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ABSTRACT

In order to study the mass flow rate, efficiency and dynamic response characteristics of a linear
compressor for a J-T throttle refrigerator, an online test system was set up to monitor the important
dynamic response parameters. The performance and dynamic response characteristics at different
driving frequencies were tested under the conditions of fill pressure of 0.7 MPa, pressure ratio of 3
and stroke of 10 mm. At the resonant frequency (65 Hz), motor efficiency, volume efficiency, isen-
tropic efficiency and isothermal efficiency have the maximum value, which are respectively 86.7%,
76.5%, 64.1% and 54.5%. A mass flow rate of 0.84 gt/s, and corresponding input power of 151 W.
The current waveform has non-sinusoidal distortion, and its bimodal phenomenon on the positive
half axis reveals the essential reason for high efficiency at resonance frequency. In addition, the
nonlinear distortion law of current waveform can be used to quickly and visually judge whether the
linear compressor is resonant in the experiment. In addition, piston offset, opening and closing of the
discharge valve, and power loss during suction and discharge process were also studied. The study
is very important to analyze the operating state of the linear compressor, judge the matching of the
gas valve assembly and optimize the linear compressor.

INTRODUCTION

Because of the advantages of high efficiency, low vibration, stable operation and strong electromag-
netic resistance, J-T throttling refrigerators have been successfully used in space such as: James Webb
Space Telescope (NASA) ', Astro-H and SPICA space exploration mission (JAXA/ESA/NASA)*®.
As the core component of the J-T throttling refrigerator, the efficiency of the linear compressor plays an
important role in the total efficiency of the throttling refrigerator’. As we know, the linear compressor has
the highest efficiency at resonance frequency, so the research on resonance characteristics of the linear
compressor has always been a hot spot. Some work has been carried out to study the flow rate and efficiency
characteristics of linear compressor at resonance and non-resonance®. Other work has been done to study
how to accurately calculate the value of resonance frequency, such as the average gas force method and
the gas force Fourier equivalent method’!; and some work has been implemented to study the response
characteristics of current, displacement and gas force at resonance frequency'.
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Figure 1. Schematic diagram of linear compressor structure. 1 discharge outlet, 2 suction valve, 3
flexure spring, 4 outer core, 5 permanent magnet, 6 flexure spring, 7 glass visualization window, 8 copper
coil, 9 inner core, 10 suction inlet, 11 piston, 12 discharge valve.

However, the essential reason for the highest efficiency of the linear compressor is rarely studied.
In addition, there is a lack of quick and visualized method to judge whether the linear compressor is in
resonance state in the experiment. In order to solve the above two problems, an on-line test system for
monitoring important dynamic parameters of the linear compressor was set up. The performance and
dynamic response characteristics of the linear compressor at resonance and non-resonance frequen-
cies under the conditions of fill pressure 0.7 MPa, pressure ratio 3 and stroke 10 mm were tested.
The mass flow rate, efficiency, discharge valve lift, current, cylinder pressure, displacement, piston
offset, discharge pressure, suction pressure and PV diagram were obtained. The dynamic responses
of linear compressors with and without resonance were both analyzed.

EXPERIMENTAL APPARATUS

Figure 1 shows the structure diagram of the moving coil linear compressor. The dynamic
components of the prototype are well supported on two sides by flexure springs to reduce the dry
friction between the piston and the cylinder. The inner part of the piston is hollowed out as the suc-
tion channel to increase the suction capacity. The suction valve is a ring valve, and the discharge
valve is composed of four small reed valves.

Figure 2 shows the schematic diagram of the linear compressor on-line monitoring system.
The linear compressor is driven by sinusoidal voltage. The gas is compressed in the compressor,
cooled in the high-pressure heat exchanger, expanded in the throttle valve, cooled in the low-pressure
heat exchanger, and finally sucked into the compressor to complete the whole process. Two laser
displacement sensors (X1 and X2) are installed to measure in real-time the discharge valve lift
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Figure 2. Schematic diagram of the linear compressor on-line monitoring system: 1 linear compressor, 2
high pressure heat exchanger, 3 mass flow meter, 4 manual throttle valve, 5 low pressure heat exchanger, 6 power
meter, 7 NF power supply, 8 manual diaphragm valve, 9 gas reduction pressure valve, 10 nitrogen cylinder.



MOVING-COIL LINEAR-COMPRESSOR FOR J-T REFRIG. 463

Table 1. The instrument list of the test system.

