BAE’s Life Test Results on Various Linear Coolers
and Their Correlation with a First Order
Life Estimation Method

D.T.Kuo, T.D. Lody and SW.K. Yuan

BAE Systems, Cryogenic Products
Sylmar, CA 91342

ABSTRACT

Life test results of various modds of BAE Stirling coolers are presented in this paper together with
afirg order life gpproximation modd.

A cryocooler life estimation method based on the Watt-Hour approach has been developed
elsewhere'. According to this method, the total energy of a cryocooler (i.e., the product of mean input
power and total operating time) is conserved. From actud life test data of input power rise as afunction
of time, the energy of the cooler in Wait-Hour can be calculated by integrating the life test curve. With
this knowledge and the specification, one can proceed to estimate life. The biggest disadvantage of this
method is that it requires prior knowledge of the life test data before life estimation can be performed.
In the present paper, afirgt order approach is used to estimate the rise in input power as a function of
time, which can then be used in life estimation.

INTRODUCTION

BAE Systems has conducted life test on various linear motor coolers, including B512C (Ref. 2), B602C
(Ref. 3) and B100OE coolers. Conditions of the life tests are summarized in Table 1.

Tablel. Lifetest conditionson various coolers.

Cryocooler Model Number B512C B602C B1000E
Heat Load, Q 212 mwW 350 mw 3,750 mW
Maximum Input Power, W 20W 3BW 60 W
Cold Tip Temperature, Tc 78K 78K 145K
Ambient Temperature, Ty 30°C 40°C 40°C
Charge Pressure, P 44.8 bar 31 bar 31 bar
Piston Area, A (arbitrary unit) 1 14 5.3




LITe 1eSL oaa O nree QITerernt Mogels Of COOIErS 1N INPUL POWEr VS. TIMe Can De Touna IN HgUres 1a, £a,
and 3a. Lifetest data of cooldown time vs. time are plotted in Figures 1b, 2b, and 3b. And life test
data of minimum refrigeration vs. time are presented in Figures 1c, 2c, and 3c respectively.
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Figure l1a Input Power of B512C cooler vs. time
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Figure 1b. Cooldown time of the B512C cooler vs. time.
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Figure 1c. Minimum refrigeration of the B512C cooler vs. time.
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o Figure 2a. Input power of the B602C cooler vs. time.
7]
6]
T 5] Specification
R T S5 EEEEEr e R R
S 1 B
T 4 _ - B B B
£ ] B B B
F 3%
c 1
e
S 2
s 27
S
O
1.
0 2000 4000 6000 8000 10000 12000
Time(Hours)
Time (hour)
Figure 2b. Cooldown time of the B602C cooler vs. time.
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Figure 2c. Minimum refrigeration of the B602C cooler vs. time.
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Figure 3a. Input power of B100OE cooler vs. time.
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Figure 3b. Cooldown time of B100OE cooler vs. time.
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Figure 3c. Minimum refrigeration of B10OOE vs. time.

The life test of the BAE B602C (0.6 W linear) cooler was terminated at 10,008 hours when it
faled the specification. The failure was caused by particulate contamination which blocked the flow in
the regenerator. After ingaling a new regenerator, the performance of the cooler was restored. This
proved that the compressor was not the root cause for faillure. The life tests of both the B512C (0.5 W
linear) coolers and the B10OOE (1 W linear) cooler are till in progress, with the MTTF of the B512C
cooler and the B100OE cooler exceeding 9,000 hours and 5,000 hours respectively.

Cooler Life Estimation and Corréation with Experimental Data

Cooler life estimation usng a Watt-Hour gpproach was evauated in Reference 1. The method
assumes that the total Watt-Hour of a cooler is conserved, i.e., running the cooler a low power will
extend its life and vice versa. Under norma conditions, cooler life is a function of compressor piston
wear. As the clearance gap grows (which increases the blow-by losses) due to wear, the driver needs
to drive the piston harder to make up for the lost performance. This in turn increases the power (see
Figure 4a). When the power exceeds the user’s specification, the end-of-life of the cooler has been
reached. Given the experimenta data of the input power increase as a function of time (power curve,
Figure 44), one can then caculate the total Watt-Hour of the cooler by integrating the power curve to
cdculate the total area undernegth it. For the example in Figure 4a, an integration from the initial power
of 8 W to the specification of 14 W, gives us the total Watt-Hour of the cooler that is then entered into
Figure 4b as data point a. The procedure is repeated for various initid powers to come up with Figure
4b. Of coursg, if one darts with an initia power of 14 W, the cooler would have essentidly no life as
indicated in point b of Figure 4b.

A mgor shortcoming of this method is thet it takes extensve life test datato predict life. Moreover, due
to the variation in performance from cooler to cooler, data taken from one cooler may not be gpplicable
to others. This means that a large number of coolers need to be tested before the life of an average
cooler can be determined.

