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Abstract

A research concerning the coupling conditions of gas leakage through suction valves and capaci-

ty regulation is performed in an industrial reciprocating compressor. Both internal flow and thermo-

dynamic characteristic are discussed in detail. The results show that the capacity of compressor can

be regulated steplessly by controlling suction valve closure moment. And then the quantitative rela-

tionship between the capacity load and the closing angle of suction valve is revealed. The capacity

load and valve leakage rate show obvious different features in P-V diagrams, which makes it easier to

define appropriate features for detecting cracked or broken reciprocating compressor valves under va-

rying load conditions. A set of curves of compression work and discharge gas mass are obtained and

a method for rating thermal performance of a compressor is presented using these curves.

Key words: reciprocating compressor, computational fluid dynamics ( CFD) , variable load,

suction valve leakage, thermal performance

0 Introduction

Reciprocating compressors are widely used in pe-
troleum, chemical, fertilizer, natural gas transporta-
tion, refrigeration field, etc. On one hand, when the
production demand changes, for example, the produc-
tion process changes the demand of compressor dis-
placement or change of the suction source gas capacity,
requires the function of exhaust capacity control. Top
opening suction valve adjustment is a typical adjust-
ment method '), On the other hand, gas valve fail-
ures of reciprocating compressors occur frequently, re-
sulting in reduced unit efficiency and even accidents.

Various methods have been proposed for the re-

331 depending on

search of reciprocating compressors
the level of details needed and aspects focused on. Be-
caues the computational fluid dynamics (CFD) analy-
ses of compressors can give the most detailed character-
ization of compressor performances, CFD technology is
widely used in numerical research of compressors.

Ref. [ 6] described a two-dimensional CFD modeling

strategy and analyzed the numerical simulation of the
thermodynamic cycle of large reciprocating compres-
sors. Ref. [ 7] used the fluid solid interaction ( FSI)
model to study the delayed shutdown of the refrigeration
compressor suction valve.

Leakage of suction valves is a very common defect
that affects compressor operation and reduces compres-
sor performance and effectiveness. Ref. [ 8 ] carried
out research of valve fault decetion for single-stage re-
ciprocating compressors. Ref. [ 9] proposed the model
of gas leakage through compressor valves. The large
amount and variety of researches have shown that it is
very important to detect and diagnose valve faults in re-
ciprocating compressors[ 0]

Mathematical models have been proposed to simu-
late the reciprocating compressor gas capacity regula-
tion conditions. Ref. [ 13 ] used mathematical models
to simulate the reciprocating compressor gas capacity
regulation conditions and optimize system control and
execution of structural motion parameters. Ref. [ 14 ]
analyzed the thermal cycle for the basic principle of the
large-scale reciprocating compressor stepless capacity
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control system. Refs[ 15,16 ] combined the mathemati-
cal model of compressor to explore the effect of actuator
and hydraulic system on compressor performance under
gas capacity regulation conditions. Mathematical mod-
els are generally fast to calculate but can’t get flow de-
tails.

Above all, most of the research reports focus on
the study of the single operating condition of reciproca-
ting compressors. There are few studies on the coupling
conditions of gas leakage through suction valves and
capacity regulation of industrial reciprocating compres-
sors.

In order to optimize the response characteristics of
the gas capacity regulation system actuator, effectively
diagnose the valve leakage failure, and accurately ana-
lyze the energy consumption of the compressor, a 3D
CFD model of a double-acting reciprocating compressor
is built to study the effect at the exhaust capacity con-
trol mode.

Firstly, the valve plate was controled by unloader

to realize the simulation of the gas capacity regulation
condition. The experimental tests under various load
conditions were completed. The simulation model was
validated through the comparison analysis of the experi-
mental and simulation data. The relationship between
the closure angle of the suction valve and the capacity
load under the gas capacity regulation condition was
obtained. Then, the suction valve rupture model was
used to simulate the suction valve leakage failure.
Based on this, the situation was simulated where the
suction valve leaked when the compressor capacity load
changed. Finally, the internal flow field variables of
the cylinder under the leakage and coupling condi-
tions, the compressor leakage amount, the suction
valve closure angle and the energy consumption were
analyzed, and the conclusion was drawn.