Instruments Mode Quantity Information
Hall current clamp LeCroy 1 Response frequency: S0MHz;
Laser displacement sensor KEYENCE LK-H080 2 Resolution: 0.10pm
Dynamic high frequency Kunshan Double 1 Uncertainty: 0.25%;
Absolute pressure sensor Bridge CYG1401F Response frequency: 20kHz;
Miniature high frequency Kunshan Double 1 Uncertainty: 0.5%;
Absolute pressure sensor BridgeCYG1502AMLF Response frequency: 20kHz;
Thermometer Tom v platinum 2 Accuracy: 0.1K
resistance
Pressure Transmitters Beijing zhuochen 2 Accuracy: 0.5%
Coriolis Mass flowmeter Beijing Sincerity 1 Accuracy: 0.2%
Hangzhou Yuanfang Accuracy: 0.5%
Power meter PF9811 1

and piston displacement. Two dynamic pressure sensors (P3 and P4) are installed to measure the
real-time pressure in the discharge chamber and the cylinder respectively. A Hall current clamp is
fixed on the compressor power line to measure the real-time current waveform. These high frequency
signals are transmitted to an oscilloscope for display, analysis and storage. Two pressure transmitters
(P1 and P2) are used to measure suction and discharge pressure of the linear compressor respectively.
Two, four wire PT100 thermal resistance thermometers (T1 and T2) are used to measure suction tem-
perature and discharge temperature. A Coriolis mass flowmeter is used to measure the mass flow rate.
These parameters are collected, displayed and stored by LabVIEW software on a computer through
NI acquisition card.
The instrument list of the test system is shown in Table 1.

RESULTS AND DISCUSSIONS

The prototype is tested to study the flow rate, efficiency and dynamic response characteristics
at resonance frequency and non-resonance frequency. The working fluid is N, the fill pressure is
0.7 MPa, the suction pressure is 0.285 MPa, the pressure ratio is 3, the fixed piston stroke is 10 mm,
and the frequency range is from 55 Hz to 67.5 Hz.

The Mass Flow rate and Efficiency

The motor efficiency can be calculated by Equation 1:

2
h =1 dmf (D
where 1, is the drive current, R is the resistance of the copper coil, and W, is the input power.
The volumetric efficiency of the linear compressor can be obtained by Equation 2:
h o= m,  4mR.T, 2

"y, PDSA

where Dis the piston diameter, S is the piston stroke, and f is the drive frequency, 7% is the system

mass flow, R, ratio of isobaric to isochoric specific heats and 7, is the compressor suction temperature.
The isentropic efficiency and isothermal efficiency of the linear compressor are obtained by

equation 3 and equation 4: e
W, k P+ .
h =—da—__ mRT||l=% —1|/W,
o T myl 1, [})1 j in (3)
iso = W}m =myR.T} In L /Wm @
W, R

where £ is the isentropic coefficient (k=1.4 for N,) is 1.4, P, is the discharge pressure, £, is the suc-
tion pressure.
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Figure 3. Mass flow rate and efficiency at different frequencies.

Figure 3 shows the mass flow rate and efficiency at different frequencies. With the increase of
frequency, the mass flow rate always increases, but the gradient of increase decreases. Motor effi-
ciency, volume efficiency, isentropic efficiency and isothermal efficiency all increase first and then
decrease with the increase of frequency. Motor efficiency, volume efficiency, isentropic efficiency and
isothermal efficiency has the maximum value at the frequency of 65 Hz, which respectively is 86.7%,
76.5%, 64.1% and 54.5%. At this time, mass flow rate is 0.84 gt/s, and corresponding input power
is 151 W. It is easy to judge that the resonance frequency under this operating condition is 65 Hz.

Discharge Valve Lift

Figure 4 shows discharge valve lift at different frequencies. It can be seen that the peak dis-
placement of the discharge valve and the opening time of discharge valve increase all the time with
the increase of frequency. When the discharge valve is closed, it collides with the valve plate and
bounces. As the frequency increases, the height of the rebound increases. The lift of the discharge
valve increases approximately linearly with the increase of frequency. This is because with the
increase in frequency, the average gas velocity (average Ma number) between the discharge valve
and the valve plate increases, and the gas pressure difference on both sides of the discharge valve
plate increases, so the lift of the valve plate increases and the rebound displacement also increases.

Displacement and Piston Offset

Figure 5 shows piston displacement and piston offset at different frequencies. The displace-
ment waveform of the linear compressor is almost sinusoidal. The piston of the linear compressor
will offset to the direction of the motor, and the piston offset value will decrease approximately
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Figure 4. Discharge valve lift at different frequencies.
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Figure 5. Piston displacement and piston offset at different frequencies.

linearly with the increase of frequency. This is because with the increase of frequency, the average
gas force in the cylinder decreases, the gas pressure difference between the two sides of the piston
decreases, and the piston offset decreases.

