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Prof. Cirus Macedo Hackenberg was bom in the first day of August, 1941, in 
Curi.tiba. Brazil. He received h.is B.Sc. in Cbemical Engineering from Lhe Federal 
University of Paraná, Brazi l, in 1963, tbe M.Sc. degree from COPPEIUFRJ-Federal 
University of Rio de Janeiro, Brazil. in 1965, and the Ph.D. from Lhe University of 
Florida, USA, back in _1969, bolh degrees in Chemica) Engineeri.ng. His thesis work was 
on the "Unsteady Resistance of Spherical Submcrgcd Bodies". He was nominated for Lhe 
Phi Kappa Phi National Honor Society. USA. for academic excellence during his Pb.D. 
studies. He spent lhe year of 1973/1973 as a post-doctoral fellow at Lhe Mathematics 
Department of lhe Imperial College. London. UK. He joined the faculty of thc Chemical 
Enginceri.ng Department of COPPE in 1965, where he developed a brilliant academic 
career until December 1996, when bc retircd. Hc achicved lhe FuJJ Professor position in 
1976 at COPPE. only :15 years old. and !ater at UFRJ, in 1988. At the time of h.is deatb he 
was an lnvited Dislinguished Professor at the Mechanical Engineering Dcpartment of 
EEICOPPE. and Academic Coordinator of the Thermal Engines and Combustion 
Laboratory, at UFRJ. 

His major rescan;h interests were in Applied Mathematics (Moving Boundary 
Problems, Integral Transforms, Functional Analysis, Tensor Ficlds), Two-Phase Flow 
Systems (Direct Contact Evaporation. Them1al Storagc), and Tbennal Radiation 
(Sclectivc Surfaces. Combustion Charnbers, Solar Energy). More recently, his research 
efforts were directed to Lhe application of Integral Transforms in Heat Transfer Problems, 
specially in conjugated radiative-conductive phenomena, in collaboration witb thc 
Laboratory of Transmission and Tcchnology of Heat, at COPPE. Along his career, 
Prof. Hackenberg published more than 85 jouroal and conference papers, supcrviscd more 
tban 40 M.Sc. and D.Sc. thesis at COPPE. and occupied various administrative and 
collegiate positions within the UniversiLy. 

He served in tbc Sci.cnlific Cow1cil of the Intemational Cenler of Heat and Mass 
Transfer, Ankara, Turkey, since 1986. He was in Lhe Editorial Board of tbe Latiu 
American Jow·nal of Chemical Engineering and Applied Chemistry. since 1974, of the 
Latin American Joumal of Hcat and Mass Transfcr, since L975, and fow1ding member of 
the Honorary Editorial Board of tbe Hybrid Methods in Engineering Joumal. ln addition, 
he servcd in the organizing committees of severa! national and intemational conferences 
a.nd meetings. including the First World Congress on Chemical Enginecring, Amstcrdam, 
1976. Hc was elected full member of the National Academy of Engineering in 1991, 
Brazil, in recognition to his pioncering advanced rescarch work in heat transfer and fluid 
dynanlics within the country. 
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Besidcs his qualifications as a rcsearcher and educator. Prof. Hackcnberg wa.s also 
adm1rcd for his dccp and broad culture levei. a~ well as for his personal com:em with hi~ 
studenlS and colleagues, always rcady to a.~sist and. at least, give a good piece of advicc. 
He lcft wife and two daughters. 

Cirus Macedo Hackeoberg was an oul.l;taoding scieotist and human being. We, his 
friends and coleagues of ABCM the Brazilia.Jl Society of Mechanical Sciences. will miss 
bi.m very much, much more than we could put down in words withio Lhis editorial. 
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Analysis of lmpedance Probes Behavior 
Applied to Liquid Film Thickness 
Measurements 
Milton Biage 
Universidade Federal de Uberlândia 
Centro de Ciências Exatas e Tecnologia 
Departamenlo de Engenharia Mecânica 
38400·902 Uberlândia. MG Brazil 

Abstract 

ISSN 01 00· 7386 
Printed ln Brazil 

11 .~tudy of impedance prohes helrm•iur (conducli"e mui capadtive). aimed ai liquid.film thickness measuremenl. is 
presemed. Theory. principh• of operation, calibrarion and error sources are diswssed. This study wa.ç encoura~ed hy 
Jlte nad 10 jlnd /nw·ro.<r solutiotiJ for pmb/ems involl•ing Iom/ ond hwontaneous fluicl measurem.e.nts. The 
uquipment in que.1:tion run he usetlto xttu~,. Jlut liquid-~:?liX inferji.u·e helun:ior and relalftdjlow in.\'lahility. Alxo, resulls 
fOI/ /)(' used for thl' dl"wloJ>Itlt'nt of dosurt• c·nndiritms in rwn-jluid.flow modeling. Analy.çis of rfw pmhes dyiWmic 
hehm•iur "'''-' farried ou/ ernploying lhe experimental results ohtained .for lhe liquid .film .flow on a vertical 
rectangular charl!lel. exposed ro a counter·current J/GS .flow. This s111dy confirmed that the probes presented good 
resprm.re in frequenc :v wul spurial resolutirm. ln fan, they characrerize ejfidently rhe rrw1sition prnce.<s of a 
concurrenf ''' counfer·currenl .flu..-. 
Keyw<1rds: Two·phase Flow. Liquidji/m Tlrickness. Conduc:rive Pmbe. Capacilive Prohe. 

lntroduction 
Film tlow is found in severa! industrial processes. such as: evapomtion, condensation, distillation. 

natural gas mining. oil pumping through piping. fuel injection in internal combustion engine, etc. Due 
to the complex film flow structure in most of tbe applications. ít is necessary to perform experimental 
studies to know about the typical phenomeua in those processes. Mcasurement of the local and 
instantancous liquíd ftlm thíckncsscs is csscótial to understand the flow ínstabilüy mecbanisms ín 
liquid-gas interfaces. ln lhis case, statistícal treatment of lhe instantaneous film lhickness, such as auto­
correlation, cross-correlation, spectral density and cross-spectral density functions ru;e carried out to 
obtain ínformation related to wave formation and propagation. characterizing the tlow transition 
mechanisms as a result. Many studies related to film tlow patterns can be found in the literature. The 
exempla of the líquid tilm tlow on a channel wall with a gas tlow in the oppo~ite direction is Íncluded 
in this paper (Biage, 1989a and 1989b). 

Studies un liquid film Lhickness measurement techniques were pcrfonned by Solesio (1978). Who 
presented a criticai analysis, after s.rudying the advantages and disadvantages of severa! measurement 
method..s. Some of the conclusions described in bis papcr are includcd in this introductioo. 

The liquid fílm thickness can be measurcd by two absorption techniques sharing the sarne 
functioniog of principie: the y rays and lhe X rays. The fírst type of rays are produced by radioactive 
sources, and the second one by X tubes. A source with a constant intensity emits a constant and radiant 
energy beam through the liquid film, which is collected by a proper photomultiplier. Beam intensity is 
attenuated by the liquid film, keeping an exponential relatíonship wilh líquíd thíckne~s . The 'Y rays 
absorption technique present~ the inconvenience of allowing only mean fí lm lhickness measuremenL~. 
Nevertheless. it offers as advantages lhe i<)w cost and small dimension of the dcviccs what makes 
handling easier. On the other hand, the X ray attenuation melhod allows measuremcnt of high frcquency 
phenomena, having also good spatial resolution (bcam diameter of lhe order of 0.1 mm). However, it 
presents as disadvantages high cost, síze and weight, being unsuitable for simultaneous film thickness 
measurement at severa! points of thc llow. 

Olhers techniques can be considered to measure the Liquid film thickness. The Laser diffusion is 
sti ll being developed. The light absorption technique is not appropriate for wavy film llow study and , 
the cost is high. Photography technique requires an specific geometry to iJiwninate the channel, 
preferentially by a laser source. and requires specíal camera positioning. lt has lhe disadvantage of 
measuring the liquid film thickness at only one point at a time, and it is an expensive teclmique. The 
fluorcscence method demand~ lhe ~ame equipment and special assembly as thc photographic technique, 
and it is also expensive. However. Lhe impedance probe allows the liquid film thickness to be measw·ed 

Manuscript received: September 1993: revision received: J(J/y 1998. Technccat Editor: Carlos Alberto Carrasco A/temam 
and Leonardo Goldstein Jr. 
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ar various poants simultaneously wilh low ~.:ost. lt detects high freqoency phenomena, has good 
precislOn and it is not expensive. Although is that it presents a limited spatial rcsolution. 

