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Abstract— New designed residential-sized refrigerators
subjected to repetitive random vibrations can bendged
during transportation. The damage consists of fndog of
the tubes between the compressor and condenseearidg
of the compressor rubber mounts. As the

Fig.1: Vapor-compression refrigeration cycle
As seen in Figure 1, a vapor-compression refrigmmatycle
consists of a compressor, a condenser, a capillag; and an
evaporator. The compressor receives refrigerantn ftbe
reliability low-side (evaporator) and then compresses andféranthe

quantitative (RQ) test specifications, parametracelerated
life testing (ALT) through sample inspections aondective
action plans was used to identify the key conteodbmeters
for the connecting tubes and compressor rubber sodrhe
shape of failures in refrigerators found experinadiygt was
identical to those of the failed samples in fielcheT
connecting tube fractures resulted from the prolsiéen
shape of the compressor rubber mount. To correesah
problems, the mounts and connecting tubes weresiguked.
The refrigerators with targeted Bl life were expekctto
survive without failure during rail transport. Pamsetric
ALTs were effective in identifying the missing glesi
parameters of mechanical systems such as refrigerat
during the design phase. The reliability design hodt
presented in this paper should be applicable toepth
mechanical systems during transportation.

Keywords— Refrigerators, noise parameter, Transpaidn,
ALT.
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refrigerant to the high-side (condenser) of thetesys The
capillary tube controls the flow in a refrigeratispstem and
drops the high pressure of the refrigerant in thiedenser to
the low pressure in the evaporator.

Key Noise Parameters

N1: Customer Usage & Load
Conditions

N2: Environmental Conditions

Hot —— Vapor- ! Cold
Air | nput Compression Quiput Air
refrigeration cycle

Key Control Parameters

C1: Compressor specifications
C2: Condenser specifications
C3: Capillary specifications
C4: Evaporator specifications

Fig.2: Robust design schematic of refrigerationasys
These components can be put together as a subdgsamb
have an input and output for a vapor compressdedbat is
designed to produce cold air. For robust desighrtiegies, a
robust design schematic of refrigeration systemleysptwo
arrays: one for the control array (design) andatter for the
noise array (loads). As minimizing a signal (oujgotnoise
(load) ratio over the control factors, the conpatameters in
an optimal design can be determined (see Figure 2).
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Fig.3: Typical side-by-side residential-sized rgéiator
As a residential-sized refrigerator transfers hiatn the
inside of the fridge to its external environmetg,function is
to store fresh or frozen food (Figure 3). After gwoing in
factory, refrigerator is transported from one |omat to
another. Modes of transport may include air, naibd, and
water. When residential refrigerators are movedréiy or
automobile, they are subjected to random vibrafimeds.
These vibrations are continually transmitted tortrezhanical
compartment of the refrigerators during transpantat If
improperly designed, refrigerators might lose tHairctions.
Consequently, the refrigerators are designed toisurthe
damage that can occur during transport by usingpcessor
rubber mounts (Figure 4).
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Fig.4: Mechanical compartment: (1) compressor, (2)
rubber, (3) connecting tubes, and (4) fan and cosde
Robust design techniques, including statisticaligtesof
experiment (SDE) and the Taguchi methods [1], Haeen
developed to help improve the reliability of protdesigns.
Taguchi’'s robust design method uses parameter riesig
place the design in a position where random “noéiees not
cause failure and is used to determine the promsigd
parameters and their levels [2-6].
The basic idea of parameter design is to identifiypugh
exploiting interactions between control factors andise
factors, appropriate settings for the control festihat make
the system’s performance robust in relation to geann the
noise factors. Thus, the control factors are assigio an
inner array in an orthogonal array, and the no#szofs are
assigned to an outer array.
However, a large number of experimental trials gsihe
Taguchi product array may be required because theen
array is repeated for every row in the control warrigor a
simple mechanical structure, a lot of design patarse
should be considered in the Taguchi method’s rotastgn
process. Missing or improper minor design pararseteay
result in product recalls and loss of brand nanteeva
In this study, the reliability design of residenhtiafrigerators
subjected to random vibration during rail transgtioh was
investigated. The method includes 1) setting ovVeral
parametric ALT plan for the product, 2) analyzimheg failure
modes of the returned product from the field, and 3
improving the designs of residential refrigeratausing
tailored parametric ALTs with a sample size equatio

Il. LOAD ANALYSIS AND BX LIFE
According to the investigation of company, the gportation
distance of first failure was roughly 2500 km indadys. In
Chicago the 27% among total transported productewer
approximately failed. After the refrigerator mov@@00km
from Los Angles to Boston, the 67% of product wiied
(Figure 5(a)).
In the field, the connecting tubes and the compressbber
mounts in the mechanical compartments of side-bg-si
refrigerators were fracturing and tearing undernavin field
conditions (see Figure 5(b)). Because the tubese wer
fracturing, refrigerant was leaking out of the tspevhich
resulted in loss of refrigerating capacity. Fieltalindicated
that the damaged products might have had structiesign
flaws that prevented protection from repetitive dam
vibration loads during transportation. These desilgivs
combined with the repetitive random vibration loatiging
shipping could cause a crack to occur, and thusltrés
failure.
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2500 km ~ 2 days

Total distance 7200 km ~ 7days by railroad ‘

(a) Failed locations in the fiel

(b) Failed connecting tubes in the mechani
compartmer

Fig.5: Fracture of the refrigerator connecting tubes
the field.

