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ABSTRACT

To improve the reliability of compressor subjectedrepetitive pressure loading, raliability methodology for
parametric accelerated life testing (ALT) was sisgge. It consisted of a parametric ALT plan, a galieed life-
stress failure model with a new effort conceptaaneleration factor, and a sample size equatiosedan failure
analysis, this parametric ALT should help an enginencover the design parameters affecting retiglmliring the
design process of a compressor. As a test casemaressor with a newly designed crankshaft sulgetbe
repetitive pressure loading was studigding a mass and energy balance analysis, theupegegds of compressor
were analyzedln the first ALT and fieldthe failure mode was compressor locking due to claak wear. The
missing design parameter of the crankshaft wasntipeoper lubrication structure in the crankshafs. &corrective
action plan, the crankshafts were redesigned.drsdtond ALT, wear in the compressor crankshaftiroed. The
minimum clearance between the crankshaft and thwasher was then modified. After another parameitid
with corrective action plans, the reliability ofetinewly designed compressor was expected to hifeead 10 years
with a failure rate of 0.1%/year

1. INTRODUCTION
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Figure 1. Breakdown of a refrigeration system with its madlcomponents, and parts
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To store the fresh foods, a refrigerator providefd air from the evaporator to the freezer andigefator

compartments. A refrigerator includes the compneasd several different modules — cabinet, doderival fixture

(selves, draws), controls and instruments, gemgygtiarts (motor or compressor), heat exchangerermaatpply

device, and other miscellaneous parts (Figure 1).

Customers often want to have a refrigerator witlhi Energy use and high reliability. For this (intedy function,

the compressor can be redesigned to improve thalbeaergy efficiency of the refrigerator. The qumessor needs
to be designed to handle the operating conditiarigested to it by the consumers who purchase aedthes

refrigerator. To avoid the compressor failure eldi any defective configurations should be found eodified by

experimental methods before launching the prodBased on failure analysis from returned producmpmessor

was locked because of the lubrication designsdikehortage.

Repeated loads or overloading due to daily conswsage may cause structural failure in the prododtreduce its
lifetime. Many engineers think such possibilitiende assessed by: 1) mathematical modeling usavgadwian

methods, 2) assessing the time response of thensyst dynamic loads, 3) utilizing the rain-flowwtding method

(Matsuishi, 1968), and 4) estimating system damagieg the Palmgren-Miner's rule (1924). Howevercdiese

there are many assumptions, this analytic methggateay be exact, but complex to reproduce the profdiiures

due to the design flaws.

Robust design methods, including statistical desijexperiments (DOE) and the Taguchi approach L 9%re

developed to carry out optimal design for mechdmicaducts. In particular, Taguchi's robust desigathod uses
parametric design to place it in a position whenedom “noise” does not affect the outcome. Thuechanical

systems can be used to find out the proper desiganpeters and their levels. Through utilizing iattions between
control factors and noise factors, the paramegggh of a mechanical system can be used to detertihé proper
control factors that make the design robust regasdbf the change of noise factors. In an orthdgamay, as the
control factors are assigned to an inner arrayntige factors are assigned to an outer array.

However, because huge experimental computationthenTaguchi product array are required, a lot digie

parameters for a mechanical structure should bsidered. As new products are introduced with th&simg design
parameters in the mechanical structure, the pradagtresult in recalls and loss of brand-name value

Based on failure analysis, the purpose of thisystwes to present a reliability methodology for anpmessor
subjected to repetitive pressure loading in a coroiakky produced refrigerator. The reliability mettology

included: 1) A parametric ALT plan, 2) a load arsédyin field, 3) a tailored sample of parametricTALwith the

design modifications, and 4) the checking of thealfidesign of the compressor to determine thaatisfed the

reliability target.