Conduclivc: probes are: applied w conductor liquid fi lm thickness measurements wbcn lhe liquid 
film is in touch wtth a non-conductor sw-fact::. lt is related to lhe measuremem of lhe conductance of 
portioo of the a Jiquid film Jimited by lwo e lcctrodcs, sited on the wall and in concact wíth lhe liquid, 
distanccd in thc axial flow di.rection. Geometm:ally different shaped probes were used by severa! 
researchers. Hewitt f f a/ ( 1962) and Mikiclewics and Hammit (1974) used rwo disc-shaped electrodes 
instnlled llush wi th the duct surfacc. Van Rossum (1959), Telles and Dukler ( 1974) and Webb ( 1970) 
used rectangl•l::tr-shaped clcctrodes, a lso inslalled tlusb with tlle duct surface. Zabaras (1985) used a 
probe consti luted by two pa.rallcl conduclor wires stretched lhrough lhe ducl. scparated in the axial 
tlow dircction by a dislance. This sort of probc has the inconvetúence or restraining liquid drops in 
between thc two wircs. whal disguises meas urcmcnts oo flows witb disperse drops in lhe ga~-pha~e. 
Van Rossum ( 1959), Wicks {1967), Pashniak ( 1969), Brown ([978) and Qinggen ( 19&4) used probes 
with two e lectrodcs. onc of thcm attached to the duct wall, and lhe otbcr. able to move through a 
micrometer. opposedly ~itt::d. Coney ( IY73) presente<! a theoretical study on conductivc probes made up 
by two rectangular-shaped and two protected guard electrodes on lhe boarders, to makc lhe clcctric field 
two-dimcnsional. 

The conductance probe technique presents the inconveniencc of being applic<.1ble only Ln electricity 
conductor liquids. 1l1c relationship between conductance and liquid ftlm lhickness depends on the 
liquid re~ i stivity, howevcr, this rclationship is a function of lhe impuríly levei and tcmperamre, which 
vary during U1e coursc of thc cxperimcnt andare diflicult to control. Another rclcvant inconvenience on 
conductivc probes is that sensihility decreascs as lhe liquid film lhickness increases, neverthcless, the 
simplicily of this technique is its essential advantage. 

The capacitivc probc is based on lhe mcasurement of lhe capacitance between an electrically 
insulaled conducling c lcctrodc and thc conducling liquitl polarized by an excitatioo electrode auached 
flush to the \\>Cl channel wall. Thc i.mpcdancc of tbe liquid between the cxciling electrode and the 
cooducting elcctrode in cootact wilh liquid is much lower lhan the impedance between thal exciting 
electrode and thc part of lhe conducting clcctrodc in cootact wílh lhe gas. The capacitance between lhe 
electrodc and lhe liquid film is a linear function of lhe liquid ftlm thick.nes1o. This technique. employed 
lo delennine liquid film thickness in the arder of 0.5 mm, flowing on vertical pi ates and tubes, was first 
u&ed by Dukler antl Bergelin (1952). Taylby and Portalski (1960), Ozgu ct a i. ( l973), Chu and Dukler 
(1974). The prohe~ used in these sludics wcre practically similar and were madc up by two e lectrodes. 
one attached to thc duct wall. and the other, capablc of being moved lhrough a núcromcter, opposedly 
siled. Geocrally, this probe setup u:;e!> ele~.:trmles with a relatively large diameler, causiug lhe spatial 
resolulion lo decrease and lw·ning the transition analys is difficult. 

This study prcscnts the experimental sctup, prin~.:iples of work, calibration and error sourccs' 
analyses for lhe conductive and capacitivc probcs. The conductance mcasuring probe presenls ao 
original pancrn being constituted by two cylindrical electrodes, flush with the channel surface, having 
two guard elcctrodes in the outside edge. to eliminatc edge effects. ln addition, a mini-probe, which 
penniL~ dthcr temperature effects or liquid c hemical composition changes to be correclcd, is used. 
Advantages of this probe are that it is almost insensít.ive to te mperature, lhe cost is lower. allows 
instantaneous mca.~urements in severa( positions, and has a response of high frequency. The capacitive 
wiJ·e probc. is constituted by of an electrically insulated conducling wire stretchcd through tbe liquid 
fi lm (0.1 nun wirc diameter) and an cxciting electrode atwcbed flush to the wet channel wall. This 
probe configuratioo is original and pn:sents a response of high frequency, good spatial resolution and is 
almosl low sensitivity to thc liquid tempcralure. The use of lhis configuralion improves the probc 
sensitivity, due lo more meaningfu1 capacitancc changc:s, besides providiog a better spatial resolution. 
dueto the small wire diameler. 

The analysis of the probes dynan1ic bchavior was carried out wilh lhe c1tpcrimental results from the 
liquid lilm llow through a vertical rectangular channel , cxposcd to a countt::rcurrent gas flow. The study 
confinned thc probes good response in frequency and spatial resolution, characterizing efficiently the 
transi tiun process l'rom a concurrent to a counter-current flow. 

Conductive Probes 
The conductancc technique is applied to an electrically conductive liquid flowing on a 

non-cooduclivc wall. TI1c conductance of a film portion between two e lectrodes is mcasurcd. The 
clectrodes can be mountcd in two ways: ( i ) a~ a nush wilh Lhe channel surface, and ( ii ) as two parallel 
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wires. perpendicular to the tluid tlow. The conductive probe setup in t:lüs work has cylindricaJ-shaped 
exciting, measuring and guard el.eclrodes. ln addition, it has a mini-probe, which permits eilher 
temperature effects or liquid chemical composition changes to be corrccted, is used on it. 

exciting ond 
meosu~~ electrodes 

g~Jord 
electrodes 

isolont (a) 

exciting 
eleclro<1es 

isolant ( b) 

Fig. 1 Coney' s probes: (a) with parallel rectangular electrodes, (b) with one electrode segmented (lhe 
measurlng electrode is placed between two guard electrodes). 

Coney (1973) presented a theorerical study for a two-dimensional geometry and for a uniform film 
lhickness. ln this study, the conductance, G. is defined as a function of the uniforrn film Lhickness, h, 
probe geometric parameters and Lhe liquid condu<.:tivity. o: 

(1) 

where a. L. À.J and À.2 are as sbown in Fig. I, and f is a function to be detennined. The mm-dimensional 
forrn of Eq. I can be wrirten as fo!Jows: 

* G * * G =-= f (h ,t..,,"A. , J 
/(J -

(2) 

where h* ='lfa. Th1. dete1mination of f* theoretically or experimcntally allows establishing a relationship 
between G and h . 

Figure 2 shows Lhe lheoretical relation between a* and h*. obtained by Coney ( 1973), for various 
À= À 1 =À2. 1t can be seen that when the electrodes are close to each other (decreasing /...), lhe probe 
becomes saturated for a small h*, which charactcrizes a decrease of the measurement interval of h. The 
rclationship bctween G and h allows lhe calculaLion (lf Lhe error óhl h, as a function of the error 
ô.G/G: 

(3) 

where p is the error fa<.:tor which can be determined from Eq. 2 and Eh is lhe relative error of h. 
For noo-saturation h, thaL depends of À., as shown in Fig. 2, p is small and invariable. When 

saturation is reached for a rclatively high h. Lhe factor p increases considerably and, consequently, Eh as 
wcll. 
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1 o 
c A • 1 1 
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o o 

o 10 20 30 40 so 
h 

Fig. 2 Probe characterlstlca for various i. (N=i.1="-2l· 

h should bc mcntioned that a t wu-dimen~ional model is valid only when distances betwecn lhe 

extcmal edges of the electrodes ( a/-...1 and a').. 2 ) are small in comparison with the lcngth L .However, if 

two guard elcnroues are used. thc real bchnvior approaches Lhe two-dimen:.ional thcoretieal behavior. 

even for a rela ti "ely h.igb a/-...1 L . 
The load tr.msfer between th.e electrode ~olid surfaces and Lhe liquid filtn are impurtant parasitic 

phcnomenon to bt: considered. This doublc laye r phenomenon is characterizcd by a transfer of electrun~ 
betwecn thc two ion layers. The electron transfer happens in between the elcctrodc surface and the 
liquid film surfacc which it is in cunLacL wiLh (Coney. 1973). 'Nhen voltage is applied. the· cxciting 
electric currcnt wül bc a fuuction of the liquid film rcsistance and the capacitive cffect producc.d by thc 
double layer. Thc liquid rcsistance is a funclion uf thc fi lm th ickncss. ln practice. the equivalent electric 
circuit can be represented by a serial connection of a eapacitor and re~isLor. Ln this case, the excitation 
frequcncy influences lhe liquid fi lm thickncss measurement. The exciLation frcquency has to be high 
enough. so that thc capacitive impedancc may bc ncgligible compared to Lhe re.~ist ancc produced by the 
liquid lilm thickncss. Moreover, electrochetnical cffccts of thc double layer mu;; t he considered. These 
effect~ are minimizcd when the exciting signal is altcrnatcd and Lhe signal frequency is boosted. 