During transportation, the mechanical compartment (anc

components in it) in the rear of the refrigeréis subjected to
repetitive random vibration load%$o isolateand protect the
components duringransportation, refrigeratca compressor
rubber mount is usually installetf.the syster for vibration

isolationis improperly designed, refrigerator subjectedh®

random vibration will be fracturedrefrigeratorsmight loss
the function that they supplgold air to the freezer ar

refrigerator compartments (see Figurarkl 6.

v(r)= i Y, sin nw,t
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(a) A refrigerator subjected todserandom vibrations
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(b) Typical intermodal random vibration in the Unit
State
Fig.6: Refrigerators subjected to base random vibrat
and their pwerspectral density.

A random vibration in refgeratiot system is motion which is
non-deterministicRefrigerato is subjected to ride on a rough
road or rail wave height on the water. A measurement of
acceleration spectral density is the usual way pecify
random vibration. As seen in Figure 6.a refrigerator
subjected to base isandom vibratios and their power
spectral density.
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Fig.7: Two-Degree-of-reedom Vehicle Mod subjected
to baserandom vibratiols
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Fig.8: A simplified One-Degree-of-Freedom Vehicle
Model
A refrigerator subjected to random vibration during
transportation can be modeled using the two-degfee-
freedom vehicle model (see Figure 7). As seen gurei 8,
the equivalent model of refrigerator is simplifiast

The force transmitted to the refrigerator can bpressed as
force transmissibility Q [7]. That is,

1+(2¢r )
(L-r2f + (2cry

B _.

(2)

Because the stress of the refrigerator due to randbrations
during transportation depends on the transmittdatation
load F+) from the basis, the life-stress model (LS mod&])
can be modified as:

TF = A(S)" = A(F)” @)

The acceleration factoAF) can be expressed as the product

of the amplitude ratio of acceleratiolR and force
transmissibilityQ. That is,

SV (A (2R s,
3 {2425 e o

The characteristic lifery e from the maximum likelihood
estimation (MLE) can be derived as:
n t-B

|

,71\[/;ILE ) (5

=
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If the confidence level is 100(1 &) and the number of
failures isr = 1, the characteristic lifey,, would be estimated
from equation (5),

2r 2 4
B — - B
Ny = Wye = D} g
“ " xeler+2) x:lr+2) ="
forr=1 (6)
Presuming there are no failurgsyalue isa and In(14) is

mathematically equivalent to chi-squared valééz,—). The

characteristic life,, would be represented as:

2 4 1 <
t_ﬁ:— t.ﬁ
[g’ | InlETiZ:l: |
a

")

forr=0 7
Equation (6) is established for all cageg 0 and can be
redefined as follows:

2
xZ(2r+2)

5= forr=0

234

i=1

(8)

To evaluate the Weibull reliability function, thbaracteristic
life can be converted intio; life as follows:

Lex

Rlt)=e [ 7
After logarithmic transformation,
expressed as:

1
Loy = In— |@”
BX ( 1_)(]@

If the estimated characteristic life gf-value a, 7, Iin
equation (8), is substituted into equation (10), odtain the
By life equation:

B
j =1-x 9)

equation (9) cdoe

(10)

2 1 .
= | t7/
)(j(2r+2)[€n1—xj%:' -

If the sample size is large enough, the plannetingesime
will proceed as:

n
>t/ Onh”
i=1
The estimated lifetimelLgy) in test should be longer than the
targeted lifetimel( gy):

2 Eﬁln 1
xZi(er+2) U 1-x

Then the sample size equation is expressed as:

BX

12)

L2 0 j[hh/} >L5  (13)

Pagd 353



International Journal of Advanced Engineering, Margement and Science (IJAEMS) N Issue-5, May- 2016]

Infogain Publication (Infogainpublication.com) S3N: 2454-1311
)(2(2f + 2) 1 L B be obtained from equation (19). ALT can then bedcmted
n=>24< O [E ij (14) on the basis of load analysis. In parameter AL, rfissing
2 (ml) h parameters in the design phase can be identified.
1-x

