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ABSTRACT

Considering the current market environment, whempetition can not be denied and the developmerd thust
be even short than ever, the use of advanced exgigdools is mandatory. New products must reaehmarket as
soon as possible otherwise the opportunity willdfefor the competitors. Furthermore, the costuaibn approach
during the design is a mandatory effort and mustdresidered. Concerning those issues, advancedtG#& have
important duty to accomplish this requirement. dsiirtual models created by CAD system and comrakmsi in-

house engineering software (CAE), mainly Finitenad@t Method (FEM), it is possible to simulate theictural

behavior of a mechanical component before its pyptog. Prototypes have high cost in terms of morieye and
production. The objective of this work is to preissome FEM applications on compressor componshtsying its
importance and power in the development of thigl kifiproduct.

1. INTRODUCTION

In an industrial area with high level of competiti@s it is the case of household and commerdiagegation, the
continuous technological development has capitalénce in the companies survival. Due to the higlestment in
global markets, and as a rule, with a big demanteims of efficiency, reliability, robustness, lawise and
vibration, the conscience and concern about suelityeare factor that has delineated the succdsmany
companies. Several faces of the continuous techmmalbqualification process could be explored. ldwer, the
target of what is presented here restricts to dpécs related to the new products development badtrrent ones
optimization, in a typical scene of applied reshar©bviously, it does not discard incursions ia tasic research
field aiming the critical mass increase. In thi&pect, one can see how valuable have become theidat
cooperation agreements made with universities. droeae the very high level of competition, charast&es of
small size and light weight are continuously reegdirfor the compressors applied in the above mestdion
application. On the other hand, there is the reguémt of absolute reliability and robustness. Tihal fuser expects
absolutely no maintenance, and so the very besprammise between these two main characteristicht(higeight
and small size versus reliability and robustnesgdnto be achieved. With the application of CAD/CisBls, and
here we will focus on the Finite Element Method HBechnique, one may be able to perform the opiitidon
looping in the very early phase of the projects] an reduce the expenditure with prototyping anpeexnental
testing. In order to increase the expertise inntleaitioned technique, during the mid 80’s severdlkBburses had
been taken in-company, with the support of a teminagreement with a university. After a period iotial
activities, some specific works had been performesiilting in some hints about components reliahilhainly
restricted to some few parts like the shaft, valaed discharge tube. In a posterior phase, atithis with more
powerful computational resources, a CAD systemtanahinals with graphic capabilities, an in housévsare for
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general purposes called “DOCTUS” (Heinzelmahial., 1989a, 1989b) was developed. This program whstab
execute linear analysis, static and dynamic ofcttines, beyond the development of expertise indtea. The main
contribution of this software was its applicatios @ tool during the development of a compressosinguwith

gains in noise reduction, during the developmemilB€ compressors, in the early 90’s (de BortolR2) The next
step was the acquisition of a commercial softwavith capabilities for nonlinear analysis and fltucture
interaction, in order to increase the possibilibésimulation. Optimization methods integratingthe development
cycle in a mathematical model were also developiedBortoli and Puff, 1998). Experimental methods iar the

same way very important in the components struttwaluation, and so far were internally develog&aertner
and de Bortoli, 2006). Some examples are: fatigstirtg; the measuring of natural frequencies afmlation

modes; and also techniques for stress and straasumements.

2. CAD x CAE INTEGRATION

It is quite impossible to start an explanation abiwe application of CAEFEM tools applied to compressors
project, without taking in account the fundamentaportance of the integration of those with the CABes (de
Bortoli, 2002). In the past, the transference & gfgometric models to FEM programs was done wighue of
universal files like IGES or STEP, as presentecessdtically in Figure 1. With the development of nE&M
platforms, a better integration with the CAD pragswas achieved, making it possible a complete giaf
information between the CAD and FEM model, and weesa. In other words, once the model is generiated
parametric form, it is recognized by the FEM pacekaganslated to a FEM model, simulated, an acogrth the
results, there is the feed back to the CAD progiarnthe form of parameters change. With the nevapaters, the
CAD model can be updated, and again simulated &y-#M tool, and so closing the loop, making it flassthe
automation in an optimization process. Figure 2xshschematically this integration. This is a kestda to increase
the productivity of structural analysis.

