, is the mass of buffer plate.
When the valve moves to h, = H

sp o

and the buffer plate will impact the lift limiter. A re-

the valve plate

bound model is applied to analyze the collisions, as

shown in Eq. (6).

(%1, ). =%

where C, is the rebound coefficient.

) (6)

6=y, before 6=6p,," after

Suction valves of a reciprocating compressor are
kept open for a certain time by unloaders to delay the
closing process of valve plates and the following com-
pression stroke until the gas remaining in the cylinder
meets the production demands. After the hydraulic
force is released, valve plates begin to move toward the
valve seats and away from the valve guards. The move-
ment of the valve plates of suction valves is controlled
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by unloaders acting on the valve plates in capacity reg-

ulation conditions. Therefore, the action of unloaders
should be taken into account for mathematical models

Coefficient &,

the certain action time of unloaders on the valve plates.

of variable loads. is defined to control

Ve
77V + Vexp V e = Vule + 5 (1 - COSB, + %Sin

20r)

(8)

1, 6,<6<86

ac = ’ e ! (7)
¢ {O , otherwise
dh, v,

df
dv, H,
de P <1 P Axﬁs + facFac - ZsKss(LO + h’.)) - K&phs - ksprsbp<hs - Tl})]
d V., oA, k-l

LA L ‘[(sin0+Asin20)—* - o / 2k [(gos) T 1]
de oV, “72 2 ® Ve A k-

e T > (1 — cosf + 5 sin 6)
(9)

When £, equals to 1, the unloaders open the suc- C Start D

tion valves forcibly and the gas in the cylinder flows
back to the suction chamber. When &, equals to 0, the
unloaders withdraw and suction valves will close
automatically. & . is defined as Eq. (7). The volume of
gas that needs to be compressed is calculated as
Eq. (8), where
process, V
clearance space, V,

and V, !

The general motion characteristic for a valve plate

V. is the effective volume of suction
is the expansion volume of gas in the
is the volume of clearance space

is the stroke volume of the compressor.

and dynamic change of cylinder pressure is then de-
scribed by Eq. (9), where F, is the hydraulic force on
the unloader. The flow chart of the part-load model is
plotted in Fig. 4.

3 Simulation and analysis

3.1 The pressure simulations of variable loads

Considering that making mechanism reconstruction
of the valve structure on different compressors is diffi-
cult, it is not possible to measure valve plate displace-
ment with a sensor directly for every reciprocating com-
pressor. An accurate model is definitely needed for op-
timization design of the stepless capacity control sys-
tem.

Numerical solution of stepless capacity regulation
models is conducted and the results are compared with
the experimental results. As shown in Fig. 5, the simu-
lated dynamic pressures under different loads show
good consistency with the measured results in the whole
working process of the compressor.

Input parameter values

®  Air state param eters ( gas constant, coefficient of expansion, etc.)
*  Structure parameters

(Crank radius, length of connecting rod, cylinder diam eter, etc.
*  operation state param eters

(speed, suction pressure, discharge pressure, etc.)
/

v

Input initial condtions ;, .
L 6,=6, (v,),=0, (&),=0, (&), =0, (P), = P-
12
I i=i+l, 6=6+step

v

I solve (Eq. (7) ) by 74% order Runge-Kutta method

I.i

Yes, all suction
valves are
totally close

if (v,),=0 & (), =0 & 627 7

(h), =4,
valve plate comes into
contact with the 1ift guard

(n),=0
valve plate comes into
contact with the valve seat

L

T

Yes

If valve velocity
a*(v,) <0.1m-s™
9

No

guard or falls back to valve seat|

(.)=0
valve plate is attached to lift

Boundary conditions:
() =G0,

[

J

.

(o

le
J

i.
|

-

End D

Fig.4 The flow chart of the part-load model
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Fig.5 Dynamic pressure in the cylinder under different load

3.2 The plate motion of the mesh valve under
variable loads

Fig. 6 shows the measured and predicted valve
displacement for suction stage. The cylinder pressure
drops as the piston moves in the angular range from 0°

to 50°. When the cylinder pressure drops sufficiently

below that of the inlet manifold (0. 1MPa), the suc-

tion valves open and suction process begins. The clos-
ing of the valve plate takes place in a crank angle ran-

ging from 168°to 180°.

