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ABSTRACT

In order to study the dynamics characteristics of the reed valve in reciprocating compressor, a new model based
on energy conservation and Newton’s second law of motion was developed in this study. In this new model, the
structural parameters of the reed valve and the gas damping force are considered. Moreover, an experimental system
of reciprocating compressor was established to measure the actual movements of the reed valve and evaluate the
validity of the model. The simulation was implemented in a MATLAB environment for an efficient numerical solution
and result presentation. The experimental results are consistent with the numerical simulation results, which show that
the theoretical model proposed is effective and accurate. Furthermore, this study also used such model to analyze the
effect of the structural parameters on dynamic characteristics. In practice, this paper can provide a beneficial reference
for the optimization design of the reed valve.
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INTRODUCTION

Reed valves are the key components of reciprocating compressor, which can influence the efficiency and reliability
of machines. In recent years, reed valves are widely used in micro air compressors and small refrigeration compressors
due to its features of simple structure, light weight, and low cost (Wang Feng et al., 2016). As shown in Figure 1, reed
valves are mainly composed of a valve seat, a reed valve, and a lift limiter. In addition, reed valves can also control the
flow of inlet and outlet gas automatically depending on the pressure difference between cylinder and suction/discharge
chamber. The dynamics characteristics of the reed valve are that it has a direct impact on opening and closing time,
fully open period, impact speed, and flutter. Besides, it also has an important impact on energy consumption. The flow
resistance loss can be reduced to 3%-7% of compressor shaft power depending on well-designed valve (Yuan Ma et
al., 2012). Therefore, it is very necessary to study the dynamics characteristics of the reed valve for improving the
working efficiency of compressor.
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Fig. 1. The scheme of a reed valve component.
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The dynamics characteristics of compressor valves have been studied by many scholars. Costagliola, M et al. (1950)
first proposed the dynamics model to describe the valve motion in form of a single-degree of the freedom system.
Wambsganss, M. W (1966) proposed a mathematical model to describe the valve motion in form of a bending beam.
The calculated results were in good agreement with the experimental results at that time. Soedel Werner (1972)
presents a dynamic model for valves to evaluate the performance of compressor. The first law model together with
ideal gas state equation is applied in valve dynamic simulation for reciprocating compressor in one thermal cycle.
Soedel Werner (1984) systematically introduces the ideas and methods of valve design, including the calculation
method of the effective flow area, the simulation of valve motion, valve reliability, energy loss, and so on. Lawson,
S et al. (1984) carry out a dynamic numerical simulation of the reed valve, which takes the influence of valve gap
pressure drop into account. Lin Mei et al. (1997) established a single-degree freedom model for the reed valve and
believe that the model is both accurate and convenient. Machu, E (2001) proposes a multi-degree of the freedom
model based on D’Alembert’s principle. In this model, the mutual influence of rotating motion and the translational
motion of valve were considered. Bo Huang (2008) established a finite element model of the reed valve based on plate
theory. The stress distribution of the valve under the maximum load was analyzed. Hong, W et al. (2009) proposed
a dynamic model of compressor valve based on L-K real gas state equation. The thermal cycle of the reciprocating
compressor is studied under the condition of stepless regulation.

Moreover, there are also many scholars who have conducted many experimental researches on the reed valve
motion. Junghyoun Kim (2006) discovers that the dynamic behavior of valve is closely related to its natural frequency
and the actual frequency is greater than the natural frequency. Daniel Nagy et al. (2008) point out that laser Doppler
instrument can be used to measure the valve displacement and the measuring error of the device was within 2%.
Shuhei NAGATA (2010) measures the dynamics characteristics of a suction valve using strain gauge. The results show
that the maximum displacement of the suction valve is increased with the acceleration of compressor.

In this paper, a dynamic model of the reed valve based on energy conservation and Newton’s second law of
motion is developed. In the model, several structural parameters of the reed valve are considered. Afterwards, an
experimental system is established to evaluate the validity of the model and the simulation is implemented in a
MATLAB environment. Then the effects of the structural parameters on dynamic characteristics are analyzed.