CAD IGES or FEM ] ‘
model STEP files model HSlmulanonH Results ‘

New CAD ;

model

Figure 1: CAD x CAE integration in a manual stagetfie beginning).

Optimization Loop

R el e T R
———— -——
—— ————
-

- Parametric FEM
k <CAD model H model Slmulauon Results

-~ -
-
-
e e

—
o e o ——

Figure 2: CAD x CAE integration in an automaticgagpresent status).

3. FEM APPLICATION

Regarding the analysis and project of componerdssgstems for the compressor, it is possible téoparanalysis
of single components, and also for assemblies gsigms. That makes it possible to evaluate seescts like
stresses and strains, fatigue life, contact pressurd perform automatic optimization procedurégure 3 shows
the components, assemblies that are normally amalipy FEM. With the computational advances (softwand
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hardware), great improvement in CADAE integration was achieved and the emphasis igingofrom single
component analysis to systems, were the resultsnare refined. This represents also a significantdase in
productivity, and some processes like optimizat&iatistical approaches and design for six signtaine feasible
(Fagotti et al., 2005a, 2005b). In this article, taking in cons&dion the large range of this issue, only some
examples of FEM application will be presented, agrio make a survey on the method applicationeatttmpany.

Pin X Piston — Cover
Shaft % ~ Conecting rod
9,
Cylinder cover

Discharge tube

Suction muffler Crankcase

f" - Electrical motor
Valves

Acoustic cavity
Valve plate I Ei | Suspension springs

Housing >

Suction connector

Pipes

Base plate Grommets

Figure 3: Compressor components and assembliegzadaby FEM.

3.1 Single Components

3.1.1 Reed Valves: It was one of the very firstligagion of the computational tool in the comprassomponents
project, although there is still a great efforttire development of those components analysis. Euengtrical

simplicity, and the simple type of elements that ba used in the simulation, resulted in fundameamaditions for

the development of the simulation methodology impeessors. Typical FEM application for this companare:

Stiffness and natural frequencies; stress duendibg boundary conditions, and stress due to predead over the
port region. Suction and discharge valves can ielated. Figure 4 presents some results obtainedrie kind of
valve used in compressors (Fagotti and de Bo2600).

c)

Figure 4: Results obtained in valve analysis. a)d#®y stress; b)Stresses at port position; c) Giaral mode
shape
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3.1.2 Crankcase deformation due to machining: Nynmaade of gray cast iron, it is important for theoduct that
this component has enough stiffness for runningditmms and loads. Also, taking in account the ecoical

aspects, light weight and casting facility are dddie, and so a topological optimization processlma used, trying
to achieve these clashing features. Looking thnotlng machining point of view, there are other kifdloads

which can have negative effect on this part thatthe loads generated by the this manufacturinggs So, it
becomes very important to evaluate the robustnksisisofundamental compressor component when stdgem

this kind of loads. Figure 5 below presents the QA&del generated to do such a kind of analysis tla@desults in
terms of deformation obtained. Also residual seedbat can deform the crankcase after its relas@ machining
takes end, can be evaluated.

Figure 5: CAD model for crankcase machining loaalslgsis, and corresponding deformation results.

3.1.3 Shaft Analysis: Regarding hermetic compresgor household and commercial refrigeration, thetemal
used at most for the shaft manufacturing, is tlay gast iron. The main loads that act on this carapbare those
generated during the machine operation, by thespresn the compression chamber. It is well kndwat this type
of material has what we call “micro-fractures”, whiare resulting from the casting process. So lteisessary to
evaluate the stresses and deformation, in ordaallde a good fatigue behavior prediction. Figur@résents an
example of a mesh used in this analysis, with spettention to the refinement necessary in théorewith the
highest stresses gradient, and the stresses oésailhed. It is well worth that before applicatiorthe compressor, a
test take place with static and dynamics loadgyder to do the final approval. The FEM softwargiisthe same
way, very useful to analyze and improve robusteéssacteristics.

c)

Figure 6: Shaft analysis. a) Overall mesh; b) Laeihement; ¢) Stress result.

a)

3.1.4 Base Plate: In the case of the compress@ pkte, when the compressor is finally assembhtd the
refrigeration system, there are no many loads i@t damage this component. Otherwise, during &l th
manufacturing process and transport, there are doaus that can be important such as the intertzaking
process, suspension in the suspended transport@tgiam, and transport (trucks and trains). Itnipdrtant to
consider those loads in the component project, thighapplication of the CAD-FEM tools. The figuresffows this
component and the stresses results for one oKitisof load.
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Figure 7: Base plate model and stress result.