2. Materials& Methods
2.1 Setting Overall Parametric ALT Plan

Failure
Rate

Bathtub

VA

Straight Line

=

Time
Figure 2: Bathtub curve and straight line with slgpe

The reliability of compressor can be defined asabiéity of a system or module to function undextet conditions
for a specified period of time. It can be illusedtin a diagram called “the bathtub curve” thatsists of three parts.
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First, there is a decreasing failure rate earlthanlife of the product. Then, there is a consfaihtire rate. Finally,
there is an increasing failure rate toward the @hithe product’s life. If a product follows the hatib curve, it will
have difficulties in succeeding in the market beeaof the large failures and short lifetime in lifeof the product.
Because of the faulty designs, the mechanical mtodill have higher failure rates in operation andur financial
losses for the company. The company will improve tiesign of product by setting reliability goals feew
products to (1) reduce early failures, (2) decreasdom failures during the product operating tiarg] (3) increase
product lifetime. As the reliability of a mecharligaoduct is improved, the failure rate of the prodin the field
should decline. For such a situation, the tradéidrathtub curve with faulty design can be transid to a straight
line with the shape paramefe(Figure 2).

In the meantime, the mechanical product might bantified from the product lifetimég and failure ratel as
follows:

R(L,)=1-F(L,) =€ 01-AL,, (1)
This equation is applicable below about 20 peroécumulative failures (Kreyszig, 2006). The rblidy design of
the mechanical system can be achieved by gettatptigeted product lifetimlez and failure ratel after finding the
missing control parameters and modifying the défeatonfiguration of structures through parametricelerated

life testing (ALT).

Table 1: Overall parametric ALT plan of Refrigerator

Market Data Expected Targeted

Yearly ) ) Yearly Yearly
No | Modules | raijyre | B, Life, | Design [Conversion| raiyre | B, Life, | Failure B. Life. vr
Rate, yr Rate, yr Rate, X 'Y

%lyr %lyr %lyr

1 Module A | 0.34 5.3 New x5 1.70 1.1 0.10 10 x=1.0)
2 Module B | 0.35 5.1 Given x1 0.35 5.1 0.15 10 ¢=1.5)
3 Module C | 0.25 4.8 Modified x2 0.50 2.4 0.10 10 x=1.0)
4 | Module D | 0.20 6.0 Modified x2 0.40 3.0 0.10 10 x=1.0)
5 Module E | 0.15 8.0 Given x1 0.15 8.0 0.15 10 ¢=1.5)
6 Others 0.50 12.0 Given x1 0.50 12.0 0.40 10 x=4.0)
Total R-Set 1.79 7.4 - - 3.60 3.7 1.00 10 x=10)

In targeting the reliability of the refrigerator émparametric ALT, there are three cases for maddlea modified
module, 2) new module, and 3) similar module togher design on the basis of market data. The cesgor in a
refrigerator is modified module added because custs want improved energy efficiency. Like modblésted in

Table 1, compressors from the field data had ydailyre rates of 0.31 %/year and a lifetimgg,Lof 3.2 years. To
respond to customer claims, a new reliability tafgethe compressor was set to have a B1 lifetin®0 years.

2.2 Parametric Accelerated Life Testing of the compressor
2.2.1 Acceleration Factor (AF)
For solid-state diffusion of impurities in silicotine junction equatiod might be expressed as:

J = Asinh(aé )ex;{—%) )

On the other hand, a reaction process that is diemé¢no speed might be expressed as:
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KT 5
K=a—ekK smh% 3
e o .