The simulated result is found to be good agree-
ment with measured displacement in Fig. 6. Based on
the comparison of measured and predicted results of
cylinder pressure and valve displacement. It is con-
firmed the mathematic models of the compressor under
variable loads conditions are acceptable. Therefore,
further analysis about the influence of critical parame-
ters on performance of the stepless capacity control sys-
tem is possible.

S, and S, : Maximum rebound displacement of the suction valve

Crank rotation angle 6(° )

Fig.6 The motion of suction valve plate under full load

X103 . :
25 6 and 6 ,: Duration of valve opening process
6,and 6,: Duration of valve closing process
_____________ - =a--r-----7- Valve lift
) | ]]LI\J[ 'T'S T =2.2mm
B : 1
"""""" :"\il"j"'E’""""""""""""'""""“"""'""'“"""““'"“"'“ 3 * ]I s
& i [ ——— Predicted .
3 ' |l '
g 15 E J ; — — Experiment
g : U :
i = I
E _
| L : ! $,=0.365mm
= .T_,.. 5 5,=0.87mm
> il e, § 6,=6.66° |
i ; 6,=18.16° 1i% .
0.5 ; H _ ° — e
A 6, ! 6,=214 : 7 :
'7—"‘ 6,~10° P
0 + 1 1 1 I 1 1 i : 1
40 60 80 100 120 140 160 180

The predicted speeds of the valve plate at different
loads are shown in Fig. 7. Both the crank angle and the
maximum speed of the valve plate in its closing process

When the load is less
than 90% , the valve plate and buffer plate will impact

increase as the load decreases.

the valve seat in the closing process. If the load contin-
ues to fall, the closing speed of the plate will be larger
than the opening. This result is caused by the increase
of cylinder pressure in the reverse stroke.
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|
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I
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210 240 270

Crank rotation angle 6(°)

Fig.7 The motion of suction valve plate under different loads

As shown in Fig. 8, the velocity of the valve plate
motion after withdraw of the unloader initially increases
as the load decreases from 100% to 80% and then de-
creases slightly when the load is less than 80% , repre-
senting the largest velocity of 6.2m/s at 80% load.
The larger velocity means the greater impact stress of
valve plate when it impacts the valve seat in the closing
process, which in turn causes premature sealing ele-
ment fracture. As a result, it is necessary to control
the action of the unloader to decrease the impact veloc-
ity of the valve plate on reaching the valve seat in the
system design.

=
&
-
=
b
&
[
=
<
>

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative capacity i
Fig.8 The largest velocity of the valve plate motion after

withdraw of the unloader

3.3 Analysis on the effect of unloader force

The unloader force that acts on the valve plate has
major influence on the performance of the stepless ca-
pacity regulation system. For the same capacity load of
50% , the difference of the indicator diagram under dif-
ferent unloader forces is analyzed in this section, as the
P-V diagram in Fig. 9 shows.

The following results are obtained ;

When the unloader force is zero, the largest indi-
cator diagram is displayed, indicating the largest ener-
gy consumption.

As the increment of the force, the indicator dia-
gram decreases indicating that the compression stroke
is delayed due to the gas backflow through the opened
suction valves. The more the compression stroke is de-
layed, the larger the cylinder pressure will be in the
backflow process.

If the unloader force is not large enough, suction
valves are forced into a close position prematurely by
the increased cylinder pressure and the actual load is
larger than required.

When the force is more than 400N, suction valves
close at the set target angle value and the indicator dia-
gram remains unchanged.

It can be concluded that the unloader force should
be large enough to meet the required capacity load.
The hydraulic force of 400N is possibly not an optimal
parameter value. Too large unloader force creates a
forceful and undesired impact between the valve plate
and the actuator. An optimization design of the hydrau-
lic force should be carried out to avoid too large force.

X10°
351 P-V diagram in
il different forces
3 400N — Unloader force=0N

— — Unloader force=200N
) - - =-Unloader force=300N
25| I". ------- Unloader force=400N

Pressure (Pa)
[\S]

0.5 1 1 1 1
0 50 100 150 200
Crank rotation angle (° )
Fig.9 The indicator diagrams with different forces

of the unloader
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3.4 Optimization design of the unloader force

As described in the previous sections, the force of
the unloader has certain effects on the performance of
the capacity regulation system. The results show that
optimum value for the unloader force should be found
to improve the performance and reliability of the sys-
tem.

