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Abstract: This paper suggests parametric accelerated life testing (ALT) as a systematic reliability
technique to generate the reliability quantitative (RQ) specification such as mission cycle for identi-
fying design flaws in mechanical systems as exerting the accelerated load, defined as the reverse of
stress ratio, R. Parametric ALT therefore is a procedure to improve the fatigue for mechanical prod-
ucts subjected to repetitive loading. It include: (1) a system BX lifetime shaped on the parametric
ALT plan, (2) a fatigue failure and design, (3) tailored ALTs with alternatives, and (4) an assessment
of whether the design(s) of the product attains the targeted BX lifetime. A BX life ideas, a life-stress
model, and a sample size formulation for parametric ALT are proposed. A reciprocating compressor
in a domestic refrigerator is utilized to explain this methodology. The compressor was subjected to
repetitive impact loading due to pressure difference between condenser and evaporator, which re-
sulting in the compressor field failure. To analyze and conduct parametric ALTs, as mass/energy
balance was utilized on the vapor-compression refrigerating cycle, a simple pressure loading of the
compressor in operating the refrigerator was investigated. At the first ALT, compressor locked due
to the fractured suction reed valve made of Sandvik 20C carbon steel (1% C, 0.25% Si, 0.45% Mn).
The dominant failure modes of the suction reed valve in the parametric ALTs were established to
be very close to that of the fractured product from the marketplace. The root cause of the fatigue
failure of suction reed valve was an amount of overlap between the suction reed valve and the valve
plate in combination of repeated pressure loading in the compressor. To supply sufficient mechan-
ical strength, the design faults were altered by the trespan dimensions, tumbling process, a ball
peening and brushing process for the valve plate. At the second ALT, compressor locked due to the
intrusion between the crankshaft and thrust washer. The corrective action plan was to give heat
treat the surface of crankshaft made of cast iron (0.45% C, 0.25% Si, 0.8% Mn, 0.03% P). After
these alternations, there were no issues at the third ALT. The lifetime of the compressor was ensured
to have B1 life 10 years.

Keywords: fatigue failure; design flaws; mechanical system; parametric ALT; compressor

1. Introduction

Because of the customers’ continual requirement in the global market, refrigerator is
designed to have a low energy use and high reliability. For these (intended) functions, the
compressor might be reshaped to improve its overall energy efficiency on an annual basis.
Frequently, it necessitates newly designed attributes for the product that should be swiftly
brought to the marketplace. Nevertheless, without enough testing or expectation of how
the features may be utilized, their introduction may grow product failures from the mar-
ketplace and oppositely affect the company’s brand image. These added attributes for the
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product should be included and evaluated completely in new design specifications before
being launched into the marketplace. Thus, reliability quantitative (RQ) specifications us-
ing proper methodology should be introduced [1-2].

Newly designed rotary compressors in 1987 irregularly locked from the marketplace.
Because oil metal sludge, separated from the sintering crankshaft and shaped in the re-
frigeration cycle, choked the capillary tubes, the refrigerator no longer functioned. There
therefore were huge recalls of the compressor to stop a dominant failure mode such as a
choking of the compressor from field [3]. A compressor intends to increases the refrigerant
pressure in a refrigeration cycle by adapting proper mechanism such as crankshaft. Com-
pressor is subjected to repeated stress due to internal pressure loadings during its lifetime.
To prevent the compressor recall, any flawed arrangements should be discovered and
modified by experimental methods such as parametric ALT that can create reliability
quantitative (RQ) specifications before the product releases.

Robust design methods such as the Taguchi approach [4,5] and statistical design of
experiments (DOE)[6] were evolved to conduct the most favorable design for products.
Mainly, Taguchi’s methodology utilizes design parameter skill to place it in a proper po-
sition where ““noise” parameters do not have a consequence on the output. Accordingly,
the proper design parameters of mechanical systems can be chosen to look for them and
their levels. However, this methodology does not identify the failure mechanism such as
fatigue and pursuits the system optimization. In other words, if there is design fault when
load is exerted, product will fail in its lifetime. Because lots parameters for an optimal
design of mechanical structure should be considered, enormous computations are re-
quired. As there are still design faults in the structural system, it results in product recalls.