DYNAMIC MODEL OF REED VALVES

Currently, the mathematical model of the description of valve motion is established based on the model of the
ring valve and the mesh valve. However, since the reed valve is flexible but the ring valve is not, there must be some
calculation error when using the model. In order to solve this problem, a new model based on energy conservation and
Newton’s second law of motion is developed. In the new model, the structural parameters such as valve lift, stiffness
coefficient, effective flow area, and gas damping force are considered.

Gas flow differential equation of suction and discharge process
The following hypotheses are adopted during the process of model derivation (Wu Dangqing et al., 1993):

(1) The Gas is regarded as the ideal gas in the compressor. The thermodynamic parameters of the working medium in
the cylinder are uniform. Suction pressure and discharge pressure are the working pressure of the evaporator and
condenser, respectively, under the standard operating conditions.

(2) Gas flow is regarded as an adiabatic steady flow. The influence of gas damping force and lubricating oil viscosity
on valve is ignored.

(3) The heat exchange between the gas and the cylinder wall is ignored. Potential energy and kinetic energy of the
gas in the cylinder are not taken into account.

(4) The influence of suction and discharge pressure pulsation on the compressor flow field is ignored. The influence of
the leakage of working medium and lubricating oil on working chamber volume and working fluid state is ignored.
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According to assumptions and energy conservation law above, equation 1 can be obtained:

dv dm
dp+kp—+kpyv—=0 1
Ip + kp v kpv=> (1)
where p is the transient pressure in cylinder, & is the specific heat ratio, ¥ is the transient volume, v is the specific

volume, and m is the gas quality in cylinder.

The orifice mass flow equation can be expressed as equation 2:
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where a, is the flow coefficient of valve, A4, is the cross sectional area of valve gap, R is the ideal gas constant, 7
is the transient temperature, p, is the discharge pressure, v, is the specific volume of discharge chamber, and 7 is the
time.

According to equation 2 and equation 1, the flow differential equation of discharge process can be expressed as
equation 3:
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where T, is the discharge temperature.
The pressure ratio (1) can be expressed as equation 4:

y== 0
Py

According to equation 3 and equation 4, equation 5 can be obtained:

= 2kRTd
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According to the kinematics of the crank-slider mechanism, the relationship between displacement of piston
working (x) and crank angle (0) can be expressed as equation 6. The kinematics of the crank-slider mechanism is
shown in Figure 2:

x=r(1-cos@) +I(1-~1-A%sin’ ) (6)

where 7 is the crank radius, / is the length of the connecting rod, and 4 is the crankshaft-connecting road ratio.

ot |

]

Fig. 2. The kinematics of the crank-slider mechanism.
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Based on the Taylor series expansion, equation 6 can be simplified as equation 7:

x= r(l—cost9+%sin2 0) (7
The transient volume (/') can be expressed as equation 8:

V=V, +S,x ®)

where V}, is the clearance volume of cylinder and S, is the piston area.

The relationship between the transient volume (}') and crank angle (6) can be expressed as equation 9 and
equation 10:

)
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where V}, is the stroke volume of the piston, and & is the relative clearance volume of the cylinder.

According to equations 5, 9, and 10, the gas flow differential equation of discharge process can be expressed as
equation 11:

k-1 k-
Zan//kV s1n49+—a)1//k ,Sin26 +y a3 axd, h, 2kRT" W * —1)]
dy (11)
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where w is the angular velocity, d,, is the discharge orifice diameter, and 4,, is the transient displacement of the
discharge valve.

Similarly, the gas flow differential equation of suction process can be expressed as equation 12:

k 1
5 a)k(pV sm6’+jw(ka sin 26 - (p a,r dwhm/ZkRT ]

dp __ — . (12)
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where @ is the ratio of transient pressure in cylinder to suction pressure, d,, is the suction orifice diameter, 4, is the
transient displacement of the suction valve, and T} is the suction temperature.

Equation of motion of the Reed Valve

Lin Mei et al. (1997) point out that a single-degree of freedom model can effectively describe the reed valve
motion. Therefore, in this paper the equation of the motion of the reed valve is established based on a single-degree of
freedom model. Reed valves are affected by gravity, elastic force, gas force, gas damping force, and oil viscosity force
at work. According to Newton’s second law of motion, equation 13 can be obtained:

d’h

mdvd—zdv_F F +G - F (13)
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where my, is the equivalent mass of the discharge valve, F, is the gas force, F), is the elastic force of valve, G is the
valve gravity, F. is the gas damping force, and F,, is the oil viscosity force.