With this type ui' probe. an increase of I OC in Lhe liquid Lempcraturc incrcases its conductivity by 
2.5% (Concy. 1973). Thus. a srnall tempcrature change in the liquid leads to a ~ignificant mea~urement 
error sincc Lhe conduct.ance i~ proportional to the liquid conductivity. Concy ( 1973) suggest:. thaL 
Lemperaturc cffccts should be com:cLed hy mcans of a complementary probe. Thc current l tra.nsm.itted 
by the correcting probc and thc current I,. t.ra.nsmincd hy lhe measuring elcctrodc are proportional to lhe 
liquid conductivity. Therefore. the ratio 

(4) 

is only a fuoction of h. ln the Lheoretical analys is of Coney ( 1973), no studics wcrc ma.de on either Lhe 
Lemperaturc cffcct on t11e liquid condut.:Livity or on the use of an adequate excitation frcqucncy. Besides 
what. none of rcscarchcrs used this kind uf probe. 

Capacitive Wire Probe Principie 
This techniquc is based on Lhe mea~urcmcnt of the capacitance existing betwcen an electrically 

conducting wire insulated with a Teflon coating, strctchcd through the liquid film and thc conducting 
liquid which is polariz.cd by an exciting elect.rode attachcd flush to the wet channel wal l. The Liquid 
impcdance betwecn lhe cxcitation electrode and the part of thc wirc immersed in tht: liquid is much 
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lower than lhe impedance between tbat electrodc and lhe part of Lhe wire iromersed in lhe gas. Thus, lhe 
film Liquid mcasw·emcnts are not affected by the presence of gas flow. The capacitance between the 
wire and the liquid film is a linear function of thc liquid fLim th.ick.ncss. Th.is probc offcrs thrcc 
advantages: 

• The relation between the capacitance and lhe liquid film lhickness is linear, allowing lhick 
liquid film measurements without saturation. (Cooductive probes attached Lo tbe duct wall 
become unnoticeable when the film is very thick.); 

• Spatial resolution is equivalent to the wire diameter, allowing high resolution measurements: 
• Temperature effeds are much milder than for conductive probes. The non-conductive Tellon 

permitivity coating is a function of the temperature, namely. 0.5%flC. while the water 
wnductivity variation is 2.5%~°C. The temperature cffect for Lhe capacitive wire probe is five 
times smaller than that of conductive probes. However, this effect for the capacitive wire probe 
is !.5 times higher if compared to the llush conductive probes witb temperature effect 
corrections. (Figs. 13 and Eq. 13). 

A disadvantagc of thc capacüive wire probe is thc flow distw·bancc, bolh in lhe liquid and lhe air. 
According to Gagliardini (1986), wakes witb Iengths of about 50 mm are produccd by tbc wirc in the 
flow. 

Severa! kinds of electrodes have heen used in prohes for measuring liquid film thickness hy Lhe 
capacitive principie, as showo by Rogovaya et ai. (1986), Ozgu et ai. (1973), Solesio (1978) and Sun 
( 1982). None of lhem, however. used a capacitive wire of a smaU djameter iustalled transversely in tbe 
duct to make the measurement as local as possible, as we bave used. The electric diagram used in this 
study is presented in Fig. 3. The panuncters indicatcd in this figure are as follows: R,. is Lhe equivalent 
liquid film resistance between lhe excitation elcctrode and the wire; C."' is the capacitance between the 
liquid film and Lhe insulated wire; c. is Lhe capacitance of Lhe wall, which in this case is Plexyglass; C,. 
is the counteraction capacitance of the amplifier; R., is the counteraction resistance; R. is the resistance 
of the generator: Cu and CL, are capacitances of the !ines: and V e and V are Lhe excitation and output 
voltages. The actual electric circuit of the probe (Fig. 3b) simulates the behavior of the ideal circuit 
(Fig. 3.a) only when its operational conditions are as follows: 

Cm 

~~v (bl 

Fig. 3 (a) Capacitive wire probe electric clrcuít (Ideal clrcult) and {b) Actual electric círcuit 

a. The excitation frequency Fe is cornprised in the interval: 

(5) 

Under this operational condition, resistances Rm and RL are negligible and hence, the temperature 
effect is meaningless as well. The elimination of temperature effects on the wall is highly desirablc: 
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b. Thc rcstriction imposcd by Eq. 5 must be foUowcd. 1n addition, the parameters R., C., and C, 1 
also influencc the circuit transfcr function. Thus, an empirical way to sclcct the adcqualc F,. 
range, is measuring tbc cvolution of thc output voltage. V with frequency Fe (as shown in Fig. 
12). 

lf thc opcratioual couditions described above are followed , the transfer f\mction of the system. H. 
rcads: 

V C,..,re +CP 
H=-=---'-

Ve Cm 

(c) 

(b) ~ 

~~/ 
~c2mm 

~.5mmf 
I I 

(d) 

(6) 

Fig. 4 (a) Probe layout, (b) Functional description of each eletrode, (c) Eletrode posltlons and 
(d) Measurement volume. 

From Eq. 6 it follows Lhat the transfer funetion depends only oo C."' . which is a function of thc 
film Lhiekness h, since the remaining parameters are independent of h. Calibratiou consists of mcasuring 
the nonnalizcd vollage (VIVe) as a function of h, cnablmg the dctenniuation of the relation between 
C.,, and h. 

Probe Behavior (Gauging and Analysis) 
Figure 4 shows details of lhe probes used in our study. The measuring station consists of a double 

probe: a capacitive wire probe and a conductive probe tlush to the duct wall. Hgure 4b ~hows eight 
clectrodes, seven of them embedded in the duct waU, making up thc conductive probe. The exciting 
el«:trodc of 1.5 mm diameter (Fig. 4b) is also connecled to the capaeitive wire probe. Furthcnnore, 
there is a me<tsuring elcctrode of 1.5 mm diameter. two guard electrodes, also of 1.5 uun diamctcr aud a 
Lemperature-correction electrode of 0.2 rmn diameler (Fig. 4b). A 0.07 nun diamctcr wirc coatc.d with a 
Teflon insuJating tilm (Fig. 4b) and instaUed transversely across thc chaunel cross-section, togethcr 
with thc exciting elcctrode, make up thc capacitivc wirc probe. 

Thc conductancc mcasuJing t«:hnique is based on lhe conductance measurement berween the 
cxciting clcctrodc and lhe mcasuring electrode (Fig. 4b), separated one from each other by 3.5 mm (Fig. 
4c). The relation between the film couductauce and lhe ftlm thickness, h. is nonlinear. (Fig. 2). Two 
guard electrodes are placed on both sides of the measuring and exciting electrodes (Pig. 4b), lo 
eliminate edge effects. lt is possible to correct lhe temperature eff«:t wilh a small eleetrode (Fig. 4b). 
The small size of this electrode (0.2 mm diameter). associated with Lht: small distance (0.2 mm) 
separating it from the cxciting electrode ensure current saturation for small liquid film thick.nesscs. 
Conductivity variations of lhe sarne magnitude produce intcrference that has the samc proportional 
dfeet on the measuring and correcting signals. Thus, thc temperaturc cffccts are compensaled for by 
dividing Lhe two signals. The spatial resolution of this typc of probe is provided by the measuremenl 
volume (Figs. 4c and 4d). 
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Fig. 5 Measurement process block dlagrams. 

Figure 5 sbows lht: mea~urement process blocks diagram. The upper part shows the chain 
corresponding to lhe capaci1ive wire probe. The signal. generatcd hy :1 voh:~ge source V, and a 
frequency F,. is tr.msmitted through lhe capacitancc C .. lhat is proportional to the film lhíckness. This 
signal is conditioned in lhe following stages: 

• Pre-amplification of the signal, ensuring lincarity between me<ll;uring voltage V, and C,; 

(7) 

where C is lhe counteraction capacitance of l:he amplifier: 
• Rerouting of lhe altematc current signal, to dirninate tbe carrier frequency: 
• A low-pass filter (LPF) with a b.igb cutoff frequcncy (L kHz) wbich pro vides thc instantaneous 

sí"'>nal, and a low-pass liher (LPF) witb a Jow cllloff frequency (0.2 kHz) which providcs the 
mean signal: 
Filtering lhrough a fourth-order Chebychev ft..ltcr(CF) with adju:stablc frequency and a ncarly 
gradcd cutoff. which makcs possible to lower Lhe acquisition frequency. 