3.1.5 Discharge tube: This is a very important congmt with special characteristics. It communicaitescylinder
cover with the compressor housing, conducting thmpressed refrigerant from the first to the latteris well

known that the mechanical kit is suspended indigehibusing by suspension springs and has relatoxements.
The vibration generated by the eccentric massemglihe compressor operation can not be transfeiethe

housing. So the tube needs to have a certain flisxjtand due to this flexibility, natural frequeies become low,
near the operation frequency, 50 or 60Hz. FEM aisilis a powerful manner for designing this pathwiatural
frequencies that are not coincident with the op@nabnes. Also in transportation, the relative nmoeat between
the mechanical kit and the housing is a stresscediar this component. Also in this case, FEM isuge tool to
evaluate stresses concentration points, and prow@hns to redesign the component and avoid thésteffigure 8
below shows a discharge tube stress result fokimeof load.

Figure 8: Stress distribution in a discharge tullgeted to one kind of load.

3.1.6 Suction connector: Hyper-elastic componeintsiigition is a brand new area of high nonlineardysis In the
compressor there are at least four different pamdsle of rubber, like the grommets, pipe lugs, disgd tube
damper and the suction connector. This latterséduto conduct the refrigerating gas from the saqtiipe directly
to the suction muffler avoiding heating and imprayivolumetric efficiency. For a good performandeere is a
need of a correct deformation behavior, and an @ateqcontact force against the housing. Prototygimgkind of
component is very expensive, with the need of ftiegach new configuration, and the try and testho@ becomes

costly. The use of the FEM methodology brought gamproject velocity and cost reduction. Figursi®ws a
suction connector, and its deformation result.

Figure 9: Suction connector model and deformatésuit.
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3.2 Assemblies and Systems

3.2.1 Piston x Pin Assembling: The piston pin isemsbled with interference in the piston hole, idesrto propitiate

a good fastening. This type of assembling can defitie piston, introducing circularity and otheroes; that may
have consequences on the energy efficiency and pveblems for the compressor, reducing its relighiWith the
application of CAB-FEM tools, one can make a prevision of this defdiona making is possible to actuate on the
piston geometry to minimize this effect. Figure @i@sents schematically this analysis and its rgsiitterms of
deformation. Recently, additional tools were ingyn developed in order to evaluate the errorsebtasn the
deformation results (de Bortoli, 2005).

i ostion |

Figure 10: Schematic view for piston x pin assemphnalysis and deformation result.

3.2.2 Mechanism Deformation in operation: During tompressor operation the whole mechanism is ctgiojeo

the loads becoming from the gas pressure, actuatintpe valve plate and on the piston top. Alsoanetectrical
forces, due to the rotor x motor misalignment app&wonsidering these loads, it is important to daevizole
mechanism evaluation, assembled, providing cooahections between the components like pistorirdsr, pin

X connecting rod, connecting rod x eccentric, thivesaring and shaft x crankcase. The expectedtsefain the
analysis are the deformation levels for differepemting conditions, that can be used as dimensjoparameters
for components and clearances. The Figure 11 shbwsmechanism model and deformation results for one
operating condition.

Figure 11: Model and deformation for a complete nagism analysis

3.2.3 Housing Natural frequencies Fluid/Structure interaction: In this case it ispontant to consider de
relationship between this component and the oils Ipossible to reduce the project time with theegation of
virtual models for several housing proposals. bhusaice, a fluid-structural analysis is performednder to identify
the housing response when excited. It is possibctuate very quickly when dealing only with matkthickness.
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We also use a scanner to digitalyse the final covapts in order to compare predicted results widh dhes
obtained with the final stamped component, which lcave some variation in thickness due to the psdeigure
12 shows the result for a housing modal analysis.