1 Numerical model

Nomenclature in this paper is listed on Table 1.

Table 1 Nomenclature
q internal heat source q heat flux density
p density T temperature
U, U  speed, plus black as vector = (2/3)nSu8, isotropic viscous stress
Tjee; surface stress tensor 2uS; bias stress tensor
b i volume force 0] volume
A thermal conductivity b2 surface
P pressure P, the upper surface pressure of the valve plate
- pd;  thermodynamic P, the lower surface pressure of the valve plate
G gravity F, spring force
QN compressor exhaust at full load F, liquid pressure
Q(r) compressor real exhaust k spring stiffness
Q(e) compressor exhaust at controlled load

In order to study the thermodynamic performance
of the compressor and the operating state of the valve,
the computational fluid dynamics software Fluent based
on the finite volume method is used to calculate. RNG

k-& model was selected as turbulence model''”’ .

1.1 Control equations and boundary conditions

Any flow problem is governed by the three conser-
vation laws of mass, momentum, and energy. The ex-
pressions are as follows.

L4y (ov) =0 chd
M_i_ v - (pUU) =pf+ vV - (Tijeiej)

ot
(2)

Liple+ )1+ - [ple+ U]
=pf- U+ V - (U-Tsee) +pg+AAT (3)

i€

The compressed medium was air and the gas mod-
el was selected as the ideal gas'"®"’.

The calculation domain is shown in Fig. 1.

According to the working parameters of the com-
pressor, the initial conditions and boundary conditions
were set. The initial conditions of the inlet boundary to
the upper surface of the suction valve (2, and the cylin-
der watershed (2,, are the suction temperature and the
suction pressure, respectively. The initial condition of
the initial clearance flow area, (2,,, and the initial
conditions of the watershed between the lower surface
of the exhaust valve and the outlet boundary, i.e.
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Fig.1 Schematic diagram of the calculation domain (not to scale)

(2, , are the exhaust temperature and the exhaust pres-
sure, and the specific values were measured by the
sensor.

The unsteady flow initial field was determined by

the calculation domain.

t =0:

U = U('-Ql +0h + 8, + 1), to)
P =P +0,, +0, +0), 1)
T=T(0 +0,-2+0,-1+0,1t,)
U+, +8), +8), 1) =0
P =P, , +8,1t) =280kPa
P =P +0,,,1t) =0kPa

T =T, +0,,1t) =395K
T=T0 +0,,,1t) =300K
Boundary conditions are given by

P(3.) = 101.325 kPa
P(3,4.) = 280 kPa
T(3,.) =300 K

\T(3me) = 395K

q9(24.) =0

Inlet

(4)

(5)

(6)

Suction valve

!@
28

Exhaust valve

Postion

Outlet
(a) Geometric model

where 3, ., is the inlet condition for the suction pres-
S 18 the outlet
condition for the exhaust pressure and the exhaust tem-

sure and the suction temperature,

perature. Except for the boundary other than the inlet

and outlet, the remaining boundary 3,  is adiabatic

else
solid wall, the fluid velocity is consistent with the local
wall velocity, and the heat flux density is zero. The
calculation of near-wall flow adopts the standard wall

function method.