The lowcr part of Fig. 5 shows the measuring chain for thc conductive probe. The signal generatcd 
by the vohage V, and frequency r, source is transmitted two ways. On one side, lhrougb a conduc1ance 
G, thal charactcrizes tbe measurement and. on the other síde, through a conductance G,, thal 
characteri7.es lhe correction of the temperature effcct on the water cooductiví1y. These two signals are 
treated io the foUowing stagcs: 

• Thc signal is preamplificd to ensure lineari ty between output voltagcs V, and V, and 
conductance G, and G,. rcspcctively: 

c 
V = V-' (9) '" vo 

where G •. G, are the counteraction conductances; 
• Division of V, by V, in order to eliminate thc temperature effect; 
• The stages not meotioned are similar to Lhe ones described in conncction with lhe chain 

corresponding to lhe capacitive wire probt:. 

Calibration and Analysis of the Conductive Probe 
The conduclivc probe was calibrated in ao acrylic resin box. The box was kept filled witb water and 

the film thickness was adjusted. in steps of 0.005 mm. dísplacing an insulating wall in front of thc 
sensor. Thc insulating wall was driven by a l t.tm pitch screw micrometer. The water temperature insidc 
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the box was kcpt constant. ln order to hmnogcnile lhe watcr tcruperature, the gauging b(IX wa:s pluced 
on a magnetic agitator. 

Thc probc was fed with a 60 kHz altcmming current. This excitation frequency was lixcd within lhe 
frcqucnl·y range ( lO kH 7. < r:e < 75 kHz) in which lhe impedancc produced by Lhe double laycr was 
proportionally negligible conccming lhe resislancc of lhe liquid film (Fig. 6). A.lso, the impedancc 
produccd by tbe capacitance of the material between thc clectrodcs was sufficiently high compared to 
lhe liquid filrn resistancc. Figure 7, cun•es (a) and (b). shows lhe gauging curves for botJ1 probes. 
measurement probe and temperature corrccting probe. respectively. 

3 o..--~-...,...---...,.-----,-----, 
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Fig. 6 Measurlng voltage as a funcllon of lhe excitation trequency. 
The gauging curve was adju:;ted. with corrcction of the tempcraturc cffect by a second-degrec 

polynomial. The dcpcndcnt variable X is delineei as: 

v 
X :-ln( 1 --) 

v .. 
( 10) 

where V is the measuring vol tage and V~ is thc saturnt10n vohage, lhat is, the volt age corresponding to 
a cunsiderably largc film thickness (in 1h1s case IY.6 mm). The ratJo VN!> was used to changc the sei of 
gauging cw·ves into a standard one. not dcpcnding on Lhe gain adju~tment of lhe measuring t:bain. This 
was lhe procedurc adopted by Biage ( J 989a) in h i~ experimental analysis of lhe tloocl ing phcnomenon. 
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Fig. 7 Measurlng voltage as a functlon of lhe liquld film thickness: (a) Measurement probe and (b) 
Temperatura correctlng probe. 
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Figure 8 shows the adjusted curve of one of the probes. It can be seen that the ratio between b and x 
is nea.rly linear and has the sarne vaJue for aU mcasuring stations. The correlation coefficient of tbe 
polynomial i~ 0.999 and the average interpolation error for ali probes is less than 2%. 
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Fig. 8 Gauglng curve fitting for the second-degree polynomial. 

A pitch factor L can be defined as the ratio between the relative 

increments. (AV IV= óG /G)corresponding to a temperalure increment t!.T: 

I = (A: }oo 
c D.T 

conductance 

(11) 

Figure 9 presents lc as a function of h. for measurements with and without temperature corrcction. 
Tlús figure shows that for h=0.2 mm. the temperature effect on the water conductivity can be 
satisfactorily corrected. ln the linear portion of the curves L = 2.44%/°C for measurements withoul 
temperaturc cotTcction. Th.is Ic is vety closc to the caJculation made by Coney ( 1973), who found L = 
2.5%fÜC. For mcasuremeuts with ternpcrature corrections, I, = 0.3%/°C. Therefore, the correction 
attenuates tbe temperature cffcct by a factor of about 8. 
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Fig. 9 Conductance pitch factor for the conductance as a function of lhe liquid film thickness: (a) With 
temperature correction and (b) wlthout temperatura correction. 



495 J. of lhe Braz. Soe. Mechanical Sc1ences- Vol. 20. December 1998 

Similarly to l. a pitch factor I, can be defincd by the ratio betwecn lhe relative fi lm thick.ncss 
in<.."fCmcnt (6h/h) anda com:~ponding tempcrature mcn:rucm (6T): 

I =(!lh )100 
Ir h /!,. '{ 

( 12) 

Thc re lative increment of tJ1c fihn thicknc~s (!!.h/h) is related to the rc lative conductance incrcment 
{6 V IV) by Eq. 3. ln thi ~ cquation. p is estim:sted hy the method of Coney ( 1973) . Figure I O shows I h as 
a fuoclion of h. for measurerncnts with and without temperature corret.:tiun once more. This fi gure 
shows that the corrcction c.:onsidcrably reduccs lJ1c tempcr.tture effect on lJ1e watcr conductivity: for 
mca!iurements within the opcrational range (0.2 rru11<h<4 rrun). 1. is approximately 0.5%f>C for 
measurcments with temperaturc correction. comparcd to an averagc of about 4.10 %f>C for 
measurements without it. 
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Fig. 1 O Pitch factor for lhe llquid fllm thickness as a functlon of lhe tlim thickness: (a) With 
temperature correction and (b) without temperatura correction. 

To highlight thc necd of a temperaturc correction . Fig. ll shows typical curves of liquid filrn and 
air flow temperature as a funclion o f lhe gas superficial velocity, for a gas-liquid counler-currcnt llow 
in a vertical rectangular cbannel (Biage. 1989a and c). Thesc temperatures were mcasured bcfore the 
fluids werc injected into the test channel. in a liquid closcd circuit, with a cooled ~torage tank. The 
figure shows that thc differencc belween watcr and ai r temperatures can grow up to t 8 ° C. Therefore, 
there is an unkl1own lemperature profilc in the liquid lilm d ueto lhe heat exchange bctwcen the liquid 
and air flows. Rc searchers who havc becn using tltis type of probc have not considered tbis. 
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Fig. 11 Temperature at lhe 3.2 measuring position (Fig. 14), as a lunctlon of the superficial gas velocity, 
Jg: (a) llquid film l!nd (b) a ir llow 
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Calibration and Analysis of the Capacitive Wire Probe 
Figure 12 shows the output voltage V as a function of the excitation frequency Fe. The voltage 

remains nearly constant for: 
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Fig. 12 Output voltage as a function of the excitatlon frequency 

1kHz~ Fe ~20kHz ( 13) 

As explained before, for Pe>20 kHz , various parameters such as C~·~· C..,, C,,, c .. and particularly 
R, . h ave an intluence on the transfer function, H. Therefore, the probe was gauged at a frequency 
within the working range. namely. lO kHz, aiming to eliminate the effect of these parameters. 

This probe wa~ calibrated for the llooding experiments carried out by Biage (1989a). The capacitive 
wire probe output voltage wa~ related to the average film thickness, measured with the cooductive 
probe. The experiment is characterized hy a Liquid film flowing downward along the walls of a 
rectangular vertical charu1el and a gas t1owing upward in counter-current. 

Figw·c 13 shows tbe liquid film tlúckness as a fWlction of (VNe), wbere Ve is the excitation 
voltage. The. output voltage (V) was normalized by Ve. to obtain curves indcpcndent of Vc. Ao 
cxcellent correlation coefficient (0.999i was obtained. Thc curve did not show ar1y hystercsis. 
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Fig. 13 Liquld fllm thlckness as a functlon of (VN 
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) for lhe capacltive wire probe 
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Becau~e lhe wirc capacil<mct: (C._l ~~ linearly rclalcd to filrn thid:ness h. lhe rt!la1ive mcrcment on 

h, âh I h . is cqual to relative incremcm 6C,.,".I C,.;,,. = V I V e. A pitch fal: tur fur h l:aJl bc dcfined as 
follow:o.: 

( 14) 

Tht: equality m Eq. 14 wa~ obscrved by Gagliardini (19H6). who found lh = 0.5%/0 C. 

Dynamic Behavior of Probes 

The data obtaincd from a study on a hqu•d lilm tlow. downward~ along thc walls of a rectangular 
channcl, counlcr-currentto a gas tlows are u~ed to evince lhe pro~ dynamic behavior. l'ig. 14 prt:senb 
thc probc~ setting scheme nnd lhe di:o.tam:c in bctween thcm. as well as thc chnnncl length. The probcs 
wcrc mounted along the axial direction and classificd by numbers. Probc 5.2 was mounted near thc 
poinl of liquid injection. and prnhe 1.2, ncar Lhe poim of liquid extraction. 