M. LABORATORY EXPERIMENTS
The operating conditions for three sample refriggravere
approximately 0—43C with a relative humidity ranging from
" , 0% to 95%, and 0.2-0.24s of acceleration. Based on the
Z f/ﬂ = z ff + (/7 - f)hﬁ > (/7 - /)/7'” (15) field data, the rail transportation was expectedmive a
/=1 /= refrigerator 2,500 km in 2 days. For a total elapse
If equation (15) is substituted into equation (1tB) By life transportation time of 7 days, the refrigerator subv

However, most lifetime testing uses insufficientngdes. The
allowed number of failures would not be as muchhas of
the sample size.

equation can be modified as follows: 7,200 km from Los Angeles to Boston.
2 1 *
L5 2 — Eéln jtﬁn— N =L% (e
Xo(2r+2) U 1-x

Then, sample size equation with the number of failu
can also be modified as:

2 * B
an”(Zsz)D 11 [ELBXJ +r 17)
i

1-x

From the generalized sample size equation (17&firie
testing (or parametric ALT testing) can proceed asndny
failure conditions (= 0). The equation also confirms whether
the failure mechanism and the test method are prope

2
For a 60% confidence level, the first te)ﬁﬁﬁz;ﬁ in equation
(17) can be approximated to ¢ 1) [9]. If the cumulative
failure rate,x, is below about 20%, the denominator of the
1 . .
second term— approximates ta by Taylor expansion. Then

the general sample size equation can be approxmase
follows:

N
nz(r+1)D)12EEL%J +r (18)

If the acceleration factors in equation (4) areeatithto the
planned testing time, equation (18) will be modifees:

* B
nz(r+1)G)12EEiJ +r (19)

AF R,

The reliability of three sample refrigerator wasgtted to be
10 years oveB;. Based on the customer usage conditions, the
operating conditions and cycles of the producip@ns) could
be calculated for 10 years. Under the worst chseobjective
number of cycles and the number of required teslesycan

(a) Horizontal vibration (Left> Right)
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(b) Vertical vibration (Up—~ Down)
Fig.9: Vibration test equipmerfior the accelerated lif

tests
Table 1. ALT Conditionfor accelerated testing of tt
refrigerator
. W AL
System Conditions  orst T AF
Case
5.1
Transmissibility,Q (Fr 5.1
(r=1.0,(=0.1) om e.| ®
2)
Amplitude ratio of 0.2 1 4.1
accelerationR (a;/ap) 49 g 7@
Total AF 45
(=(0x@)?) 2

When therefrigerator was subjected to an acceleration g

on a shaker table, the natural frequencieshorizontal
vibration (left & right) and vertical vibration p < down)

were 5 Hz and 9 Hz ithe package test (Fure 9). For natural
frequency = 1.0) and small damping rati = 0.1), the
force transmissibility had a value of approximatbly from

equation (2). e amplitude ratio of acceleration was 4

(Table 1). Using a cumulativdamage expone of 2.0, the
acceleration factor in equation (4yvas found to be
approximately 452.0. The shagmrameterin the Weibull

chart was 6.41, and the required tangéor the Bl life was
0.01.

WWW.ijaems.com

The test time and the number of samples used i ALT
calculated from equatiofi9) were approximately 40 min and
3 units without failure respectively.Parametric ALT was
designed to ensure a B1 of 10 years life with alm@®0%
level of confidence thathe refrigeratomwould fail less than
once during 40 min thahakes u the reliability quantitative
(RQ) test specifications.

> S

(a) Field (b) ' ALT Results
Fig.10: Failure of refrigerator tubes in the field an®' ALT

resuli.
All refrigerators in theparametricALTs were fractured from
horizontal vibration. Figue10 (a) and (b) show the failed
products from theield and the fractured samples from
ALT, respectively. he photosshow that the shapes and
locations of the failurem the ALT were similar to those se
in the field.

Unreliability, Fit)
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Reproduction of Failure

Fisld Failure
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By =813, n, =2 70E+4
B2=5.00. n, = 37.00

Fig.11:Field data and results (parametric ALT on a
Weibull chart
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A graphical analysis of the ALT results afield data on a

Weibull plot were shown in FigurelParametric AL" was
valid in pinpointing the designweaknesses that we
responsible for the failures in the fieldof the Weibull plot
the shape parameter was confirmed t&.A8.