Due to material defects such as micro-voids and contacts when subjected to loads,
fatigue is one of the main root causes of damage in metallic metallic members, which ex-
plains about 80% to 95% of all structural failures [7]. Fatigue failure in ductile metals
shows itself in the form of cracks that propagate in high stress concentration such as
grooves, holes, etc. These failures can influence the reliability of mechanical apparatus
such as automobiles in motion, aircraft wings, ships at marine, jet engines, nuclear reac-
tors, and land-based turbines. The fatigue mechanisms include three fluctuating
stress/time modes: 1) symmetrical about zero stresses, 2) asymmetrical about zero stresses,
and 3) random stress cycles. The fatigue life may depends on the stress ratio, R (=Gmin/Gmax)
[8]. That is, in periodic patterns the peaks on both the high side (maximum) and the low
side (minimum) are critical. As exerting the elevated load, defined as the inverse of stress
ratio, R, accelerated life testing (ALT) can be considered to find the design flaws.

The ALT was studied as an alternative method based on reliability block diagram [9].
It includes test planning for the system, failure mechanics such as fatigue, elevated proce-
dures, sample size equation, etc. Elsayed [10] grouped statistical, physics/statistics, and
physics/experimental-found prototypes for analysis. Meeker [11] presented many practi-
cal directions to arrange an ALT. Performing an ALT [12,13] necessitate numerous notions
such as the BX life for the product test plan, a life-stress model, sample size formulation,
and fracture mechanics [14-16] because failure may happen abruptly from the weak parts
in a system. Contemporary experimental methods [17-21] may fail to reproduce the design
defects of component in a multi-module product because these methods assess inade-
quate part samples and do not recognize the failure(s) that really happen in the field.

To fulfil the structural design of a mechanical system, engineers have utilized the
design methods such as fracture mechanics and strength of materials [22]. As quantum
mechanics has been advanced, designers recognized that failures came from micro-void
coalescence (MVC) and found some metallic alloys or numerous engineering plastics [23].
To discover the fatigue of a mechanical system, a life-stress model must be incorporated
with the conventional design methods and relevant technique of recognizing the failure
of electronic parts due to pre-existed defects or tiny cracks. It is not feasible to model it by
Finite element methods (FEMs) [24].
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This study suggests a parametric ALT as a reliability methodology that can produce
the RQ specifications — mission cycles — for recognizing and correcting the design flaws of
a mechanical systems. It includes: (1) A product BX lifetime formed on ALT plan, (2) a
load analysis for ALT, (3) customized ALTs with the alternatives, and (4) an evaluation of
whether the eventual design(s) of the system attains the real BX lifetime. A newly de-
signed compressor in a domestic refrigerator subjected to repeated pressure loading is
supplied as an example.

2. Parametric ALT for Mechanical System
2.1. Definition of BX lifetime

Within a mechanical system, transfers of power for obtaining mechanical advantages
are used in tasks that involve forces and movement by adapting specific product
mechanisms [25]. In the process, products are subjected to repeated stresses. For example,
to keep nourishment natural, a refrigerator is intended to supply chilled air from the heat
exchanger such as evaporator to the refrigerator (or freezer) compartments. It often is
made up of dissimilar modules: the cabinet, door, internal fixtures (shelves and drawers),
controls and instruments, electric motor, compressor, heat exchangers (evaporator and
condenser), water supply device, and different various components. A refrigerator has
roughly 2,000 parts. A refrigerator’s lifetime is targeted to have no less than a B20 life 10
years. If a refrigerator consists of 20 modules and each module has 100 parts, the lifetime
of each module should be aimed to have a B1 life 10 years. The desired product lifetime
depends on the problematic module such as compressor, which has design faults (Figure
1).
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Figure 1. Product lifetime determined by newly designed module (a) Classification of multi-mod-
ule refrigerator; (b) System lifetime Ls and failure rate As.
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To conduct ALT, BX life, Ls, is necessitated as an index of product lifetime. It can be
explained as the elapsed time period at which X % of a population of product shall be
unsucessful. Therefore, "BX life Y years’ is a good expression for product lifetime that can
correctly dictate the cumulative failure rate and follows the market requirements. For
instance, if a product lifetime has B20 life 10 years, then 20% of population shall fail for 10
working years. On the other hand, the mean time to failure (MTTF) — B60 lifetime —is not
suitable for the product lifetime, which is too long time to fail the 60% of the population
in a product. We know that BX life shows a better suitable measure of lifetime.