Mods Mesh (1] Mol esh (1] Mol Mesh (1] Mode Mesh (1)
[C]: Cotslec Hocs at 3723.957 He  Normal Component) Coupled Modes || [CI: Couped Moses at 3723 957 He (Normal Comporent) Couplect Hockes J: Coupled Moses at 3723.957 Ha (Normal Comporent) CoupletHocis || [ Couplet Hocis at 3723957 Hz ( Normal Component) Coupled Modes

1.389E 004 1389E-004 13896004 1.389€-004

1.130E-004 1.130E-004 (¥ 1130004 1.130-00¢

8705E-005 87056005 87058005 87056-005

5i126-005 61126-005 61126005 61126-005

3520€-005 35208005 3.5208-005 35208-005 !

2269E-008 92698008 | 42598005 9269E-008

-1.686E-005 -1665E-005 -1 6B5E 005 -1.665E-005

4258005 -4258E-005 42586005 ~4258E-005

z ~5851E-005 z -6851E-005 -BE51E-005 ~5851E-005

Figure 12: Housing natural modes analysis

3.2.4 Suspension Springs: The most commonly kinduspension used in hermetic compressors for holgseh
refrigeration is the one that uses 3 or four hekpaings together with metallic or plastic lugheTmajor cause for
spring failure is the starting and stopping of teenpressor during the system cycling. When comprestsirts and
stops, torque caused by the motor accelerationbgnthe remaining compressed gas, make the mechddica
displace inside the shell, creating a repetitivengpdeformation. So, springs have to be desigoeksist in this
kind of fatigue exposure. The main steps for eulgathe springs safety factor are:

e Measure mechanical kit displacement;

e Simulate spring x stoppers displacement, and oltainess behavior;

» Determine Goodmann - Gerber safety factor.
Figure 13 shows and example of spring simulation, stress result.

Figure 13: Suspension spring analysis

3.2.5 Cylinder cover, valve plate and gasket afslyShe compressor manifold assembling has an émter
complexity, due to the different type of materiedgolved. Starting with the cylinder commonly maafegray cast
iron, then there is a thin gasket, followed by tleve plate normally sintered. Another gasket aimallfy the
aluminum cylinder cover completes the assemblinly.those parts are fixed by the bolts. Several citnal
phenomena are involved, such as gasket irregufarrdation, creeping, bolts torque transference sman. As
results from this kind of assembling analysis, ea@ find out the cylinder cover and valve plateodeftion,
gaskets pressure distribution, and other data.r€&ig4 represents the main results obtained with kimid of
analysis.
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C149, Page 8

AN

7

Figure 14: Results of a manifold system analy9ig.adal deformation; b) Valve plate deformation;@yjlinder
gasket pressure; d) Cylinder cover gasket pressure.

3.3 Statistical Approaches and Optimization

3.3.1 Probability Design System (PDS): The worlchig “nominal”, neither “the worst case”. One oktmost
recent applications regarding FEM methodologyhis probabilistic analysis of components and assembhot
only considering the dimensional ranges, but aeowariability in material characteristics and thwact of the
dimensional variability on the results. It is pnetsal an example of this methodology applicatiomdu® evaluate
the final aspect of the compressor discharge valssembling, were manufacturing tolerances and rahter
variability were considered. It is also possiblevarify what are the parameters that most influeincthe valve
stiffness, as the total length, components thicknealve positioning, etc. With this analysis sitpossible to define
those parameters which have more influence initred fesult. In the other hand, it is also possitdeopen the
tolerances for the parameters that are not so i@piorThe Figure 15 depicts a FEM model used in amaysis,
and the Figure 16 the results obtained, in termthefobjective sensibility to the analyzed paraméBosco Jr.,
2005).

Figure 15: FEM model for the valve assembling philtic analysis.

AN
Mean Values of Samples AN
Result Set RESULTAD Rank-Crder Correlation Sensitivities
Result Set RESULTRD

(S )
™ e
o m o

Bl % _ 151 Output Parameter RIGIDEZ
Nurber of sanples

Figure 16: PDS analysis result.