So the reaction rat&, from equation (2) and (3) can be summarized as:
. E,
K = Bsinh(aS)exp ——= 4)
KT
If the reaction rate in equation (4) takes an isgatumber, the generalized stress model can bmettas,
— : -1 Ea
TF = Alsinh(aS)]™ exp - (5)

The hyperbolic sine stress term of equation (3h@dium range is expressed as following:

_ E
TF = A(S)"exp —=
(s) eXI{ij (6)

The internal (or external) stress in a productifcdlt to quantify and use in accelerated testifigus, stresses in
mechanical systems may come from the efforts (@ddp like force, torque, and pressure. For a mécalasystem,
when replacing stress with effort, the time-toded can be modified as:

TE = AS)" ex,{EJ - Ale)” ex,{ij )

KT KT

Design defects in product can be found by actimgldinger efforts under the accelerated conditiénsm the time-
to-failure in equation (7), the acceleration faotan be defined as the ratio between the properierated stress
levels and typical operating conditions. The aaegien factor (AF) can be modified to include tHfoe concepts:

n A
AF = (i] |:5 (i — i]} = (i] |:5 (i — iJ} (8)
So k To Tl S k To T1
2.2.2 Sample Size Equation

To carry out a parametric ALT, the sample size #gonawith the acceleration factors in equation &pht be
expressed as (Was al., 2015):

Ny
nz(r+1)B)lz[E Lex J +r )

AF [,

If the reliability of the mechanical system suchaasompressor in refrigerator was targeted to béifB110 years,
then the number of required test cycles can beiradatafor a given set of samples subjected to theelacated
conditions. In parametric ALTs, the missing parameibf mechanical system in the design phase caaebéfied
to achieve the reliability target.

2.3 Case Study - Reliability design of the compressor with redesigned crankshaft

A simple refrigerator system consists of a compmesa condenser, a capillary tube and an evaporéte main
function of the refrigerator is to provide cold &iom the evaporator to the freezer and refrigeratompartments.

24" International Compressor Engineering Conferendeuatiue, July 9-12, 2018
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The compressor takes refrigerant from evaporatdrthen compresses it, which transfers it to congien$ the
refrigerator. In the process, a reciprocating caapor increases the refrigerant pressure fromirtitae evaporator
to that in the condenser in the refrigeration cyée customers demand refrigerators that use leeggg, it is
necessary to improve the overall energy efficieofcthe refrigerator. One way to improve efficierisyto redesign
the compressor in the refrigerator. The primary gonents in a compressor in a domestic refrigereposist of
crankshaft (1), piston assembly, stator and itméavalve plate, and suction reed valve (Figure 3).

Qid Parts New Parts

Figure 3: Redesigned compressor and crankshaft

Based on the failure analysis in field, compressothe refrigerators had been locking, which wagsing loss of
the cooling function due to design failure. Basedlte consumer usage conditions, compressors weéjected to
repetitive pressure loads during the refrigerapmration (Figure 4).

Warm
Environment
L
Q.

3 T.C

c

2

Condenser

Compressor Saturated
2 —_

{
Capillary X
Tube

%

]e
§ Saturated Vapor
T, Q, s

Cold
refrigerated
space
(a) Refrigeration cycle (b) T-s diagram
Figure 4: Functional design concept of the compressor systeeifrigeration cycle

In evaluating the design of a refrigeration cydeyas necessary to determine both the condensmgératureT,
and evaporating temperatufig, The mass flow rate of refrigerant in a compressor be modeled as
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=PDx1v
Vs (10)

The mass flow rate of refrigerant in a capillarggéican be modeled as (Whitesel, 1957)

0.5
Py P
_ J,
cap

2

=L+ |n[p3J
By conservation of mass, the mass flow rate casiebermined as:
m= mcap (12)
The energy balance in the condenser can be dedatbe
Q. =m(h2_h3)=(Tc _To)/Rc (13)
The energy balance in the evaporator can be descab
Qe :m(hl_h4):(Ti _Te)/RE (14)

When nonlinear equations (12) through (14) areexhhthe mass flow ratéil, evaporator temperaturee, Tand
condenser temperature, 8an be obtained. Because the saturation prefRyfds a function of temperature, the
evaporator pressure, ®r condenser pressurg Rcan be obtained as:

Pe = f(Te) or I:)c = f(Tc) (15)