1.2 Physical geometry and computational domain

dispersion

A three-dimensional model was proposed to ana-
lyze the performance of the DW12-2 reciprocating com-
pressor under varying load conditions. The computa-
tional domain modeling and its discrete grid are shown
in Fig.2. Grid refinement was performed in different
regions. When the element size of the valve, cylinder,
and air chamber is about 0.001 m, 0. 002 m,
0.004 m, the calculation results meet the grid inde-
pendence requirements.

and

(b) Meshing of its fluid domain

Fig.2 The geometric model of reciprocating compressor and meshing of its fluid domain

1.3 Valve motion principle and valve failure type
Compressor structure and operating parameters are
shown in Table 2.

The leakage rate of a single valve is calculated as

Ra = 2 x 100% (8)
AF

where A, is leakage flow area of the suction valve plate
and A, is valve gap flow area.
The structure of the suction and exhaust valve of
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The structure of the
valve after adding the ejector is shown in Fig. 3.

the compressor is a mesh valve.
Fig. 4 shows the suction valve plate model under
different fracture degrees and the mesh processing of

the leakage flow area.

Table 2 Structural size of the compressor and valve part

Parameter name Value
Link length ¢/m 0.45
Crankshaft radius r/m 0.09
Rated speed n/r/min 495
Valve stroke/mm 2
Valve thickness/mm 1.2
Valve gap flow area A, /mm’ 2675.24
Unloader
Seat -
Valve plate "
Limiter

(a) Geometric model

(c) Schematic diagram of the

(b) Fluid domain discretization
valve plate force

of the valve

Fig.3 Structure and fluid domain of a plate valve

v

QOO

(Ra=0) (Ra=22%)  (Ra=3.36%)  (Ra=5.68%)
Fig.4 Valve fracture model and leakage flow region discretization

The movement of the valve plate was approximated
as a single-degree-of-freedom linear motion. The force
equation of the suction valve is expressed as follows.

2
m((liT‘2S=G+P1+P2+F1+F2 (9)
L = k(S +Sy) (10)

The speed reversed after a rebound occured during
The ratio Cy, of the

.. 1o the rebound speed V,, was the re-

the movement of the valve plate.
current speed V,

bound coefficient of empirical value 0. 2.

. =—Gy XV (11)

1.4 Calculation flowchart and convergence criteria

The determination condition for stopping the cal-
culation is the convergence criterion. The setting of
convergence criteria for different flow processes is arti-
ficially determined according to different accuracy re-
quirements. Ref. [17] used the pressure of the buffer
tank and the inlet and outlet mass flow as convergence
Ref. [20] used two iterations between the

maximum pressure difference and the temperature

criteria.

difference at the same crank angle position as less than
It has

been found that the sensitivity of temperature changes

the set tolerance as a convergence criterion.

is high based on previous simulation experience.
Therefore, the convergence criterion is set using the
average temperature of the gas in the cylinder. Of
course, this is not the only setting criterion. Other flow
variables can also be chosen to set the convergence cri-
terion, as long as the required simulation accuracy is
met. The convergence criterion is that the maximum
average temperature difference of gas in the cylinder
between the two iterations at the same crank angle lo-
cation is less than the set tolerance 0. 01. The variation
law of the average temperature of the gas in the cylin-
der with the calculation cycle is shown in Fig. 5.

440

420 }(\\\ f\W ‘[\_‘
400 | |
380 5‘ / \l '{ /
360 '\ /’ \ [

340 | / \ / /
320 / / /
300 \' = \ £

Average temperature of gas in the cylinder/K

280

Calculation cycle

Fig.5 Temperature curves in the cylinder within the 3 cycles

The valve movement was controlled by a custom
function. The valve motion chart is shown in Fig. 6.

The principle of the motion control of the exhaust
valve is similar to that of suction valve, except that
there is no hydraulic force F, during its movement.
The movement of the piston was set by Fluent cylinder

model.
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Input

Time Step: dt

Valve quality: m

Valve plate micro displacement: &g
Spring pre-compression: Sy

Upper and lower limits: Hy, Liin

IValve acceleration a, Speed increment dv, Spring compression S,
Next time step flap speed V, Position coordinates [V]

The distance between the valve plate and the upper and lower limits of
the current three time steps Dy, D5, D;

Rebound:V=-CgxV

1<é&g and Dr<eg and Ds<eg
And the force direction of the valve plate is
qnsistent with the limit direction

|Valve speed V=0 |

|—,| Update valve plate position coordinates [N]|

No

Whether to reach the convergence criterion —

Fig.6 Valve plate motion control flow chart

Fig.7 illustrates the movement of the crankshaft
connecting rod mechanism, and also shows the F, act-
ing in the phase angle ¢ interval, and the closing
phase of the suction valve.