2.2. Setting A Whole Parametric ALT Plan

For a stated period of time, the product reliability such as compressor can be
explained as the system capability to intended task wunder specified
environmental/operational states [25]. It might be provided with picture as “the bathtub
curve” that composes three regions. First, in the initial product life there is some reducing
failure rate. Secondly, in its middle life there is some stable failure rate. Lastly, there is a
growing failure rate to the finale life. If a product follows its pattern, it might not succeed
from the marketplace due to the high failure rates and short lifetime of the product due to
the inherent design defects. Manufacturers need to enhance the product design by
increasing its reliability targets to (1) eliminate untimely failures, (2) lessen random
failures over the system lifetime, and (3) lengthen system lifetime. As the design of a
mechanical system improves, its failure rate in the marketplace should decease and the
product lifetime should be enlarged. For such circumstances, the conventional bathtub
curve might be changed to an unswerving line in Figure 2.

Failure rate
A

A

Bathtub

B

Straight line

>
= LB Time

Figure 2. Bathtub curve and modified straight line.
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The failure rate on the bathtub (or straight line) can be defined as

P _dF/dt (1-R) -FR "
R R R R
where 1 is the failure rate, fis the failure density function, R is reliability, and F is unreli-

ability.

If Equation (1) is integrated over time, we can obtain the X% cumulative failure F(Ls)
at BX life, Ls. That is,

[Adt=—InR )
That is to say, it can be expressed as:

A=(A)-Ly = [* 2(t)-dt=-InR(Ly )=~ In(L— F)= F(L,) 3)

Because the straight line that follows an exponential distribution has a low failure
rate, the reliability of mechanical product could be stated as product of the lifetime Ls
and failure rate A:

R(Lg)=1-F(Lg)=e""* =1- AL, 4)

This relation is appropriate below about 20 % of cumulative failure [26]. After finding
the problematic structures and modifying them by parametric ALT, the mechanical
product can be attainable by targeting the lifetime Ls and failure rate A (Figure 3).

Key Noise Parameter
N1: Customer Usage & Load Conditions
N2: Environmental Conditions

Low Output High
Pressure |MPut Compressor System P Pressure

Key Control Parameter
C1: Compressor Parts (Material & Size)

Figure 3. Parameter diagram of compressor system (example).

In seeking to enhance the lifetime target of a mechanical system through an ALT ex-
amination, there are three potential product modules: (1) An altered independent units,
(2) anewly designed independent units, and (3) an alike independent units to the previous
design base on demand in the marketplace. The newly designed compressor in the refrig-
erator examined here as an instance study was a modified module that had design faults
that had to be rectified because customers want improved its energy efficiency.

The modified independent units D from the market data shown in Table 1 had a fail-
ure rate of 0.31% per year and a B1 life 3.2 years. The lifetime of compressor from the field
data was expected to have a B1 life 1.6 years because it had a failure rate of 0.62% per year.
To answer customer requests, a new lifetime for the mechanical system such as compres-
sor was targeted to have B1 life 10 years with a cumulative failure rate of one percent.
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Table 1. Whole ALT plan of mechanical system such as modules in a refrigerator.

Market Data Anticipated Reliability Objective Reliability
Modules Failure Rate Per BX Life, Failure Rate Per BX Life, Failure Rate Per BX Life,
Year, %/year Year Year, %/Year Year Year, %/Year Year

A 0.35 29 Similar x1 0.35 29 0.10 10(BX =1.0)
B 0.24 4.2 New x5 1.20 0.83 0.10 10(BX =1.0)
C 0.30 3.3 Similar x1 0.30 3.33 0.10 10(BX =1.0)
D 0.31 3.2 Modified x2  0.62 1.61 0.10 10(BX =1.0)
E 0.15 6.7 Modified x2 0.30 3.33 0.10 10(BX =1.0)
Others 0.50 10.0 Similar x1 050 10.0 0.50 10(BX =5.0)
Product 1.9 2.9 - - 327 0.83 1.00 10(BX =10)

2.3. Failure Mechanics and Parametric ALT for Design

As stated in section 2.1, mechanical systems typically move energy and power from
one location to another through mechanical mechanisms. For instance, a compressor as
one of mechanical system elevates the refrigerant pressure by crank-shaft mechanism in
a refrigeration system. Domestic compressor shall be subjected to repeated stress because
of pressure loading in the process. If there is a design fault in the structure that causes an
inadequate strength (or stiffness) when the loads are exerted, the mechanical system may
suddenly fail before its anticipated lifetime. Fatigue due to design flaws can be distin-
guished by two elements: (1) the stress due to loads on the structural system and (2) the
kind of materials (or form) utilized in the product. As identifying the system failure by a
parametric ALT, a designer could optimally design components with proper shapes and
materials. The product could sustain repetitive loads over its lifetime so that it could
achieve the targeted reliability (Figure 4).