One source of stress in a compressor system mag from the pressure difference between suctiorspres Ry
and discharge pressureg;sP

AP = I:)dis - Psuc D Pc - Pe (16)

For a compressor system, the time-to-failure iragiqu (7), TF, can be modified as
TF = A(S)" ex B\ A(AP)™ ex E
KT KT 17)

To find out the design defects in compressor, fighdr pressure loads should be applied. The aetiarfactor
(AF) can be derived as

o3RG )

24" International Compressor Engineering Conferendeuatue, July 9-12, 2018
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The operating conditions for the compressor infagerator were approximately 0-%3 with a relative humidity
ranging from 0% to 95%, and 0.2 — 0.24g’s of agetien. The number of compressor on-off operatioes
influenced by specific consumer usage conditiorthénfield. The reciprocating compressor has attéu®4 on-off
cycles per day in the Korean domestic market. \&iiroduct life cycle design point for 10 years, toenpressor
had approximately 87,600 usage (on-off) cycles.

For this worst case, the pressure was 1.07MPatenddmpressor dome temperature walC9@or the ALT, the
pressure was assumed to be 1.96MPa and the domertgnre was 12C to reveal the design faults in compressor
under accelerated conditions. Using a cumulativeadge exponent of 2.Q1), the acceleration factor from equation
(18) was found to be approximately 13.2 (Table 2).

Table 2: Refrigerator ALT conditions in refrigeration cycle

System Conditions Worst Case ALT AF
High-side 1.07 1.96 3.36
Pressure (MPa) Low-side 0.0 0.0
AP 1.07 1.96
Temperature°C) Dome 90 120 3.92
Total AF (=(®x®)?) 13.2

For the reliability target — a B1 life 10 yearsettest cycles for a sample thirty units calculdtedh equation (25)
were 18,000 cycles if the shape parameter was seppm be 2.0. This parametric ALT was designeéntsure a
B1 life of 10 years with about a 60% level of cafince that it would fail less than once during @8,@8ycles.
Figure 5 shows the experimental setup of the ALThwabeled equipment for the robust design of casgor. It
consisted of an evaporator, compressor, condersm®t, capillary tube in a simplified vapor-compressio
refrigeration system.

(D Pressure Gauge [— = ===== == = |
. = =] I Charging Port |
: 1
' |
| Evaporator F I | Compressor |
Capillary an I Suction Port
Tube 1 <1

S == 1 D 1| 460mm
Mns‘er -~ I |
— I I

= Dryer .
— ’/____,_,_,,5—{' 1
= Controller ‘Z*Y/ |
— L @ )
Condenser ; Fan

- | . !
4

660mm

Figure 5: Equipment used in accelerated life testing

3. Results & Discussion

In a French door design refrigerator, it was fouhdt compressors with the newly designed crankshaére
locking. Based on failure analysis, field data aaded that the damaged products may have had gndiésiv — oil
lubrication. Due to this design flaw, the repettipressure loads could create undue wear on tm&straft and
cause the compressor to lock. Figure 6 shows soghegth comparing the failed product from the fieltd that
from the f' accelerated life testing, respectively.

24" International Compressor Engineering Conferendeuatue, July 9-12, 2018
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In the £' ALT, the two compressors locked at 7,500 cycles 20,000 cycles. When the locked compressors from
the field and I ALT were cut apart, severe wear was found in seegions of the crankshaft where there was no
lubrication — the moving area between shaft andheoting rod, and also the rotating area betweemkstaft and
block. As shown in the picture, the tests confirntledt the compressor was not well designed to enptoper
lubrication. The defective shape of tHeALT was very similar to that of the ones from fredd.