The Current Waveform

Figure 6 shows current waveform at different frequencies. The non-linear distortion of the cur-
rent waveform occurs in the positive half of the waveform. With the increase of frequency, there are
two peaks in the positive half, in which the peak on the left side increases all the time and the peak
on the right side decreases all the time. The two peaks on the positive half of the current waveform
obtain the same shape and size at resonance frequency. The unique current waveform distortion can
be used to determine whether the linear compressor operates at resonance frequency, which avoids
complicated calculation and is very visualized. With the increase of frequency, the current in a single
cycle first increases and then decreases, and there is a minimum value of 0.07 A/Hz at resonance
frequency (65 Hz), which is highly related to the current non-linear distortion. This shows that the
serious non sinusoidal distortion of the resonant current is the essential reason for the minimum
driving current and the highest motor efficiency for linear compressor.

P-V diagram

Figure 7 shows the P-V diagram at 55Hz/60Hz/65Hz. The PV work (i.e. the total area of PV diagram)
of linear compressor increases in a period with an increasing frequency. The working process of
linear compressor includes compression process (1-2), discharge process (2-3), expansion process
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Figure 6. Current waveform at different frequencies.
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Figure 7. the P-V diagram at 55Hz/60Hz/65Hz.

(3-4) and suction process (4-1). It can be seen that the variable coefficient of compression process
(i.e. gradient of curve 1-2) and expansion process (i.e. gradient of curve 3-4) are invariant at differ-
ent frequencies, the areas of S and D correspond to the work loss of suction and discharge process
respectively. It can be seen that the work loss of suction process almost remains constant, but the
work loss of discharge process increases with the increase of frequency.

Dynamic Analysis

Figure 8 shows the cylinder pressure, discharge pressure, suction pressure, discharge valve lift,
piston displacement and current at non-resonant frequencies and resonant frequency. According to
the relationship between cylinder pressure, suction pressure and discharge pressure, four working
processes of the linear compressor can be obtained: expansion process (3-4), suction process (4-1),
compression process (1-2) and discharge process (2-3). The non-sinusoidal current deformation
mainly occurs in the compression process and the discharge process. Compared with the current
waveform under non-resonant frequencies, the current waveform under resonance frequency has two
equal peaks in the compression process and discharge process, and the current value in positive half
is far less than that under non-resonant frequencies. This is the fundamental reason why the single
cycle current is the minimum and the motor efficiency is the highest when the linear compressor
operates at resonance frequency. By observing the opening and closing time of the discharge valve,
it can be seen that the discharge valve can be opened and closed on time without delay at 55 Hz,
however, the discharge valve can only be opened accurately without delay but is closed with delay at
65 Hz. This phenomenon is very important for the valve design of high frequency linear compressor.

-
(4]

-
()]

34 1.2:'\3:

34/ 2 3

|

1

'
. —

S
il
/
\

S

'.l

\

i
.

PRESSURE, bar/VALVE LIFT, *10+10mm
/DISPLACEMENT, mm/CURRENT, A

PRESSURE, bar/VALVE LIFT, *10+10mm
/DISPLACEMENT, mm/CURRENT, A

'
o
o

'
-
o

5 10 15 TIM%EO, e 25 30 35 40 TIME, ms

Figure 8. Cylinder pressure (Pc), discharge pressure (P2), suction pressure (P1), discharge valve lift (Sfa),
piston displacement (S), current at non-resonant and resonant frequencies (I).
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CONCLUSION

The resonant frequency is 65 Hz under the condition of fill pressure of 0.7 MPa, pressure ratio
of 3 and stroke of 10 mm. At the resonant frequency, motor efficiency, volume efficiency, isentropic
efficiency and isothermal efficiency has the maximum value, which is 86.7%, 76.5%, 64.1% and
54.5% respectively. With a mass flow rate of 0.84 gr/s, and corresponding input power is 151 W.

The non-sinusoidal current deformation mainly occurs in the compression process and the
discharge process. Compared with the current waveform under non-resonant frequency, the current
waveform under resonance frequency has two equal peaks in the compression process and discharge
process, and the current value in the positive half is far less than that under non-resonant frequen-
cies. This is the fundamental reason why the single cycle current is the minimum and the motor
efficiency is the highest when the linear compressor operates at resonant frequency.

With the increase of frequency, the lift of discharge valve increases, the delay of discharge
valve closing time increases, and the work loss of discharge process increases.
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