& Repetitive Load: AP=f(t) Force: Input
ompressor

(Structure)

Fracture: Output

Figure 4. Fatigue on the system made by repeated loading and design defects.

The most important issue for a reliability test is how rapid the possible failure mode can
reveal. To do this, it is obligatory to effectively express a failure model and decide the
connected coefficients. First of all, we can create the life-stress (LS) model, which
incorporates stresses and reaction parameters. This equation can explain various
mechanical failures such as fatigue in the structure. Fatigue failure is on the rise, not due
to design stresses in a complete component, but rather due to the appearance of a pre-
existing defect or small crack on the surface of a part.

Because mechanical failure such as fatigue starts from material defects formed on a micro
or macroscopic scale level, we might define the life-stress model from such standpoint.
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For example, we can find out the following processes utilized for solid-state diffusion of
impurities in silicon that is popularly used as semi-conduct material as following process:
electro-migration-induced voiding, growth of chloride ions, and catching of electrons or
holes. When electric magneto-motive force, &, is applied, we know that the impurities such
as void in material, which were formed by electronic movement, is easily migrated
because the barrier of junction energy is lowered and distorted/phase-shifted. The
junction equation ] for solid-state diffusion of impurities in silicon might be stated as
follows [27,28] (Figure 5):

J=[aC(x-a)]- exp[— i[w— 1agﬂ v

KT 2

[Density/Areal-[Jump Probability]-[Jump Frequency]

= —[azve‘qw/ o ] cosn 3 € [2ave‘qW/"T ]Csinhﬂ -
2KT Ox 2kT

=0(x,t,T )sinh(ag)exp(— %)

= Bsinh(ag)exp(—%j

where B is constant, a is the interval between atoms, £is the exerted field, k is
Boltzmann's constant, T is temperature, and Q is energy.

Electric magneto-motive force, &, is

Applied
Initial state ||» Final state
Potential, J Potential, J
e— a —j
T Potential P F,
\ barrier for / \Fz
/ ¥ electron/void Distorted/phase-shifted barrier
migration
Electron/void — i
Distance x'-a ,'( Distance

Figure 5. Potential change in material such as silicon after electrical field (or stress) is applied.

Contrastingly, the reaction process that relies on speed could be defined as

AE-aS AE+aS
K:K*—K:akTTe kT —akTTe kT
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AE

_afTew sinh(é) = Bsinh(aS)exp(— A—E} (©)
h kT KT

where K is reaction rate, S is (chemical) effect, T is temperature, k is Boltzmann’'s
constant, E. is the (activation) energy, and A is difference

The reaction rate K from Equations (5) and (6) could be abridged as
K = Bsinh(aS)exp _E 7
kT @

If Equation (7) takes a reverse function, the life-stress (LS) model might be defined as

TF = Afsinh(aS)[™ exp[ ET]
(8)

The sine hyperbolic expression [sinh(aS)]™*

pressed as:

in Equation (5) can be ex-

1. (S)™! in Equation (8) has a little linear effect at first,
2. (S)™ in Equation (8) has what is regarded as a medium effect, and
3. ()71 in Equation (8) is big in the end.
An ALT is normally performed in the medium range, and Equation (5) might be de-
fined as

n E
TF =AS —=
(S) EXP( KT ] ©)

As the stress of a mechanical system may not be easy to measure during testing,
Equation (9) must be redefined. When the power is defined as the multiplication of flows
and effort, stresses may come from effort in a multi-port system (Table 2) [29].

Table 2. Power definition in a multi-port system.

System Effort, e(t) Flow, f(t)
Translation system Force, F(t) Velocity, V()
Rotation system Torque, (1) Angular velocity, w(t)
Pump, Compressor Pressure difference, AP(t) Volume flow rate, Q(t)
Electric system Voltage, V(t) Current, i(t)
Magnetic Magneto-motive force, en Magnetic flux, ¢

Stress is a physical amount that indicates the internal forces that adjacent particles of
a continual material apply on each other. For a mechanical system, because stress comes
from effort, Equation (9) might be restated as

TF = A(S)™ exp(ij =B(e)” eXp(Ej (10)

KT KT
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where A and B are constants