Ltr

Fig.7 Crankshaft linkage motion diagram

The curve of piston displacement with crankshaft
angle @ can be described as (if ¢ = 5r)

X =r(1 = cosf) + (1 = cosB)

~r[ (1 - cosh) + 4L(1 - c0s20) ] (12)
L

0(e) = (1-30) x () (13)

Suction valve closure time is
A
At = =22
360n

The hydraulic force F, acts on the valve sealing

(14)

element after the valve plate opens during the suction
phase. 1 and 1’ represent the nominal load ratio and
the actual load ratio, respectively.

Q) o, _ Q)
T T ()
Among them, n =100% means that the closure of

the valve plate is not affected by F,. As the closing
angle of the suction valve is delayed, the displacement
gas volume decreased, thereby realizing the regulation
of the compressor gas capacity.

2 Experimental setup

2.1 Measurement of the parameters

Fig. 8 shows the reciprocating compressor experi-
mental platform with hydraulic stepless gas capacity
regulation system and pressure sensor ( WIKA S-10) ,
arrangement. The compressor is driven by a motor, and
the cooling method is water circulation cooling. The net
weight of the compressor is 3000 kg; the shaft power is
not more than 41 kW; length, width and height are
3670 mm, 1270 mm, and 750 mm. To accurately measure

Fig.8 Reciprocating compressor experimental platform
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valve displacement, a new valve structure was designed
with an eddy current sensor ( Bently 3300XL.) embed-
ded in the valve seat, as shown in Fig.9. The sam-
pling rate of the data acquisition system is 10 240 Hz.

1 2 3 4 5 6 1-Eddy current sensor
4 l L e 2-Valve seat
V u | '_ Y [ 1}3-\/alve plate
CAm e IF‘ 2 <= 4-Spring

S-Buffer plate
6-Valve lift guard

Fig.9 Arrangement of eddy current sensor

2.2 Experimental condition

During the experimental test, it is necessary to
control the compressor to run stably, stabilize the ex-
haust pressure, adjust the compressor capacity load to
be stable, and read the experimental data that the suc-
tion valve is closed at different angles.

3 Simulation and analysis

3.1 Comparison of measured and predicted re-
sults of capacity regulation conditions

The method adjusting capacity by controlling suc-

tion valve can realize the stepless capacity regulation

because it keeps the valve plate open during some cer-

tain running moments.

Fig. 10 displays the plot for the measured and pre-
dicted valve displacement and cylinder pressure as a
function of the crankshaft angle, obtained in a com-
plete compressor work cycle under four capacity loads.
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Fig.10 Comparison of numerical data and experimental data of dynamic pressure and displacement of suction valve

As clearly displayed in Fig. 10, the closing
process of the suction valve plate and the subsequent
compression stroke are delayed with the reduction in
capacity load. As the duration of the discharge time
shortens, the gas output capacity is continuously re-
duced. The experimental data of the displacement of
the suction valve plate flap is more severe than the nu-
merical data, and the experimental pressure of the ex-
haust phase has more obvious fluctuations than the nu-
merical data, which may be due to the fact that the
suction and exhaust tank are ignored in the simulation.

The calculation results and the measured results

are compared. Fig. 11 shows the results. It is clear
that the calculated cylinder pressure under different ca-
pacity loads fits well to the measured values while the
maximum errors are smaller than 10% .