In this paper, a smple first order modd is proposed to estimate the rise in input power as a function of
time (power curve). The dope of the power curve (Figure 4a) is assumed to be proportiond to the heat
load, the ambient temperature, and the charge pressure, and inversdy proportiond to the cold tip
temperature and the bearing area of the piston sedl.
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Figure 4. Watt-Hour life estimation.
4 (=)
50 7
453 b ,,"B/ 3.57 //
40 3 P A S . <
] ; 3
—~ 35 1C Case|Temperaturp / ~ E / /
2 3 P A 2259 e
T 55 i g‘ 23 - /
% ¥ P o3c S EE P3C Cass Temperatuﬁr’yu
a 207 L o 1.57
5 154 = S E//u -
2 o g g
= é o 0 E: / / nc
5 e /J L7
0 3 T T T T T T T T T T T T T T T T T T T T 0: T T T .g T T \.’/ T T T T T T T T T
0 0.5 1 15 2 2.5 0 20 40 60 80 100 120
Cooling Capacity (W) Coldtio Temperature (K)
Cooling Capacity (W) Coldtip Temperature (K)
Figure 5. Heat load vs. input power at 78K. Figure 6. Heat load vs. cold tip temperature.
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The effect of heat load and cold tip temperature on life can be deduced from Figures 5 and 6. Heat
load (cooling capacity) versus input power is plotted in Figure 5, and heat load versus cold tip
temperature is plotted in Figure 6, for the B10OOE cooler. Heet load is dmost a linear function of the
input power within the range of interest. Large heat loads require high input powers which reduce the
cooler life. The linear dependence of heet load on cold tip temperature (in Figure 6) suggedts that the
cold tip temperature is d0 a linear function of life. With the same input power, the heat load a cooler
can dleviate is less a low cold tip temperatures. This means that for the same heet load, one has to
apply ahigher input power at alow cold tip temperature, which shortens the life of the cooler.



IN Higure /, TNe INTIUENCE Or amoient temperaure on INPUL POwWer IS GePICIE. | Ne 0ala Were Taken on a
B512C cooler at various ambient temperatures at 78 K and with 300 mW heat load. The data appear
to be quite linear between 0 to 60°C, with a much sharper rise at temperatures above 60°C.

The effect of surface area on life can be obtaned from Figure 8, which shows the predicted
performance of a cooler (by a second order cooler smulation model) versus compressor piston gap.
Since the piston wear is inversaly proportiond to the piston surface area, and the piston gap is a
measure of the piston wear, Figure 8 implies an inverse linear function between cooler life and bearing
surface of the piston.

Table 2. Predicted and experimenta power increase vs. time.

B512C B602C B1000E
Predicted Slope (W/Hour) 0.00020 0.00022 0.00033
Experimental Slope (W/Hour) 0.00023 0.00020 -0.00175

With the above information, one can come up with a smple first order mode, by assuming that the
dope of the power curve (Figure 4a) in W/hour is

Slope=Cont PQ Ty /A Tc (@D}

Where P is the charge pressure in bars, Q is the heat load applied to the cooler in watts, Ty is the
ambient temperaturein °C, A isthe piston area (cnf), and Te is the cold tip temperature in K. Cont is
a constant that equalsto 5.475E-5.

The dope of the power curve (Figure 4a) can be caculated by Equation (1) with the parameters listed
in Table 1. The predictions are then compared to the life test data of the three coolersin Table 2.

The modd gives agood prediction on the dope of the power curve for both the B512C and the B602C
coolers despite a wide range of differences in cooler parameters (Table 1). The corrdation of the first
order mode with the life test data of the B10OOE cooler is not possible due to a decrease in input
power (negative power curve dope) as the cooler wears in during the life test. More run time is needed
in order to validate the model. Equation (1) can be gpplied to other Stirling coolers, for the trends
described in Figures 5 to 8 are generic to most coolers. In order to apply EQ. (1), one must have some
life test data as depicted in Figure 4a to obtain the congtant (Cont) in Eq. (1). With thisinformation, one
can proceed to estimate life of different models of coolers of the same design, or coolers of the same
model operated at different conditions.

As depicted in Figures 1 to 3, some of the parameters to be monitored during a life test include, input
power, cooldown time and minimum refrigeration.  Failure in meeting the specification in any of these
three criteria condtitutes afailure of the cooler. The life estimation discussed in this paper can be gpplied
to dl three criteria mentioned above. One smply measures the dopes of the life test data in W/hour
(riseininput power vs. timein Figures 1a, 2aand 3a), minutes/hour (increase in cooldown time vs. time
in Figures 1b, 2b and 3b) and mW/hour (decrease in minimum refrigeration vs. time in Figures 1c, 2c
and 3c). To edimate the life of the same built of cooler under another set of operating conditions,
samply apply Eq. (1). The dopes of the life curves are directly proportiona to the ambient temperature,
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example, if the ambient temperature is doubled, one would expect the dopes to be doubled and life of
the cooler haved, and if the heat load is haved, the dopes are halved, and cooler life doubled, etc.

Precautions must be taken in using Eq. (1), not to exceed the range that this smple approach is intended
for. For example, a cooler without any heat load gpplied will not have infinite life or zero dope (for the
power curve). Also, the equation is only vaid for ambient temperatures above 0 °C. Generdly
speaking, the room temperature data is aworst case estimation for life at sub-zero (°C) temperatures.

CONCLUSIONS

Lifetest results of BAE's B512C, B602C and B1000E coolers were presented. The B602C cooler
exceeded 10,000 hours of life test, with the life test of both the B512C (> 9,000 hours) and the
B1000E (> 5,400 hours) coolers il in progress. A smple first order life test estimation is suggested,
which gave good correlation to the life test data of the B512C and the B602C coolers. More datais
needed to vaidate the modd againgt the B100OE cooler. The effect of charge pressure on life should
be further sudied. The life estimation method proposed in this paper can be used to predict cooler life
as limited by the congtraints of input power, cooldown time and minimum refrigeration.
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