To derive the acceleration factor (AF) that can mainly influence the assessment of
fatigue strength in product, defined as the reverse of the stress ratio, R (=6min/Omax), from
Equation (10), AF might be expressed as the proportion between the adequate elevated
stress amounts and normal working conditions. AF might be altered to incorporate the
effort ideas:

n A
AF{&) z[i_iJ H 5[1_1]
So) | k Ty TJ| l&)| k\T, T, -
2.4. Parametric ALT for Mechanical Systems

To get the operation cycle of parametric ALTs from the objective BX lifetime on the
experiment scheme in Table 1, the sample size formulation integrated with the AF should
be obtained [1]. Currently, numerous methodologies have been suggested to decide sam-
ple size. The Weibayes model for Weibull analysis is a popularly recognized method of
examining reliability data. However, it is hard to directly use because of the mathematical
complication. The whole cases as failures (r 2 1) and no failures (r =0) need to be separated.
Consequently, it is possible to acquire a comprehensible sample size equation that might
provide the mission cycle after proper assumptions.

In choosing the model parameters to maximize the likelihood function, the maximum
likelihood estimation (MLE) statistic is a widespread way of approximating the parame-
ters of a model. The characteristic life 7me would be expressed as:

n t_/3

=) = (12)

e
i I

where 71,5 is the maximum likelihood estimate for the characteristic life, # is the whole
number of samples, t; is the exoeriment time for each sample, and r is the failure numbers.

If the number of failures is > 1 and the confidence level is 100(1 - @), the characteristic
life, 70, can be approximated from Equation (9),

2r
Y A ————— N T R 13
Te = 2 or2) ™= 2 (or 4 2) le orr (13)

where yxZ() is the chi-square distribution when the p-value is a.
Assuming there are no number of failures, In (1/ ) is identical to the chi-square value,

£2) [30]. In other words,

o e 2x2 r e 2x2

— ~ dx= - -
222)| v 2Ina| ¥
G
2 2

where I is the gamma function and v is the shape parameter
For r =0, the characteristic life 7. from Equation (13) might be defined as:

2 1 9
s = t/ = t/
T zi(Z)Xg' |n1x;' (15)
a

p—value:a = dXforx>0  (14)
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As Equation (13) is proved for all occasions r > 0, characteristic life, 77o, might be ex-
pressed as:

2 n
P 2 S forr20
e ,%ﬂzr+axgg' e (1o

If the logarithm in the Weilbull distribution is taken, the connection between charac-
teristic life and BX life, Ls, might be defined as:

LA :(In

If the approximated characteristic life of the p-value a, 774, in Equation (16), is changed
into Equation (17), we acquire the BX life formulation:

1 2 :
LA =(In ]x x» tf
*U1x) 2 (ar+2) % (19

1
an” 17)

1-x

As nearly all life testing commonly has inadequate samples to approximate the life-
time for the assigned failure numbers that might be less than that of the sample size, the
plan experiment time can begin as:

nh”? Zztiﬁ z(n—r)x h” (19)
If Equation (19) is exchanged with Equation (18), the BX life equation might be rede-
fined as:
1 2 1 2 «
PRTHES W ERNAES N SV VP
1-x) yZi(2r+2) 1-x) y2(2r+2)

If Equation (20) is rearranged, the sample size formulation with the failure numbers
can be defined as:

2 * \ P
nzZ“(2r+2)x ! X Le +r
2 ( 1 j h 21)
In—
1-x
2 2 3
2r+2 -
22 +2) );(r+1) INL—X)" =X+ —+—+--- =X
Because for a = 0.6 and ,
the sample size Equation (21) can be simply close to:
* \/F
L
nZ(r+1)x1x[?B] +r (22)
X

where the sample size formulation can be restated as n ~ (failure numbers + 1)-(1/cumula-
tive failure rate)-((target lifetime/(plan testing time)) * g +r.

If Equation (11) is attached to the plan testing time #, Equation (22) might be replaced
as:

1 (LY
n>(r+1l)x= B +r 23
( )XXXLAFha] 23)

If the lifetime target of a mechanical system such as the compressor in a domestic
refrigerator is assigned to be B1 life 10 years, the operation cycles might be attained for an
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assigned set of samples subjected to the (impact) loading. In parametric ALTs, the design
flaws of the new product might be recognized to fulfill the lifetime target.

2.4. Case Study— Reliability Design of a Newly Designed Compressor in Domestic Refrigerator

Unknown specified customer usage conditions and patterns, the suction reed valves
in a compressors utilized from the marketplace were failing, causing to the compressor
failure. Because the function of refrigerator including the compressor was lost, consumers
would request to have the product changed. To answer the issue, it was critical to identify
the failure mode of the compressor in the room or building equipped for scientific
experiments. Apparently, the problematic compressor returned from the marketplace
would have had apparent design defects: (1) Suction reed valve had an amount of overlap
with the valve plate; and (2) The valve plate had a sharp-edged. As the suction reed valve
impacts the valve plate, it will fail in its lifetime (Figure 6).