The gas force (F,) can be expressed as equation 14:

7d,}
4

where 0 is the gas thrust coefficient.  can be expressed as equation 15:

F, =9 Pa@ =1 (14)

5=aj(iz+1) (15)
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1

where a, is the flow coefficient of the valve gap.

The elastic force (F,) can be expressed as equation 16:
Fsp = Kdvhdv (16)

where K, is the stiffness coefficient of the discharge valve.

The gas damping force (F.,) can be expressed as equation 17:

F. =C% (17)

where C is the gas damping coefficient.

Since gravity (G) and oil viscous force (F,) acting on the reed valve are much smaller than elastic force (F,) and
gas force (F,), they can be ignored for analysis convenience. According to equations 13, 14, 16, and 17, the equation
of motion of the discharge valve can be expressed as equation 18:
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where w is the angular velocity.

Similarly, the equation of motion of the suction valve can be expressed as equation 19:

d’h, 1 [ 57y

dh
- (-g)-K h - 19
> mar|" 4 P (1-9)=K.h, dﬁ} (19)

where £, is the transient displacement of the suction valve, m,, is the equivalent mass of the suction valve, p, is the
suction pressure, and K, is the stiffness coefficient of the suction valve.

Finally, the dynamic model of the discharge valve can be expressed as equations 20:
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Similarly, the dynamic model of the suction valve can be expressed as equations 21:

dhy _
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CALCULATION PROCEDURE

The simulation is implemented in a MATLAB environment for an efficient numerical solution. The Fourth order
Runge-Kutta method is adopted to solve the models because of its high precision (Wang Y et al., 2013).

Initial conditions

The initial angle 6, is the instantaneous crank angle of the reed valve, which is moved away from the valve seat.
Three initial conditions of the discharge valve and suction valve can be expressed as equation 22 and equation 23:

2
Dischargevalve:(%) =0, (d h;,v) =0, (), _1+ Kaflan (22)
de |, o’ ), o 4,0,
2
Suction valve: [ “o. =0, d’h, =0, (@) _1-Kufy (23)
de ), de’ ), o 4,p

where 0, is the crank angle when the discharge valve opens, H,, is the discharge valve lift , 4,, is the flow area of
the discharge valve channel, 0;,is the crank angle when the suction valve opens, H, is the suction valve lift, and 4,
is the flow area of the suction valve channel.

0.4 and 0,,can be calculated by equation 24 and equation 25, respectively:
1

0,, = arccos[1- 2(1+ E)p" +2£] (24)

1

6,, = arccos[1-2&(g™ -1)] (25)
where & is the relative clearance volume of cylinder, ¢ is the ratio of discharge pressure to suction pressure, 7, is
the gas compression process index, and m, is the gas expansion process index.

The rebound coefficient of the reed valve (Cy) is the ratio between motion speeds before and after collision.
Cr =0.25.
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Calculation procedure of the reed valve dynamics

The flow chart of the calculation procedure is shown in Figure 3. The dynamic model of the suction/discharge
valve can be calculated according to the initial pressure ratio. The displacement curve, velocity curve, and pressure
ratio curve can be obtained based on the calculation procedure.

Input compressor &valve
structure parameters

L]
‘ Set printinterval S, ‘

E stablish the number of
cycles M from 1to V

Dynamic model of discharge valve Dynamic model of suction valve is
is solved by the Fourth order solved by the Fourth order Runge-
Runge-K utta method(E g.20,22,24) K utta method (Eg.21,23,25)
|
v
Y T e N
haH? ——
h <0?
! Y
dh, __. dh,
P dh_ _¢ dh
h-H, de do
h, =0
; )
dh,. dh, Y Print result
M=S?(E),X(%)H<O S=S+S0/n,>‘_
y

i

END

Fig. 3. The flow chart of the calculation procedure.

In Figure 3, S, is the set value of the print interval, S is the actual printing time, M is the actual cycle number, V'
is the set value of the maximum cycle number, @, is the pressure ratio inside and outside the cylinder, 4, is the valve
displacement, H, is the lift of the reed valve, and n, is the timestep.
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The main parameters of the compressor and discharge valve are shown in Table 1.