3.2 Analysis of the influence of the capacity regu-
lation on compressor performance
The effect of capacity regulation on the thermody-
namic performance of the compressor was further ex-
plored.
As shown in Fig. 12, the average temperature of
the cylinder gas before the compression increased as
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the capacity declined. One reason for the rise of tem-
perature was increased backflow resistance loss through
the suction valve. On the other hand, this also pro-
vides support for the proposed optimal design of the
suction valve under the condition of gas capacity regu-

lation.
X 10°
3} | 7=100% s
+ 1n=76.6% . .‘_':.
< 7 1=59.5%
=™
3 2.5 1=33.7%
z
3
)
= )
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g 4
& 1:5 s
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»
52
1
1 15 2 25 3
Numercial pressure/Pa X10°

Fig.11 Calculated vs measured cylinder pressure
under different loads
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Fig.12 Average gas temperature in the cylinder

Fig. 13 shows the gas mass varies in the cylinder
under the gas capacity regulation conditions.
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Fig.13 Variation in gas mass in the cylinder

According to Fig. 13, the actual compressed air

volume of the compressor clearly decreases as the ca-
pacity declines. The method of adjusting capacity by
controlling suction valve closure moment can realize the
stepless capacity regulation because it conirols the
valve plate during all the running moments.

When the piston moves reversely from the piston
position of BCD, all suction valves are still held open
under capacity regulation conditions.

This article assumed that the actuator was retract-
ed fast enough and the valve plate withdrawal was only
affected by the air flow. It can be seen from Fig. 14
that when the suction valve is closed at different an-
gles, the closing time is different.
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Fig.14 The relationship between the capacity load and
the crank angle

The suction valve closing time under different
loads is shown in Fig.15. When 7 reached 59.5% ,
the piston movement accelerated, which caused the
valve plate to withdraw faster.
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%] 9 ”"
z ,/,,
5 8 +
£ 7t g
-%0 6 > "\ //
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= 3
g
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1
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Nominal load 1/%

Fig.15 Power diagram under suction valve leak conditions

3.3 Dynamic pressure change of gas in the cylin-
der under leakage conditions

Fig. 16 shows the P-V diagrams of the compressor

for different leakage rates when capacity load n =

59.5% . Under normal operating condition, the shape
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of P-V diagram is only determined by capacity regula-
tion. There is one-to-one correspondence between ca-
pacity load and the end moment of backflow process
(point D in Fig. 16).

Under valve leakage conditions, the decline rate

of cylinder pressure during the expansion process in-
creases compared with normal operating condition. And
the larger the valve leakage rate is, the quicker the
cylinder pressure declines and therefore the slower the
gas is compressed during compression process.

X 10°
3.5 T T T T
n =59.5%
E2 E-l E Ra=0
3k E3 @ ) — — Ra=22% 4
A—B.B-1.B-2.B-3:Expansion | ... Ra=3.36%
! B.B-1,B-2,B-3—C:Suction Ra=5.68%

251F

C—D:Backflow
D—E.E-1.E-2.E-3:Compression

E.E-1,E-2,E-3—A:Exhaust

Except Ra=0, Expansion.Compression
and Exhaust are obviously affected by

leakage.
1.5

Dynamic pressure of gas in cylinder/Pa
(3]

0.004

0.006 0.008 0.01

Volume/m?

Fig.16 Power diagram under suction valve leak conditions

In view of the above, the decline rates of cylinder
pressure during both the expansion and compression
processes and the end moment of backflow process can
be used as distinguishing characteristics of valve leak-
age under capacity regulation conditions.

Table 3 shows the indicated power and valve pow-
er loss under the leakage condition in Fig. 16 for de-
tail.

Table 3  Indicated power and power loss through valves

Ra Indicated power/J Suction/J Discharge/]

0 657.80 65.81 30.84
2.20% 614. 86 68. 03 22.02
3.36% 606. 34 68.20 15.99
5.68% 571.98 65.98 5.96

3.4 Performance curve of compressor under cou-
pling conditions of valve leakage and capacity
regulation

A set of curves of compression work and discharge
gas mass for a single cycle of a compressor’ s single-
side cylinder were obtained, as shown in Fig.17.