3.3.2 Design of experiments (DOE): When developingnew product or conducting a component reliability
analysis, it is necessary to deal with the intdnairiation of some of their characteristics, alsth @ great amount of
uncertainty sources. These can be for example, rialajgroperties, environmental loads, boundary amtal
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conditions, geometry and assembling imperfectionisgeometric, shape and position tolerances. M@&mreaonost of
the computer aided analysis procedures could als@h a scatter of variations concerning to itvesglcomputer
truncation, element type choice by the analysttaainalgorithm, mesh type and so on. Design of emxpnts
(DOE) is a systematic method for the determinatibthe model’s sensitivity to those variations. Thet step is
the specification of the design variables whosesitigity to variation is to be gauged and then th@ DOE. During
the DOE, the FEM tool runs several simulations dgiagthe values of the design variables and meagheseffect
of the changes on the outcome. In the virtual figld¢an be also called “Virtual Experiments”. D@&so called
experimental design) is a collection of procedwed statistical tools for planning experiments andlyzing the
results. DOE techniques can improve the understgnafi the design, increase the reliability of t@dusions, and
often get a faster answer than trial-and-error xpentation.

3.3.3 Optimization: The automation of the analysigh the use of parametric models, aiming the miration or
maximization of one special characteristic is sbledaoptimization. Several packages, with differemitines have
been developed in the last years, and its apmitcati compressor components design is becoming arwemore
frequent and very helpful. One method for optimats the “Sub-problem Approximation”, which is advanced
zero-order method that uses approximations (cuttieag) to all dependent variables. Other methodglds the
“First Order”, that uses derivative informationaths, gradients of the dependent variables witdpeet to the
design variables. It is highly accurate and worlkdl ¥or problems having dependent variables thay védely over
a large range of design space. However, this metiandbe computationally intense (de Bortoli andf,PL898).
Finally, the brand new methodology in use, is tlen&ic Algorithm (GA), that have been applied tdimjzation
problems in several engineering applications, dad s compressors (da Sileh al., 2004). It is based on the
Darwin’s natural evolution and selection, and wiast foroposed by John Holland in the middle 60'l{&hd,
1975). The efficiency of the optimization by the Givolves the challenge of finding populations witte best
fithess. Which can evolve and survive for many getiens. GA are formulated in order to find glologtimums
(maximums or minimums) into discontinuous spaced amlti-modals, without the necessity of initiatinlge
process with a good initial try (Goldberg, 1989¢[@jandu and Chandrupatla, 1999).

4. CONCLUDING REMARKS

After quite twenty years of activity in FEM, theage very few compressor components that had nat aeelyzed
by this technique. Our experience in this area hpveved during this time that the application of th
CAD-CAE/FEM programs can bring significant advantagé®n correctly applied in the design of compressor
components. It is not a “black box”, an like itcan never be considered. Users of FEM tools aswl ather CAE
methodologies need to have minimum knowledge abmutinvolved mathematical theory, and its limitaso If
wrong inputs are given to the program, in term#afls, boundary conditions and material propertiegainly the
programs will outcome with wrong results. There aegeral challenges that specialists in FEM need & be
aware about. One of them is the cost/benefit matConsidering that in the modeling, simplificagosometimes
have to be done, there is no necessity of mesteshidusands and thousands of nodes and elemehg. hWave to
be done is only the necessary for a reliable religthing more and nothing less. Other big chakersgthe source
of good material properties. One can find in biptephic references, ore also in several interrtes siaverage
material properties. But depending on the deepoki®e analysis that has to be conducted, it i3 wetth to make
some preliminary material evaluations. Statistigatl probabilistic analysis is the third challenfjeis no more
possible to consider only nominal dimensions andraye material properties. Manufacturing toleranass
becoming more and more tighter, and it is very ig@t do determine which are really important foe t
component and/or system, and which are not. Thi®cbevaluation, can lead to an cost/benefit ogtih process,
reducing investments and lowering costs. Finallysad at the beginning of this article, custonageslooking more
and more for better products, with lower energyunegments lower sound and vibration levels, lighteight and
smaller size, without compromising reliability anmbustness. Taking in account all those requirements very
difficult to imagine future simulation scenariostmdut increasing more and more the integration betwCAD,
FEM, CFD- Computed Fluid Dynamics and Noise evaluation pgekapreferably in an unique environment.
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