(b)

Figure 6. Fractured suction reed valve: (a) Valve plate and suction reed valve in compressor (b)
Failed suction reed valve form the field

To stock the nourishment natural, the refrigerator is to supply chilled air from the
heat exchanger such as evaporator to the freezer (or refrigerator) sections. It includes
compressor, a condenser, a capillary tube and an evaporator. The refrigerator in a vapor-
compression cycle acquire work from the compressor and moves heat from the heat
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exchanger such as evaporator to the condenser. A capillary tube manages refrigerant flow
and releases the elevated pressure in the condenser to the low pressure in the evaporator.
A compressor expands the pressure of the refrigerant (Figure 7).

Warm
Environment
T,
Q.
T
3 T.< 2
Compressor Saturated 2
Condenser LIQUId
\
W,
Capillary c
Tube g L 3
Evaporator
e 1

Te
; Saturated Vapor
T, Q. s
Cold
refrigerated
space
(a) (b)

Figure 7. Compressor in the vapor-compression refrigeration cycle: (a) refrigerator cycle, (b) T-s
diagram.

Compressors in a refrigerator thus are subjected to repeated stress due to pressure
loads. If there is a design fault in the structural system that causes an inadequacy of
strength when the loads are exerted, compressor may suddenly be unsuccessfu in its
anticipated lifetime. After recognizing the system failure by parametric ALT, engineer can
attain the the design of compressor shape in the best or most favourable way and choose
a material type so the compressor can support repeated loads and its lifetime can be
increased.

In a typical refrigeration cycle, it is required to decide both the condensing pressure,
Pc, and evaporating pressure, P. when load examination is performed. These pressures
rely on surrounding states, consumer usage states, and heat exchanger size in the
preliminary design phase.

The internal stress of the compressor relies on the pressure difference between
suction pressure, Psuc, and discharge pressure, Pais. In other words,

AP=P, —P, =P -P (24)

suc —

By reiterating the duty cycles, the mechanical system such as compressor experiences
the controlling repeated stress. Under elevated states, the life-stress model (LS model) in
Equation (10) can be restated as:
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_n E ) E
TF = A — = AAP —A
(S) exp( T J ( ) exp( T j (25)

where A is constant, k is Boltzman’s constant, Es is the activation energy, T is the absolute
temperature, 1 is the quotient and A is cumulative damage exponent in Palmgren-Miner's
rule.

So the acceleration factor (AF) might be defined as:

y;
AF (S_ME_(LQHQ {5(1_1]}
S, k{T, T, AP, k{T, T, 26)
where S1 (or P1) is mechanical stress (or pressure difference) under elevated states, and So
(or Po) is mechanical stress (or pressure difference) under typical states.

For a compressor system in a domestic refrigerator, the representative operating
states were for a consumer span from 0 to 43°C with a humidity varying from 0% to 95%.
Design circumstances for functioning presumed the compressor system was subjected to
0.2 to 0.24g of acceleration.

As the compressor works, the suction reed valve will operate to permit refrigerant
to stream into it. A compressor is anticipated to cycle on and off 22 cycles per day. A worse
case senario was also replicated with on and off 98 cycles per day. Under the worst cases,
the compressor functioning for 10 years may occurs roughly 357,700 usage cycles.

For the worst case, pressure difference was 1.27 MPa and the compressor dome
temperature was 90°C. For parametric ALT, the pressure difference was increased to be
2.94 MPa and the compressor dome temperature also was increased to be 120°C. With
accumulative damage factor, A, of 2, whole AF calculated from Equation (26) was 7.3
(Table 3).

Table 3. Compressor ALT conditions.

System states Worst Case ALT AF
Pressure (MPa) High-side 1.27 2.94 5.36 (1)
Low-side 0.0 0.0
AP 1.27 2.94
Temperature (°C) Dome 90 120 1.37 (2)
Total AF 7.32

=D = @)

The test cycles of ALT computed from Equation (23) were 49,000 cycles for 100
sample units if the shape parameter, 3, was assumed to have 2.0. The parametric ALT was
designed to assure a lifetime target — B1 life 10 years — with approximately a 60% level of
confidence that it would fail less than once during 49,000 cycles. We also applied the duty
cycles of pressure difference between suction pressure, Psu, and discharge pressure, Pais.