Table 1. Main parameters of the compressor and discharge valve.

Main parameters of the compressor Main parameters of the discharge valve
Compressor speed[r/min] 1450 Quality of the valve[Kg] 0.00259
Cylinder diameter[m] 0.062 Valve lift[m] 0.0037
Cylinder stroke[m] 0.0484 Initial angle [°] 307
Relative clearance volume 2% Valve width[m] 0.0174
Connecting rod length [m] 0.0996 Valve thickness[m] 0.00061
Suction temperature [K] 291 Effective valve length[m] 0.0037
Discharge temperature [K] 375 Elastic modulus [Pa (N/m?)] 2.1*%10"
Suction pressure [Mpa] 0.296 Valve stiffness coefficient [N/ m] 4093
Discharge pressure [Mpa] 1.5 Valve gap flow coefficient 0.76
Crankshaft angular velocity [Rad/s] 151.77 Valve channel flow coefficient 0.52

Gas constant[J/Kg-K] 96.1 Flow area of valve channel [m?] 0.000165
Crankshaft-connecting road ratio 0.23 Flow area of valve gap [m?] 0.000104
Refrigerant R22

Evaporation temperature[°C] -15~40

EXPERIMENTS & CALCULATIONS COMPARISON
Experimental system

In order to measure the actual movements of the reed valve and evaluate the validity of the model, an experimental
system of reciprocating compressor was established. The schematic diagram of experimental system is shown in
Figure 4. The system is mainly composed of an evaporator, a reciprocating refrigeration compressor, a water-cooled
condenser, a dry filter, a liquid storage tank, a temperature sensor, and so on.

%  —

Expansion valve Dry filter

Capillary Injection control valve

AR, [}

Evaporator Liquid storage tank

Temp eramre ensor

Pressure sensor @
r é

s Compressor

Condenser

01l separator

Fig. 4. The schematic diagram of the experimental system.
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The displacement measurement system of the discharge valve is shown in Figure 5. The composition and parameters
of the displacement measurement system are shown in Table 2.

Data display system

Data acquisition device

Displacement sensor

Test prototype

Fig. 5. Displacement measurement system of the discharge valve.

Table 2. Composition and parameters of the displacement measurement system.

System composition Component parameters
Compressor power 5.5KW
Discharge valve thickness 0.61mm
Displacement sensor ZA-21 eddy current displacement sensor
Data acquisition device NI9230 data acquisition card
Data display software Labview2015 data processing software

Experimental results & calculation results comparison

The experimental results and calculation results of the discharge valve displacement are shown in Figure 6. It can
be seen from Figure 6 that the experimental results are in good agreement with the calculated results in the process of

reed opening and fully open period. There is a rebound in closing process of the calculation results. It may be caused
by viscous effect of oil film, which is not considered in the model.

—a— Experimental data
—e— Calculation data
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Valve displacement (mm)
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Fig. 6. Experimental results and calculation results of the discharge valve displacement.
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Figure 7 shows the deviation between calculation results and experimental results of the discharge valve displacement.
The majority of the calculated values fall within £10% times error band. Therefore, the motion characteristics of the
discharge valve can be effectively analyzed by the model.

+ Calculated displacement

Experemnental results

1
0.5 1 16 2 258 3 35
Calculation results

Fig. 7. Comparison of experimental results and calculation results of the discharge valve displacement.

CALCULATION RESULTS AND DISCUSSION
Effect of lift on the motion of the reed valve

The displacements of the discharge valve for different lifts are calculated when the compressor speed is 14501/
min and the valve stiffness coefficient is 4093N/m. Figure 8 shows the displacement curves of the discharge valve for
different lifts.
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Fig. 8. Displacement curves of the discharge valve for different lifts.

Figure 8 shows that, with the increase of the lift, the rebound displacement after the discharge valve hitting the
limiter is increased, and the fully open period is shortened. The rebound occurs during the valve falling back to the
seat when the lift is 3.7mm. Thus, the valve lift cannot be set too high, which will cause rebound fluctuations, or even
flutter. The area enclosed by displacement curve and abscissa represents the total flow area. The smaller the total flow
area is, the greater the discharge loss is. Therefore, the valve lift cannot be set too low neither since it can lead to the
increase of discharge losses.
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The pressure ratio curves of the discharge valve for different lifts are shown in Figure 9. Figure 9 shows that,
with the increase of the lift, the flow area of the valve channel outlet increases, the pressure in the cylinder decreases
rapidly, and the pressure loss decreases.
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Fig. 9. Pressure ratio curves of the discharge valve for different lifts.