(a) Failed products in field (b) Crack after1ALT

Figure 6: Failed products in field and'ALT

The root causes of the crankshaft wear came frenmtproper designs — 1) the lack of oil in aread #hould have
lubricated (Figure 7(a)), 2) low starting RPM ((&ig 7(b)), and 3) weak crankshaft material (FCD4%0gse
compressor design flaws could cause the comprés$ock up suddenly when subjected to repetitivespure loads.

a b

Centrifugal force 2600

: R 3400

‘ 2800
2050 2450

1650 /7~ = 1650 3
[ — {Energy Consumption Mode)

3min = 1min i After 1min

T

Start Mode Running Mode Time
(Lube) ;

3600

3400

2800

2450
1650
i(Energy Consumption Mode)

Running Mode >

Figure 7: Failed products in field and"ALT

In the second ALT, the crankshaft wear due to fatence between the crankshaft and a thrust wagefound at
18,000 cycles when the compressors were broken dBiguare 8).
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Figure 8: Failed prbducts in 2n ALT.

To withstand the design problems of crankshafttdube repetitive pressure loads, it was redesigisefdllows: (1)
changing the starting RPM, C1, from 1650 RPM to@B®M (Figure 7(b)); (2) relocating the lubricatiooles and
adding the new groove, C2 (Figure 9); (3) changigcrankshaft material, C3, from FCD450 to FCD#oigure
9); (4) increasing the minimum clearance betweanlkshaft and washer, C4, from 0.141 mm to 0.480 mm.

3.4

2.5

Figure 9: Redesigned crankshaft in first ALT.

With these design changes, the compressor witméwdy designed crankshaft could operate smoothbr dte
product lifetime because there were no problems 20000 operation cycles. Over the course ofdh#&Ts, the
B1 life of the samples was improved to 10.0 years.

4. CONCLUSIONS

To improve the reliability of compressor in refrigiors, we have suggested the following reliabititgthodology —
1) Setting the overall parametric ALT plan, 2) Garg out the parametric accelerated life testinthvei corrective
action plans, and 3) Checking if the final desighthe compressor satisfy the reliability targes. & case study, we
used the design of a compressor with a newly designankshaft in French door refrigerators.

24" International Compressor Engineering Conferendeuatue, July 9-12, 2018
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Based on failure analysis in the field and the AlsT, the compressor with a newly designed crankstoadked
(failed). The missing design parameters of the aesgor in the design phase were the lubricatingctstre in
crankshaft. The corrective action plans were (19cating the lubrication holes and adding the newoge, (2)
changing the starting RPM from 1650 to 2050, and&nging the crankshaft material from FCD450@Db00.
Based on the 2nd ALT, the crankshaft wear duettrfierence between the crankshaft and a thrustevasiturred.
The missing design parameter of the failed crarfkshas the minimum clearance between the crankstraftthe
washer. As corrective action plans, the minimunaicdace between the crankshaft and the washer wasased. In
the 3rd ALT, there were no problems. After a segeenf ALT tests, the compressor with the propeueslfor the
design parameters were determined to meet théitdliaarget — B1 life of 10 years.

When a generalized life-stress failure model witré concepts, acceleration factor, and sample siguations are
utilized, the reliability of a compressor systenbjeated to the repetitive pressure loads can imgrdtvalso can
quickly identify the faulty designs in the comprassystem and determine if the reliability targate achieved.
This parametric ALT process should help engineendion the final design in the mechanical systerd assess it.

NOMENCLATURE
A Cross-sectional area of the capillary tube cm
e effort
Ea, Activation energy (eV)
h Testing cycles (or cycles)
k Boltzmann’s constant (8.620°eV/K)
AL Capillary length of the two-phase interval
R Thermal resistance °E/kW)
Lg Target BX life and« = 0.01X, on the condition thak 0.2
n Number of test samples
PD Volume flow rate (rits)
AP Pressure difference (MPa)
r Failed numbers
S Stress
X Accumulated failure rate, %
X x = 0.01-X, on condition thax< 0.2
Iy Volumetric efficiency
Subscript
0 normal stress conditions
1 accelerated stress conditions
a actual
c condenser
cap capillary tube
e evaporator
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