To evaluate the design of compressor, a simple vapor-compression refrigeration
cycle was constructed. It included a compressor, condenser, capillary tube, and
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evaporator. Two 60-W lamps and a fan continued the temperature in the enveloped
fiberglass package. A thermal switch affixed on the cover of compressor managed a 51
m?/h axial fan. The experiment states and their limits were established on the control
board. As the test started, the high-side and low-side pressures were noticed on the
pressure gauge or arrangement screen (Figure 8).
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Figure 8. Apparatus for the parametic ALTs.

3. Results and Discussion

A sample in the first ALT (n = 100) locked at 10,500 cycles. The affirmed shape
parameter, £, formed from the market data, was 1.9. The forms and positions of the failure
in the samples from the first ALT and the field were alike (Figure 9). The fracture
originated from design faults of the suction reed valve: (1) had an amount of overlap with
the valve plate, (2) had a sharp-edged on the valve plate, and (3) used a fragile material
(Figure 6 & 9).

(a) (b)

Figure 9. Fractured suction reed valve products from the markeplace and first ALT: (a) Fractured
products from the markeplace, (b) Result after first parametric ALT

As the suction reed valve repeatedly hit the valve plate, it abruptly failed in its
lifetime. The primary failure mode of the compressor was locking due to the fractured the
suction reed valve. We knew that this systematic ALT method was well-founded for
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identifying the fatigue failure obtained from the marketplace. First, the form of the
fractured suction reed valves from the marketplace and those in first ALT were very close.
And we also knew that the ALT consequences and market failure data showed to have a
same pattern on a Weibull plot (Figure 10).
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Figure 10. Market statistcs and consequences of ALT on Weibull chart.

Refrigerators returned from the marketplace had a main failure mode with no
cooling because the compressor didn’t work. Market data designated that the problematic
compressors may have had design defects. Due to these faults, the repeated pressure loads
could generate unexpected stresses on the suction reed valve, leading it to crack and
propagate it to the end. To identify the dominent failure mode of the compressor,
parametric ALTs were performed. Based on the first ALT and field data, we knew that the
AF and 3 values were 7.3 and 1.95 (Figure 10). For given test samples, the test cycles were
calculated in Equation (23) if product lifetime was ensured to have B1 life 10 years.

In the first ALT, a compressor failed at 10,500 cycles. Breakdown of the troublesome
compressors from the markeplace and the first ALT designated that the suction reed
valves fractured in some areas where they overlapped with the valve plate. The
unsuccessful appearance of the first ALT was very close to the ones from the markeplace.
The experiment results affirmed that the compressor system was not properly designed
to operate the suction reed valve.
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The root causes of the failed suction reed valve originated from the inappropriate
design defects: (1) an amount of overlap with the valve plate; (2) a sharp-edged on the
valve plate; and (3) fragile material (0.178t) utilized in the design of suction reed valve.
These defects might lead the compressor system to fail abruptly as subjected to repeated
pressure loads (Figure 11).

0.1 Overlap
£ - ‘\
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Reed Valve
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Figure 11. Structural flaws of suction reed and valve plate in a compressor: (a) Overlapped suction
reed valve and valve plate with sharp edge (b) Impact load in combination of design flaws when
compressor is operated

To stop the fractured suction reed valve from the repeated pressure stresses within
the compressor's lifetime, the valve plate was corrected as follows: (1) Trespan size, C1
from 0.73 mm to 1.25 mm; (2) Attaching ball peening and brush process, C2; (3) Thickning
the suction reed valve, C3 from 0.178 t to 0.203 t (4) Extending tumbling process, C4.

For the second ALT, three samples locked near 17,000 cycles. The root causes of the
problematic compressor system were as follows: (1) the erode of the crank shaft and (2)
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the intrusion between crank shaft and thrust washer. The design alternation was provided
to the heat treatment on the crank shaft, C5.

In the third ALT, there were no design issues in the compressor system until the
parametric ALT was performed to 49,000 cycles. We thus deduced that the design
alterations obtained from the first and second ALTs were sucessful. Table 4 abridges the
parametric ALT outcomes. With the altered designs, the last compressor system samples
were assured to fulfill the lifetime target — B1 life 10 years.

Table 4. Compressor ALT results.