__ L __ _ . 
I 
I 

3.5 

Q guord electrodes 

~ measuring electrodes 

Flg. 14 Scheme of the test sectlon (ali dimenslon ln mm). 

Thc d)'namic b.!ha\'ÍOr of o.:apac.:ilJ,·e and conductive probes can be obscrved 1n Figs. 15 10 23. Figs. 
15 and 16 show time historie~ of the liqu1d tilm thickness for a ga~ superf1c.:1al \docity cqual9.32 m/s, 
.:lo~~ to tht: tloodmg vcloc.:ity. Thc floodmg velocity represents the ga.~ :o.upcrfkia.l vdocity that causes 
the ~oncurrcnt llnw Lr;msition to thc counlcrcurrent tlow. Thc data shown ÍJl Figs. 15 and 16 were 
mca~urcd ~;imultaneously. 
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Fig. 15 Liquid film thickness time histories obtained with a capacitive probe in the 1.2 position, for 
J1::0.022 m/s, J9=9.32 m/s (close to the Ooodlng veloclty} and L=1.05 m. 

The liquid and gas superficial velocities, J, wit.h k=l or g, are defined by 

J k = Qk • wit.h k=l or g 
A 

( 15) 

498 

wherc Q, is eitber t.he liquid or gas volume tlux per unit of channel width and A is lhe channel cross· 
section. 

• • 

Fig. 16 Llquld mm thlckness time histories obtalned wlth a conductíve probe ln the 1.2 position, tor 
J1::0.022 m/s, Jg=9.32 m/s s (cfose to the tloodlng velocity) and L=1.05 m. 

A comparison belween Figs. 15 and J6 indicates very similar results for all positions, excepting lhe 
average vaJues showed by the two kinds of probes, lightly different. The mean vaJue measured at 
position 5.2 presenls a particularly larger difference between the measurements perfonned by lhe 
probes. It occurs because t1f the highJy complcx tlow patlern. caused by the drop deposition when lhe 
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ga~ ~uperficial vclocil)' approaches thc tlooding vclncity. as lhe ca~>e showed on Figs. 15 ano 16. llte 
drop' are drawn from the gas-liquid interface rn lhe low region of the lilm and carried by the gas lo Lhe 
upper portion~> of thc channel. the drops dcposit on hoth Lhe gas-liquid interface and on thc opposite 
wall of Lhe channe.l, being more intcnse m the region whcrc probe 5.2 i ~ localcd. Duc to the prcscncc of 
liquid on thc chanoel oppo.~ite wall lhe me.rsured film thick.ncss incrcases. since the <.:apacitivc wirc 
probe crosscs thc ducl. Thcrefore, I h i~ reguktr di l f'cn:nce in lhe avcrage thickness is cnus<.:cJ hy an 
umquc flow fe.rture. and not by prnbe errors. lt doe~ not occur with Lhe conductive proht: becausc it is 
noti,·cd only on Lhe channcl wall. Tim. fact will bc cnhan<.:ed better bellow. 

ln general, dynamic rcsponscs for both probe typcs are similar. Howevcr. the amplitudes givcn by 
Lhe capa,·itive protx· 1.2 are much highcr than Lhe llUCS gi\'en by the conduclive probc 1.2. Thi'> fan is a 
conl>çquence of a conductJVC proht: :saturalion cffcct for thicknesse.s abovc 3 mm, as ex.plamcd before. 
Sue h cffect considerably wmpromises thc mcasurcmenl accuracy of conductive probcs. 

~igure 17 shows thc inllucnct: or lhe gas superficial velocity in thc prohahility dcnsity function, 
pdf{h), for both conductivc: ano capadtiv~.: probc;s, atthc position 5.2 and 1.2. n:spectivcly. 

ThC' p<lf(h) is dci'incJ hy 

d
.

1 1
. P(Jr . .,.) 

p ./I 1 ) = mr ---
w~ u· 

( 16) 

where P(h.w) i~ lhe prohability in wbich a numt:ric sequencc. h(t), prc~cnts valucs wilhin the following 
intcrval: 

(l7) 

w bcmg a ftxcd wiodow. P(h.w) ~an be dclíned as 

(H!) 

N,, IS Lhe value numbers of h(l) beyond the intcrval ddintd by Eq. 17 and N is thc total value 
numbcr; of Lhe sequence h(t). 

Figures 17a and 17b 1.how Lhe film stn1cture oht.ained by a conductive and a capacitive probc, 
rc~pcctivt:ly. at the position 5.2. close to the injecLion liquid, for severa! gas superficial velocities. Thc 
filrn sLructure showed by these figures ;trc cnmpleLely similar, for gas superficial velm:ilies lowcr than 
thc flooding vclocily. The pdf(h) rcpresenled by Lhcsc tigures presents a nurmw base that widcns when 
thc gas supcrftcial velocity incrcases. ln Lhe film rcgion. at lhe position 5.2, Lhe structurc of the gas­
hquid interface is constilllled by ripples (small capiJiary waves). This wavc structure changcs when lhe 
gas superficial velocity incrcases, since the rntcrfacial shear stress al.~o increases. As lhe flooding 
,·eJocity is reached. the pdf(h) cha.ractcristic obtained by thc two kinds of probes is signilícantly 
differcnt (curves d on the Figs. 17a and 17b). The pdf<h) obtaincd wiLh the conductive prube 
measurements (curve o on Lhe fig. 17aí shows the maximum prubab1lity \-alue in a Jower value of h(t) 
(comparcd to the other curves for lower J~). This behavior charactcrizcs a decrease of liquid nowiug 
down in thc transition process (Jlooding) due lo the partia! dragging of the liquid film to Lhe channel 
par1 above lhe liquid injcct.ioo. On Lhe other hand, the pdf(h) obtained with the capacitive wire probe 
measurcmcnts {curve d on Lhe Fig. I 7b) does not show the maximurn probability value for a lower 
value of h(l), comparcd 10 lhe other curves for lower Js, as it was expectcd. As explaincd above, the 
drop cJepos•tion on Lhe opposite wall of channel which always take part in the mea.suremcnts of liquid 
lilm wtth capacitive wire probe. causer Lhe averagc liquid mm thickne~s to increasc. This does not 
uccur \\-Ílh thc conductive probe because the phcnomena is noticed only at Lhe channcl wall. 

Figures 17c and 17d show Lhe lilm structure obtained by a conductive anda capacitive probe. 
respccti\oely. at the position 1.2. 0.88 m bdow of lhe position 5.2. The remarks are lhe above, when 
comparing Figs. 17a and 17b. However. the lilm structure in Lhe regiou surrounding positivn 1.2 is 
characlerized by large amplitude wavcs, developed along the channel duc to Lhe gravitational effect. 
Thcsc waves flatten the fdp(h ). due to lhe iotense fluctuation of the film üquid. Additionally. one can 
rcmark observe Lhat lhe liquid film pattems two zones wilh clearly differenl structures the first is a 
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smoothed zone, near the liquid injection poinl, involving position 5.2, characterized by ripples (small 
capillary waves). Thc second zone takcs place close to liquid withdraw. involving position 1.2, being 
characterized by large amplitude waves, that develop along the channel due to the gravitational effect 
(sec Figs. 15 and 16). When J8 gets close to tlooding, the wave amplitudes along the film increase 
(more signiJicantly in the tirst zone). It brings about the homogenization of the interface structure along 
the whole channel, causing meaningful changes in its structures. This fact is responsible for the tlatness 
of lhe pdf(h) base when Jg increases. 
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Fig. 17 lnfluence the gas superficial velocity in lhe probablllty denslty tunction ol the llquld fllm 
thickness, for J1=0.035 mls. (a) position 5.2.(conductive probe), (b) position 5.2 
(capacltlve probe), (c) posltlon 1.2 (conductive probe) and (c) position 1.2 (capacitive probe). 

The hehavior ui' lhe probes being studied is beHer characterized by lime cross-corrclation functions. 
Such sort of funclion is a similarity measuremenl of a variable - the liquid ft.lm thickness, in this 
applicalion - taken in 1wo differcnt positions. Tbus. the similarity of a variable is taken at a certain 
instaut, t, obtai.ncd at a ccrtain position • and its correspondeot value at a later instanl, (t + ·t), obtained at 
a diffcrent positioo from lhe ftrst. Periodic, or almost periodic signs keep their similarity througb time 
and when are spatially dislocated. Therefore, lhe similarity rate is given by the predominance of a peak 
on the intercorrelation curve (Bendat and Piersol, 1986). 