Least square method was used to fit compressor charac-

teristic curve coupling conditions of valve leakage and

capacity regulation. When the capacity load is 100% ,

the compression work and gas mass descends along

with the curve A-B in Fig. 17 with the increase of valve
leakage rate Ra. The output gas mass reduces to zero

when valve leakage rate reaches 6.8%. As valve leakage
rate continues to increase, the compression work of
compressor decreases along the curve B-C.

If there is no leakage, the compression work and
gas mass are only determined by capacity load. Per-
formance curve of compressor under capacity regulation
is shown as the curve C-A in Fig. 17. The compression
work and gas mass increase as the capacity load rises
from 0 to 100% . As shown in curve C-A, the power
almost decreased linearly with capacity. When it rea-
ches point C, the capacity reaches zero exactly, and
this is called zero capacity point. The gas left in the
cylinder cannot be compressed to the exhaust pressure
under zero capacity load.

The triangle region in the graph surrounded by
curves A-B, B-C and C-A is operating area of com-
pressor under coupling conditions of valve leakage and
capacity regulation. The actual working state of com-
pressor could be obtained by the slope interpolation
corresponding to the adjacent grid line.

Introduction to calibration methods, as shown by
point E in Fig. 17, the compression power of a single
cycle on one side of a single cylinder is 600 J and the
discharge mass is 0. 001 kg. Load interpolation from
the slope of the curve corresponding to the adjacent
condition n =59.5% is equal to p =65.2% , and load
interpolation from the slope of the curve corresponding
to the adjacent condition Ra =5.68% is equal to Ra =
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4.91% . So far, the working state of the compressor

under the suction valve leakage fault has been calibra-
ted, so that the actual degree of failure (Ra =4.91% )

and capacity load deviation (1 =65.2% ) can be de-
termined.

E Least square fitting curve
® Data point
1000 - O Fitting point
- + Calibration point
'g 809
= goop 680%
g 1 il
Vi
LT
g 600f i >
8 &7
2 i
[} H !
> i &
o 400 *— -
B I E(0.001kg.600J)
7} A—B:=100%, Ra gradually decreases
A—C:Ra=0, w=n' gradually decreases
200 i B—C:Q(r)=0, Compression work gradually decreases
C ) C—D:Q(r)=0, The exhaust pressure gradually decreases
+ : and the compression work gradually decreases
O D ‘ 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 Z5 3 35 4 45
Single cycle displacement/kg %1073

Fig.17 Calibration curves of suction valve leakage and power consumption

3.5 Calculation domain pressure cloud diagram
Fig. 18 shows the pressure cloud diagrams of the
calculation of the compressor at different times. At CA
5 o
der near the middle surface of the high-pressure expan-
sion cylinder. When CA 105 °, the pressure in the

, an expansion wave was generated in the left cylin-
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right cylinder was greater than the exhaust pressure.
Since the compression wave was generated near the ex-
haust valve inside the exhaust cylinder, the expansion
wave was generated near the piston. When CA 180 °,
there was no obvious pressure wave. Finally, Fig.19
shows the gas velocity and temperature distribution dur-
ing a leak.
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4 Conclusions

In this paper, the thermal performance of an air
compressor under coupling conditions of valve leakage
and capacity regulation has been studied by CFD model
and experiment. The capacity of compressor can be
regulated steplessly by controlling suction valve closure
moment. The curves indicating relationship between
capacity load and the closing angle of suction valve are
presented. The temperature of the cylinder gas before
the compression increased from 307.6 K to 317.8 K as
the capacity declined from 100% to 33.7% . The valve
leakage rate significantly impacts the slope of the ex-
pansion and compression curves in P-V diagram while
capacity load has an impact on backflow curves. A set
of curves of compression work and discharge gas mass
are obtained and a method for rating thermal perform-
ance of a compressor is presented using these curves.
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