. 1st ALT 2nd ALT 3rd ALT
Parametric ALT e s . .
Initial Design Second Design Last Design
In 49,000 cycles, there are no problems in the 49,000 cycles:

compressor

10,500 cycles: 1/100 locking 17,000 Cycles: 3/100 locking 100/100 OK

Structure

Action plans

. o

Wear
e ']
\J

Scratch

C1: Trepan size: 0.73
mm—1.25 mm

C2: Attaching ball peen-

ing and brush process
C3: SANDVIK 20C: — FCD500 + Heat Treatment on -

C5: FCD500 + No Heat Treatment

0.178t—0.203t the crank shaft
C4: Expanding tum-
bling: 4 h—14 h

4. Conclusions

To enhance the lifetime of the new compressor in a domestic refrigerator, we evolved
the following systematic reliability method: (1) the system BX lifetime formed the whole
parametric ALT plan, (2) the parametric ALT with design alternatives, and (3) decide if
the last product design fulfills the mission cycles. As a test instance, we investigated the
design of a returned compressor from the marketplace.

In the market and the first ALT, the fractured suction reed valve in a compressor
came from the next design defects: (1) an amount of overlap with the valve plate; (2) a
sharp-edged on the valve plate; and (3) insufficient width of the suction reed valve
(SANDVIK20 C0.178t). As design alternatives, the trepan on the valve plate was enlarged
from 0.73mm to 1.25mm and a ball peening process was attached to remove its sharp edge.

For the second ALT, three samples locked near 17,000 cycles because of (1) the
erosion of the crank shaft and (2) the intrusion between crank shaft and thrust washer. As
action plans, we gave the heat treatment on the crank shaft.

Finally, there were no issues during the third ALT. The compressor systems were
assured to fulfill the lifetime objective — B1 life 10 years. By examing returned products
from the marketplace and performing parametric ALT with design alternatives, the
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evoved systematic reliability method turns out to be successful in enhancing lifetime of
compressor system and securing the reliability standard of the last design were fulfilled.

This new systematic reliability method would be relevant to mechanical systems
such as refrigerators, airplane, automobiles, and construction equipment. To utilize this,
engineers should comprehend why products are unsuccessful in. In other words, if there
are design defects in the structure that is subjected to repeated loads, the product will fail
in its lifetime. Engineers also is required to recognize the load attributes of a mechanical
system so that the parametric ALT can be performed until the needed number of mission
cycles under elevated states. Eventually, engineers can utilize parametric ALT to
recognize and modify design issues of a mechanical system.
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Abbreviations
A Cross-sectional area of the capillary tube, cm?
BX time that is an accumulated failure rate of X%, durability index
Ea activation energy, eV
e effort
f flow
F impact force, kN
F(t) unreliability
h testing cycles (or cycles)
h* nondimensional testing cycles, h" = h/Lg >1
J junction equation
K Boltzmann’s constant, 8.62 x 10> eV/deg
AL Capillary tube length in the two-phase
Ls target BX life and x = 0.01X, on the condition that x < 0.2
N number of test samples
AP Pressure difference between the condenser and evaporator, MPa
PD Volume flow rate in compressor, m3/s
Pe Pressure in the condenser, MPa
Pe. Pressure in the evaporator, MPa
Psuc Pressure at compressor suction, MPa

Puis Pressure at compressor discharge, MPa
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Q amount of energy absorbed or released during the reaction. For the semiconductor
total number of dopants per unit area
Qe Heat transfer by temperature difference in the condenser, kW
Q. Heat transfer by temperature difference in the evaporator, kW
R ratio for minmum stress to maximum stress in stress cycle, Gmin/Gmax
R failed numbers
Rc Thermal resistance in the condenser, K/kW
Re Thermal resistance in the evaporator, K/kW
stress
torque around the hinge kit system, kN- m
T temperature, K
Te Absolute temperature in the Condenser, K
T. Absolute temperature in the Evaporator, K
ti test time for each sample
TF time to failure
X accumulated failure rate, %
x x =0.01X, on condition that x <0.2.
We Compressor power, kW
Greek symbols
& electrical field applied
n characteristic life
A cumulative damage exponent in Palmgren—-Miner’s rule
Ve chi-square distribution
a confidence level
Veue Specific volume of refrigerant at compressor suction, m%kg
el Refrigerant density, kg/m?
o Volumetric efficiency
1) Angular velocity, rad/s
Superscripts
B shape parameter in Weibull distribution
" {alnm )}
stress dependence, N = - —
oIn(S) |,
Subscripts
0 normal stress conditions
1 accelerated stress conditions
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