The cross-correlation function is calcuJated. in this study, for samples x(t) and y(t). obtained at two 
different positions and according to the following steps: 
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• Compute the 2N-poinr FFT for a complex number. giving Z(k). for k=O. I, .... 2N-1. where 
the first N poinls in Z(k) are the real part and the last N points are the imaginary part. ln this 
step obtain the X(fk) and Y (fk) v alues that correspond to the finite Fourier transform for x(t) 
and y(t): 

• Compute tbc two-sided cross-spectral density function, S,y(fk.), estimated from 

(19) 

where x· (h) is the complex conjugate ofX(f1) and ~t is the sampling time: 

• Compute the inverse FFT of S,~(fk ) to obtain thc cross-correlatiou, Rxy {rru) for r=O. I. ... , N-
1: 

• Multiply RxyVtJ.t), r=O, I. ... , N-1 , by the scale factor N/(r-N) , 10 obtain the unbiase<.l 
cross-correlation. 

• Thc cross-corre1ation coeflicient func tion. C,('t). is the cross-corre lat:ion norma1ized as follow 

(20) 

where 1: is the <.lelay lime, R.,(O) and R,y(O) are tbe auto-correlation of the x( t) and y(t) samples, 
respectively, with zero delay time. 

Figures 18 to 2 1 show the cross-corre1ation codfic ient function between two successive positions 
for tbe conductive probe and d1e capacitive wire probe, respeclively. The results presented in these 
figures refcr to 1,=0.053 mls and L= 1.05 111. witb J .= 7.84 m/s and J,=8. 19 m/s, respectively. 

Figures 18 and 19 are for J,= 7.84 m/s corrcsponding to the previous floodin g point and figs. 20 
and 21 are for J.= 8.18 rn/s corresponding to the resulting tlooding point. The flooding point represents 
the concurrent flow transition to countercurrent flow. The cross-correlation function prcsented a weU­
defined peak for ali gas superficial velocitie.s studied . Noriceable cbanges are obscrvcd between Figs. 
IS and 20. referred to the capacitive wire probe: and between Figs. 19 and 21, rcferrcd to the 
conductive probe. This changing cross-correlation aspect defi nes the transilion flow. sim.ilarly as was 
observed in Lhe flow visualiz.ation by camera. as described in Biage ( 1989a). It is remarkable that the 
transition tlow describe<.l with Lhe two probes is completely similar. 
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Fig_ 18 Cross-correlation coefflcient function between two successive positions by capacltlve probes, 
for J,::0.053 m/s, Jg"'7.84 m/s and L=1.05 m: (a) between the probes 5.2 and 4.2, (b) between the 
probes 4.2 and 3.2, (c) between the probes 3.2 and 2.2 and (d) between the probes 2.2 and 1.2. 
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Fig. 19 Cross·correlatlon coefficient function between two successíve posllions by conductlve probes, 
for J ,:0.053 m/s, J 8=7.84 m/s and L=1.05 m: (a) between probes 5.2 and 4.2, (b) between probes 
4.2 and 3.2, (c) between probes 3.2 and 2.2 and (d) between probes 2.2 and 1.2. 

We have evaluated thc cross-correlation for a large range of gas superficial velocitics, involving 
superficial vclocities larger than those of transition llow. For ali cases, thc cross-correlation presented a 
peak. characterizing the signal wrrdation cocfficicnt. The delay time, t 0 • determined by this peak 
allows to evaluatc thc wave celerity: 

d 
C=-

'<o 

wherc d is the distam.:e hetween two consccutivc probes. 
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Fig. 20 Croas-correlation coefficíent functlon between two successlve posltlons by capacitive probes, 
for JF 0 .053 m/s, J 0=8.19 m/s and L=l .OS m: (a) between probes 5.2 and 4.2, (b) between probes 
4.2 and 3.2, (c) between probes 3.2 and 2.2 and (d) between probes 2.2 and 1.2. 
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Fig .. 21 Cross-correlation coefflclent function batween two successive posltlons by conductlve probas, 
for J ,:0.053 mls, J,r8.19 m/s and l =1.05 m: (a) batween probas 5.2 and 4.2, (b) between probas 
4.2 
and 3.2, (c) batween probas 3.2 and 2.2 and (d) batween probas 2.2 and 1.2. 

Figures 22 and 23 ~how the wave cclcrity evaJuated by the conduclivc probe and Lhe capacilive wirc 
probe. ln theses figures Lhe max.imum relative crror was 3% for ali range of gas superficial velocities 
studied. AddilionaUy, both probes showed efficicntly characterized the transition from concurrent to 
counter-current flow. a fact Lhat is enhanced in Fígs. 21 and 22 by tbe serious reduction of wave celerity 
during the flooding. 
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Fig. 22 Wave celerity evolutton as a function ol lhe gas superficial velocity , measured by conductive 

probas and capacitive probas, for J,:0.035 m/a and l=1 .05 m: (a) batween probas 5.2 and 4.2, 
(b) batween lhe probas 4.2 and 3.2, (c) batween the probas 3.2 and 2.2 and (d) batween the 
probas 2.2 and 1.2. 
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Fig. 23 Wave celerlty evolutlon as a functlon of the gas superficial velocity, measured by conductlve 

probes and capacltive probos, for J,=O.OS3 mls and L=1.05 m: (a) between the probos 5.2 and 4.2, 
(b) between the probes 4.2 and 3.2, {c) botween the probes 3.2 and 2.2 and (d) between the probos 
2.2 and 1.2. 

Conclusion 
Two k.iuds of probe were analyzed: a capaccttve wire probe and a conductive one, whose main 

advautages are low cost, good response on frequency. and spatíal resolution. The use of two guard 
electrodes on the cdgcs and of onc mini-probe in Úle conductive probe was rather efficient in 
minimizing errors . This k.ind of probc sctup and the experimental study carried out are original and 
relevant for a large number of scicntific and tcchnological applicatíons. Símilarly, the capacitíve probe 
setup used and lhe study carried out is original. The capacitívc probe setup as we used, with a capacitive 
wire stretched along the channel and a exciti11g elcctrode kcpt fbush with thc duct wall, has a particular 
advantage that is not to cause drops retation in tlows with disperse drops jn the gas-pbasc. ln addition. it 
has the advantage of presenting a linear relationship betwcen capacitancc and film tlúckness. and a 
good spatial resolution, without shortcomíngs such as saturalion and signjfjcant tcmperature effects. 

As scen in Lhe analysis, lhe conductive probe performed well when properly designed and suitably 
calibralcd. Thc probe spatial resolution is uirectly related to the liquid film thickness range to be 
measured. Whcn llígh spatial resolution is required. the fiJm to be measured must be sufficiently thin, 
enabling lhe probe to work ln a bigh sensilivity range (see Fig. 2). Moreover, COITecting the 
temperature effect caused by satw·ation, reduces considerably the systematic error measurement. 
Therefore, the two types of probcs presented ln this study have satisfactory performance, while their 
shortcomings depend mainly on lhe tlow conditions. 
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Abstract 
An analwh·a/ modl'l has bem th·w·loped to ndr·u/we lhe .flame geometr\' parameler.< rifa spark igni1ion engine. Tlu! 
modl'l ú bm·rd 011 o disc 1ype combu.Hion clwmher. The Jlwne xemrl<'try mude/ i.< par/ r'( a comrmler program lha! 
sim.u/al<'> the cyc/e nfsl'ark ignilion engines. The mndel requires lhe spark plug lo be located in lhe c:vlinder head. 
und if., position can be anv where from lhe cemer 10 the comer wi1h lhe cylinder fine r. The lffectx of dw .l'park plug 
posilicm "" combu.<tion. f'fni.~sions and petji>rmrlt!Cl' haFe beetl inl•e>IÍ,~a/('d. A pammelric analysis has shown lha! 
c·omhuslion rakes shorll'r J•eriod.' w · lhe spark plug is doser lo lhe cenler . .for whir·h higher cylinder pres.nrres are 
alluin.-il. 11Je perfonnance parame1ers were insensitive 10 lhe plug posilion. bul lower emission Iewis were t·eri{ied 
when lhe plug was loC'aled in Jlu~ com Pr. ExpPYitnfn/s I'Orrit>d ow on a research t!ngine lwve provided lhl' baxic 
infnrnmiion 10 1he t•rogram lo fU'rfunn lhe _,·itnulalions. 
Keywords: lmemal Cmnbus/ion Engines. Combuslion. Mode/s 

lntroductíon 

Thc nec.d of thc automotive industry lo reduce and control emissions, to auend lhe regulation laws, 
conu·a~ts wilh thc always present objective to built more powerful engines. Car manufacturers have 
long beeu trying to overcome the problem by optimizing d1e combustion charubcr design. ln this work. 
the effects of lhe spark plug locatioo on combustiou, cmissions and perfonnancc havc bcen studied 
through simulations made wilh a flame geometry model. Tbc flamc geometry model is writtcn on an 
analytical basis, based on a disc type combustion chamber, of flat surfaces. Tbe spark plug can be 
locatcd at any position in the cylinder head. A spherical flame front propagation is considered. wilh 
center in the spark plug. The tlame geometry model is part of a spark ignition engine cycle simulation 
prngram. SPIE. 