The relationship between impact velocity and valve lifts is shown in Figure 10. It can be found that when the lift
is increased from 1.5mm to 3mm, the impact speed increases linearly. When the lift is higher than 3.7mm, the impact
speed increases rapidly again. When the lift is 3mm ~3.7mm, the impact speed increases slowly. Therefore, the
reasonable valve lift range is 3mm ~ 3.7mm according to the analysis above.
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Fig. 10. The relationship between impact velocity and valve lifts.

Effect of stiffness coefficient on the motion of the reed valve

The elastic force (£,) can be calculated by equation 26:

Ebu’l
= (26)
v 4Li1
where E is the elastic modulus, b is the valve width, u is the valve thickness, /,, is the feature lift, and L, is the
working length of valve.
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The stiffness coefficient was calculated according to equation 26 and equation 16 when the valve lift is 3.7mm. The
stiffness coefficients of different valve thickness are shown in Table 3.

Table 3. The stiffness coefficients of different valve thickness.

Valve thickness (mm) 0.51 0.56 0.61 0.66 0.71 0.81
Stiffness coefficient (N/m) 2392 3167 4093 5184 6454 9584

The displacement curves of the discharge valve for different stiffness coefficient are shown in Figure 11. It can be
seen from Figure 11 that, with the increase of the stiffness coefficient, the opening time of the valve reed is delayed,
the initial closing angle is reduced significantly, and the fully open period is reduced severely.
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Fig. 11. Displacement curves of the discharge valve for different stiffness coefficients.

The speed curves of the discharge valve for different stiffness coefficients are shown in Figure 12, which presents
that, with the increase of the stiffness coefficient, the impact speed of the valve is reduced. When the stiffness coefficient
is greater than 5000 N/m, the fluctuation of the valve is increased steeply and even leads to flutter. The discharge
volume and working efficiency of the compressor are reduced. Therefore, the discharge valve thickness cannot be
designed larger than 0.66mm for this compressor.
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——316/N'm
»— 4093N/m
+— 5184N/m
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Valve speed (m/s)
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Fig. 12. Speed curves of the discharge valve for different stiffness coefficients.
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Effect of effective flow area on the motion of the reed valve

The effective flow area is directly related to valve lift and orifice diameter. The displacement curves of the discharge
valve for different orifice diameters are shown in Figure 13. It can be found that, with the decrease of the discharge
orifice diameter, the full opening angle is increased and the closing angle of the valve tends to be prolonged. Due to
the reduction of the effective flow area of the valve, the gas thrust is weakened.
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Fig. 13. Displacement curves of the discharge valve for different orifice diameters.

The pressure ratio curves of the discharge valve for different orifice diameters are shown in Figure 14, which
shows that, with the decrease of the discharge orifice diameter, the pressure ratio is increased. In addition, the pressure
ratio is rapidly increased again during the valve’s falling back to seat, which will cause valve fluctuation. Thus, the
flutter and pressure loss of the discharge valve can be reduced by increasing the valve effective flow area. However,
when the orifice diameter is larger than 13.0mm, the fully open period is sharply shortened. Therefore, the valve
effective flow area cannot be enlarged only by increasing the orifice diameter.
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—e— ¢=14.5mm
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Fig. 14. Pressure ratio curves of the discharge valve for different orifice diameters.

CONCLUSIONS

A dynamic model of the reed valve is established in this paper. The structural parameters of the reed valve and the
gas damping force are considered in this new model. Afterwards, the dynamic model of the discharge valve is solved
by the Fourth order Runge Kutta method in MATLAB environment.
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The displacement measurement system of the discharge valve is established in order to evaluate the validity of the
developed model. The calculated displacements can agree well with the experimental results. The motion characteristics
of the discharge valve can be effectively analyzed by the model. Moreover, the effects of valve lift, stiffness coefficient
and effective flow area on impact speed, fully open period, and fluctuation are explored based on the model.
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