The design flaws of the refrigerator tlexiperience fractured
tubes between the compressor aotdense areas could be
correctedby modifying the shape of thcompressor rubber

mount and the connecting tube design. The de
improvements corresponded to the missing key cb
parameters (KCPs), as listed in Table 2. Fig.13. Shape of the connecting tube de
Table 2. Cofirmed key parameters based on

Figure 12 and 18hows the redesigned refriger: that has 1)
parameter ALTs

a redesigne@ompressor rubber moushape (C1); and 2) a

Failure Parameters Un redesigned connectingube (C2). With these modified
Mechanism It parameters, second ALTre carried oL The design targets
Random vibration of the newly designedamplis were more than the target life
KNP\ N1 force N of a B1 of 10 years. The confirmed valuesAF andp in
Table 1 and Figure 1diere452.0 and 6.41, respectively. The
Fracturing c1 | Shape of thi recalculatedest time and sample size equation (10) were
Kep compressor rublr 40 min and 3 EA, respective In the second ALT, the
Connectingtube refrigerators were notdcturet.
C2 . -
design
Unreliability, F(t)
8950 T T
T
— A 0 A
bl :
i T
5000 R I D P A 8
1 A1
./ ;‘ 1 . |
Gap Reduction 1000 ¢ e s 1 I —I ===+ 7;_‘
(1.2mm — 0.5mm) T /~—1] @ :Current Design
gt 500 I [ 11| — :FinalDesign
| / | : T
I / ‘
L ;( / 1(““ V 1000
Time I ‘
Py =495 1, =37.01
- - Py = 5.00, n, = 74.74
Ei ’12 gha e of compressor rubber ;)I m(;r m Fig.14. Field data and results of accelerated life tes
9.2 P P u (polymer) Weibull chart

Figure 14 and Table 8how the graphical results of an Al
plotted in a Weibull chart and a summ of the results of the
ALTs, respectively. Overthe course of the two ALTS,
refrigerators with the targeted Bl life were expéctto
survive without failure during rail transpc
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Table 3 Results of ALTs

1'ALT 2" ALT
Initial Design Final Design
In 40 min,
::r(?r::g;izf t?uebe 20 min: 1/3 fracture 40 min: 3/3 OK
9 40 min; 1/3 fracture 60 min: 3/3 OK

in refrigerator is
less than 1

Machine room
in refrigerator

C1: Shape of the compressor

Material and
specification rubber
P C2: Connecting tube design
V. CONCLUSIONS Case studies on the design flaws also were sugheste

Robust methodologies were used to improve thehiétiaof references 11 through 21.

residential-sized refrigerators subjected to réjpetirandom  Nomenclature

vibration loads during transportation. These methagies 8 Random acceleration under normal conditions,
included setting an overall parametric ALT plan for the m/sec

product identifying the failure modes and mechanisms of a; Random acceleration under accelerated stress
fractured refrigerators in the field, conductingseries of  conditions, m/sec

ALTs, and redesigning the refrigerators based @enAhTs. AF Acceleration factor
Based on the products that failed both in the faadd in the BX Durability index
ALTs, the primary failure of the refrigerators oc@d due to C1 Shape of compressor rubber
fracturing of thetubes between the compressor and condenser C2 Connecting tube design
The missing design parameters in the design ph&gbeo F(t) Unreliability
refrigerator were the shape of compressor rubbamtand F ForcekN
the connecting tube. The corrective action plarduaed F1 Transmitted vibration force under accelerated stres
revising the shape of the compressor rubber mouodtthe conditions, N
connecting tube. Based on the second set of ALiBsking FO Transmitted vibration force under normal conditions
occurred in residential-sized refrigerators sulgdctto N
repetitive random vibration loads during transpiiota After h  Testing cycles (or cycles)
a sequence of ALTSs, thg proper values for the desig h"  Non-dimensional testing cyclebf =h/LB >1
parameters were determined to meet the life cycle
. . . KCP key control parameter

requirements—B1 of 10 years, respectively. Inspectif the .

. . KNP key noise parameter
failed product, load analysis, and two rounds of TAL L. TargetB, life andx = 0.01X, on the condition that
indicated that the newly designed residential gefrator was <0 ZB 9 e '

greatly improved using the new robust design medlagges.
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n Number of test samples
N1 Transmitted random vibration force under customer
usage pattern, kN
Force transmissibility, F/KY
Amplitude ratio of acceleration, A\
Frequency ratiop/w,
Failed numbers
Stress
Mechanical stress under accelerated stress camslitio
Mechanical stress under normal conditions
ti  Testing time for each sample
TF Time to failureh
X x=0.01 -X, on condition thax < 0.2
Y Range of sinusoidal base excitations

N n=" = 0O

Greek symbols
T Period of oscillation (time), sec

@ Phase angle, rad

n Characteristic life

w Frequency of oscillation, rad/s

wy Fundamental frequencyy, =2rvs

w, Natural frequency, rad/s

Superscripts

£ Shape parameter in a Weibull distribution

aIn(T,)
aIn(S) l

A Power index or cumulative damage exponent

n Stress dependench,= —[

Subscripts

0 Normal stress conditions

1  Accelerated stress conditions
e equivalent
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