SPIE is a quasi-dimensiooal model. wbich does not account for flow fields and variations in the 
mixture tcmperature and propenies Lhrough lhe combustion çhamber. Combustion occurs according to a 

I mcan flame front model, and the flame stru~.:ture model evaluates the turbulent tlame speed from the 
laminar flame speed and a turbulent flanle speed factor. The model cakulates lhe engine perfonnance 
parameters, such as power, specific fuel consumption and mean effective pressure, the exhaust 
concentration of the rnain pollutant gases (CO!, CO, NO, HC, etc.), and other information relevant to 
analyze the energy conversion in spark iguiüon cngines. Bettcr dcscripüons of thc SPJE program are 
given by Benson et ai. ( 1975), Benson and Baruah (1976) and Sodré (1995). Other quasi-dimensional 
modcls whicb include a flame geometry model are described by Keck et ai. (1982 and 1987), 
Tabaczynski et al. (1977 and 1980), and Brehod et ai. ( 1992). 

Flame Geometry Calculation 
The parameters calcu1aled by Lhe tlame geometry model are the flame surface area and the tlame 

contact areas with lhe cylinder head. cylinder liner and piston crown. These parameters are evaluated as 
a fuuction of ú1e flame radiu.~. The calculation of the llamc radius requires knowledge of the 
combustiou products volume and lhe piston position. Cylinder bore, the vertical distance betweeo 
cyliodcr bead and piston at TDC (top dead center) position, and the minimum spark plug distance from 

Manuscript received: September 1997; revision received: September 1998. Technical Editor: Angela Ourfvio Nieckele. 
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the cylinder liner are also required. Some integrais in lhe analytical processare solved nume rically, as a 
res ult of lheir compleúty. 

There are e ight possible llame positions for a flat combustion chamber, wilh thc spark plug located 
in the cyli11der head (Fig. l ). ln the first case, the tlame is described by a complete hemispherc, 
contacting lhe cylinder head only. ln the second case. lhe flame is a hemisphere cut by the piston, 
contacting lhe cylinder head and the piston crown. The third case features the tlame as a bemisphere cut 
in one side by lhe cylindcr liner; lhe flame cool1lcts lhe cylinder head and lhe cylinder liner. The fourth 
case is a sum of lhe sccond and lhe tllird cases. ln lhe fúth case, the flame is a hemisphere cut all around 
by the cylindcr liner. and do not cont.act the pislon. ln the sixth case, lhe flame is a hemisphcrc cut by 
lhe cylinder liner and lhe piston crown. and contaci.S lhe corner betwecn those surfaces. Case seven is a 
l-um of cases rwo and fi ve . ln lhe eighlh case lhe flame has nearly covered lhe wbole combustion 
chamber, lhe cxccption being lhe farlhest comer from the plug, between thc cylinder liner and lhe 
piston crown. 

CASE 1 

1 

CASE 6 

TDC~ .~~ 
I ,. 
~ l 

CASE2 

_J 
1 

CASE 3 

~ ~ 
CASE4 

' --1 

CASE 6 CA5C 7 CASE 8 

J r· ~1 :=J f -1 r-~i ~~-· 
Fig. 1 Flame geometry for a flat combustlon chamber. 

Only in cases one and two is an cxact solution presentcd for ali tbe parameters. For lhe other cases, 
au exact solution is given just for lhe flame contact arcas with lhe cylinder head (Ach) and the piston 
crown (Apc:). The flamc contact area with thc cylinder liner (A.,1) and lhe flarne surface area (S1) are 
exprcssed in tcnns of iotcgrals lo be solved numerically. ln most of lhe cases, the flame radius (R1) 

appears as an implicil integral function of lhe products volume ( Vb). and is detennincd lhrough the 
upplication of a numerical itera tive method. 

Flame Position Case 1 

Hcre. thc name is al its first stage, and comacts the cylindcr bead only. as it has not developed 
enough to reach the cylindcr liner or the piston crown. This case is lhe first to be considered for any 
spark plug position in the cylinder head, excepl when it is located in the comer (o=Ü). Thc cxpres:sions 
for V. A..,. A_,. A.,.. and Sr are as folluws. 

- R2 A,.,, -n r 

(1) 

(2) 

(3) 

-- Nomenclature - -------------------------
""" flame contact are~ woth 

cylinder head (cm ). 
A.,. flame contact arep, wtth 

cylinder tine r (cm ): 
A.,c liame contact are~ wolh 

piston crown (cm ); 
CO = cartxln monoxlde 

concentration (ppm); 
co~ = carbon dioxide concentration 

(%): 
O cylinder bore (cm); 

h 
HC 

IMEP 

NO 

o 

Rt 

= clearence distance (cm): 
= hydrocarbons concentration 

(ppm): 
= indlcated mean elfective 

pressure (bar) : = nhric oxide concenlration 
(pPml. 

= mtnimum distance lrom 
spar1< plug to cylinder llner 
(m): 

= liame radius (cm): 

St 
TDC 

cx,, .. .,Cf.G 

= liame surfaoe area (cm2
) : 

= top dead center position 
(non-dimensional); 

:. products volume (cm\ 
= distance from piston to 

TDC poshion (cm); 
= angles defined by Eqs. 

(11)·{16) (rad) . 
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Apc =0 (4) 

Sr= 2n RJ· (5) 

ln this case, the tlame radius is solved clirectly from Eq. (I), 

( Y/3 Rr = 3Vb12r. (6) 

Flame Position Case 2 

This is a continuatiou of case L; the flame has now developed enough to contact lhe piston crown, 
although it does not touch the cylinder liner due lo the close-lo-center position of the spark plug. The 
geometric para.mcters are thus given. 

V" = n (v + h )I R} - (v + h f I 31 (7) 

' A, 1, =n Rj (2) 

(3) 

(8) 

(9) 

The t1ame radius can be written in an explicit form from Eq. (7). 

(lO) 

Flame Position Case 3 

This case can he an exlension of case I, when lhe spark plug is located in a more off-center position 
than iu case 2, or the flaute beginning. for a plug located iu lhe comer between the cylinder bead and 
tbe cylindcr liucr. Tbe tlame toucbes tbe cylinder head and the cylinder liner, and has not developed 
enough to conlact thc piston crown. 

1t is now convenicnt to define lhe following paran1ctcrs, as they are goiug to appear frequently in 
lhe forthcoming equations, 

r:x 1 ""arccos{/ o(D- o)- R} 1 I 2Rr(D12- o )J (11) 

o: 2 = arccos{ -1 Rj +o(D -o )J I RrD) (12) 

'1.? = arcco) (D!2j + (D12 -o j- Rj.) .. 1 D(D12 -o) 
(13) 
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IX 4 =arccosl o(D-o)- [R y - (y+hf] l 
2~R} -(y+ hf (D/2-o) 

I

R} -(y+hf +o(D-o)) 
:x 5 = arccos --'--;=====-

D~R} - (y+hY 

l
(D! 2f +(DI 2 -of -~j -(y+ h'f )l 

:x 6 = arccus ( } 
D D/2-o 

The flame geometric parameter:s are then wriucn. 

(14) 

( 15) 

(16) 

VI> = 1{:-t R}- .c I [R}-V(D/2 -oY cos1
:x +o(D - o)J112 -(D/2 - o }cosa rJ12 

d.:x l 
( 17) 

~ ')' 12 , R~ - o(D-o) '" A. -~r = IR[ - (D!2JJ(rr -1X,)+(D12f:x.2-Rr(D12-o /-[ · ( )] · 2Rr D/2 - o 

(18) 

(l9) 

A1" =O (4) 

s, =2Rf {" H./ - L .. ,[ Rj - V(D /2- oJ cos~:x +o(v -o)/112 +(D/2 - n}cosiX rr2 

d:x } 

(20) 

Rr must bc solved hy an itcrative method from the expression for VI>. This process of solution is alsu 
adopted in the suhsequent cases. 