Table 2 Comparison of valve closing angle and

For the same capacity load of 50% , the force of
the unloader is changed from 0 to 400N with a step size
of 60N. The comparison of valve closing angle and rel-
ative capacity error under different hydraulic forces is
shown in Table 2. As the force increases, the closing
angle of the plate initially increases and then remains
unchanged.

relative capacity error under different unloader forces

Paramete]l“mbe“ 1 2 3 4 5 6 7 8 9
F,.(N) 500 440 360 300 240 180 120 60 0
6,(°) 268 268 268 261 252 244 232 221 180
/4 1.0 1.0 1.0 1.027 1.071 1.108 1.155 1.223 1.458

In Fig. 10, it can be seen that the closing angle of
the plate reaches the setpoint of 268° when the force is
larger than 350N. Therefore, 350N is the ideal force
for the actuator to hold the suction valve open. Howev-
er, an acceptable force range is more applicable to en-
gineering than a certain value because the oil pressure
range is easy to be controlled for the former. Finally, a
force range of 350N to 380N is chosen for practical use
and the corresponding oil pressure range is from
5.5MPa to 6MPa. However, there are few studies on
the optimization of the unloader acting force of the step-
less capacity control system. The oil pressure of a step-
less capacity control system can reach up to more than
14MPa and the unloader acting force could break the
valve plate.

N
o
S

N N —

%3 B D

(=] (=) (=]
T T T

(=]
[=3
S

Suction valve closing angle (°)

1 1 1 1 1 1 1 |
50 100 150 200 250 300 350 400 450 500
The force of the unloader (N)

—
oo
S

(=]

Fig. 10 Valve closing angles under different unloader forces

The vibration of valve’ s opening and closing
events under optimized oil pressure is compared with
that without optimization in Fig. 11 and Fig. 12. The
intensity of opening and closing impacts are minimized ,
indicating that the optimization can effectively decrease
the impact stress on both valve plate and the unloader.
The hydraulic pressure requirement for the existing sys-
tem has been reduced by 25% .

350 150
i~ : 1120 ~
3300 I ——— Pressure in cylinder 1l N\ 90 é
g 250 — Cylinder vibration waveform ||| 160 1
& i 30 -3
8200 o £
= 130 =
5150- 1-60 5
2 1-90 5
£ 100
5 . 1-120°

500 60 120 180 240 300 360-150

Crank rotation angle (°)

Fig.11 The cylinder vibration waveform under about 50%
load with oil pressure of 8 MPa

350

300} —— Pressure in cylinder

\ — Cylinder vibration waveform “:

250
200

150}
100 i

Pressure in cylinder (kPa)

500 60 120 180 240 I 300 360

Crank rotation angle (° )

Fig.12 The cylinder vibration waveform under about 50%
load with optimized oil pressure of 6MPa

4 Conclusions

In this work, a new mathematical model is pro-
posed to illustrate the working cycle of the reciprocating
compressor under different capacity regulation condi-
tions with the aid of a stepless capacity control system.
The motion law of the valve plate is obtained and the
influence of the parameters on the performance of ca-
pacity regulation is analyzed.

The following conclusions of the study are ob-
tained :

Compared with the measured results, the predic-
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ted dynamic pressure and valve motion law show good
consistency over different cooling load conditions. The
new model has an acceptable accuracy.

The motion laws of the valve plate in different ca-
pacity conditions are obtained. Both the crank angle
and the maximum speed of the valve plate in its closing
process increase as the load decreases. The largest
closing velocity of 6.2m/s occurs at 80% load.

The indicator diagrams under different unloader
forces are obtained. As the increment of the force, the
indicator diagram decreases, indicating that the com-
pression stroke is delayed due to the gas backflow
through the opened suction valves. The unloader force
should be large enough to meet the required capacity
load.

The optimized range of 350N to 380N is selected
for the unloader force such that the intensity of opening
and closing impacts are minimized.
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