Flame Position Case 4 

Case 4 is a continuity of cithcr case 2 or case 3. TI1e name has reached a stage in which it contacts 
both the cylioder liner and thc pistoo crown. The gcomctric parameters, thco, become, 

VI> =r. (y + h lRj - (y + h J /3 J-
[ J

J/2 11' R} -V(D/2 - oJ cos2rx +o(D-o)J 111 - (D/2-o}cos<X J drt. 
(21) 
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A·l =Dr 
3 ~7- (o!2f -(D/2-o l(D/2 -o)- Dcoso: ]}

12 
do. Jo . 

S f = 2R f {tr (y +h)- r -o: 
1 

[ RJ -(ko/2 - o )2 cos
1 

a +o(D-o )t 2
) 

+(DI 2-o )cos·:x f r 12 drx.} 

Flame Position Case 5 
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( 18) 

(19) 

(8) 

(22) 

Case 5 is typical for a very early ignition, a very late ignition or a slow tlame propagation. The 
tlame has covered the whole cylinder head and contacts ali around the cylinder liner, but has not 
reached the piston crown. This case evolves from eilher case I or case 3. The geometric parameters are, 

(23) 

A'"''=;; (D12f (24) 

A.-1 = D fo ~.l- (D/2 f -(DI 2 -o l(D! 2 -o)- Dcos11. J} 12 
d:x (25) 

A1,( =0 (4) 

s1 • 2R+ R1 - .C[ •i -(kvn-of,,,,, +o(o - or +(D/2-o)co.« J']'" d• f 
(26) 

Flame Position Case 6 

This case is an evolution of either case 3, if lhe spark plug is located in lhe comer (o=O), or case 4, 
for any olher plug Jocation in the cylinder head. Typical of an off-center plug position, lhe flarne has 
completely covered one side of tho combustion chamber. Tbe flame then propagates paraUel to lhe 
piston crown and cylindcr hcad. Tbe foUowing equations describe the geometric parameters, 
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(27) 

{ 
21//2 1 R} - o(D - o) t\.,=I RJ - (DI2YJ(n -~ 1 )+(D12Ycr.r R_r(D12-o /-[ ( )] ( 18) 

2Rr D/2 - o 

A.-t = o{(v+h~ 6 + r:~J -(D12Y -(D12-o1(D12-o)- Dcosrx IJ
11 da} (28) 

A,, .. = [R} -(y+ hy - (D12Y ,ç, - (X .j )+ (D12Y , ... -<X 5) 

( L 1 ( y ~nj [ RJ -(y+ hY - o(D-o) ]
2

)

111 

- D/2-o JI<r- y+h J J- 12 2~} -(y+ hY J (D1 2-o) 

(29) 

[ 
{, )?]111 

2Rf r~: RJ - v(D/2-oY cos2cr. +o(D- u)J' /1. +(D12 -o)cos()! I det. 
(30) 

Flame Position Case 7 

This is an extenskm of cases 2. 4 or 5, and is the ultimate stage of the flame for a cenlral spark plug. 
The flame has covered ali tbe cylinder head, touches ali around the cylinder iincr and contacts thc 
piston crown. Thc geometric paramelers are thus wriuen, 

(3 1) 
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(24) 

A,.,= vfv ~} -(D12T -(D/2 - uÍ(D/2 - o)- Ocos~ Jf 1 
dx (25) 

(8) 

sf = 2Rr{n (y + 11)-1 [ N~ -V(D/2 - uf coirx +o(D - o)/11 2 + (D/2 -o}cosrx rr2 

d:x} 

(32) 

Flame Position Case 8 

512 

This is tbe last stage of the flame for an off-center plug. The fiame has covered ali the combustion 
chamber. except the corncr region between tl1e cylinder liner and lhe pislon crown which is the farthest 
from lhe spark plug. Tbe flame geometric paramelers are so expressed, 

( ~[ , (v+ h r } [ 2 ( ~ (y + h r } ( ~ ) vb = -..v+ h l Rj - - ·-
3

- , - R1 - o 121 - --
3

- 4 - o 121 'Y. 5 

-(y + hXD/2 -o ÍR} -(y +h Y J t 1!/-[ tD -o)- [•~:,(y+hf j ]2)//2 (33) 

2 Rj -(v+hf (D/2-o) 

-1 r[ R} - ([(D/2-of co.<2
• +o(D -o)l" -(D/2 -o}co" r r' <i> 

A,./r=;;.(D12Y (24) 

sr = 2Rj (y+ h X• - :x .~) 

r ..... 4 [ z r.( ~ , ( 11 ' ( v]'1 2 
(35) -2R1 J

0 
Rr -v D/2-o, cos-.x +u D - o)J • + D/2-o)costXJ dcx 
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ln the SPIE program, combustion is initiated with the products volume being considered as a very 
small part of thc total volume in the çylindcr. by a factor of 1/l<f. The flame geomeuy subroutinc 
aJways starts wilh case I, and lhrough a series of tests decides which way 10 follow. The flame 
propagation is detennined by lhe flarne sLructurc modcl. 

Experiments 
Thc tlamc structure model employed by thc simulation program calculates thc turbulent flame speed 

from lhe laminar flame speed and the flame development anglc. Tbc tlamc development angle 
corrcsponds LO the crank angle interval during which the laminar t1ame turns into mrbulent. The flame 
developmcnt anglc and the ratio between the turbulent and the laminar flamc speeds are adjustcd to 
ma.kc lhe caJculated and experimental prcssurc diagrams coincide. The flame dcvelopmcnt angle and 
the flamc spceds raúo were determined from experiments carried out in a singlc-cylinder researcb 
engine. The enginc fcatured a disc type wmbustíon chamber. with the spark plug located near lhe 
comer between lhe cyli.ndcr head and cylinder liner. The baseli.ne engine conditions are shown i.n Table 
L. The tlame speeds raúo and lhe tlame development angle were kept the sarne for ali simuJated plug 
positions. 

Results 

Table 1 Baseline engine condltlons. 

Bore 
Stroke 
Engine speed 
FueValr equivalence ratio 
Compresslon ratio 
lgnition hmmg 
Coolant and lubrlcant temperatura 
Minimum plug dislance to cylinder liner 

76.22 mm 
111.23 mm 
1500 rev/min 
1.0 
8.0 
36 °8TDC 
343 K 
7.53 mm 

Result~ of simulation using the tlame geomctry model are shown next. Thc i.nfluence of lhe plug 
position on the flame related parameters can bc observed in Figs. 2 lo 6. A longcr combusúon time is 
noticcd as thc plug is farther from lhe centcr position, in Fig. 2, which is a conscqucncc of a Jonger 
flaruc travei path. The flame surface arca (Fig. :n and the cylinder liner contact area (Fig. 5) are more 
sensi tivc to lhe plug position than Lhe cylindcr hcad and piston crown contact area~ (Figs. 4 and 6). 
Central spark showed the biggest tlame surfacc arca (Fig. 3), wbile edge spark presente<! lhe biggest 
cyli.nder liner cuntact arca (Fig. 5). 
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Fig.2 Plug positlon effect on products volume. 
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Fig. 6 Plug posltion effect on piston crown contact area. 

Figure 7 shows Lhe spark plug position effects on the indicated power and mean effective pressure. 
lt is obscrvcd that lhere is no significant varialion on the perfonnance parameters when the spark plug 
position is aJtered. Figure 8 helps to explain why. Although a central plug position produces a higher 
peak pre.ssurc. it happens by lhe time Lhe piston is in the TDC position. The volume of the cylinder 
contents varies littlc by this time, being the reason why there is no appreciable implementation on the 
work done. On thc other hand, lhe peak pressure for an edge plug is smaJler. but it happens whcn there 
is a bigger cylinde[ volume variation. ln the end, the work done for ali cases is approximatcly the sarne 
and. consequently, powcr and specific fuel consumption vary little. 
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lt should be mentioned that th is analysis was made base-d on a fixed spark timing for ali plug 
po!.ilions. The engine conditions estabtishe-d in Lhe simulation was set according lo experiments for an 
edge plug, very near to the comer (o/D = 0.0099). ln real circumstances for a central plug, the spark 
timing could possibly have to be retarded. dueto Lhe very high peak pressurc sbown by Lhe simulation. 
This mcasure might be necessary to avoid knock and struclural problems on thc engine. 

Figure 9 shows the effects of varying lhe plug position on exbaust hydrocarbons (HC) and nitric 
oxide (NO). The HC conccntration is seen to be higher for a central plug, and bccomes lower as Lhe 
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Fig. 9 Plug positlon effect on HC and NO emissiona. 

plug is closcr to lhe comer. Comhustion chamber sources, such as creviccs and fuel 
nbsorptionldesorption by lhe lubricating oil, produt:es more unburned HC for higher cylinder prcssures 
(Sodré. 1995). which il> thc case for a centml plug. Prior to combustion, when lhe cylinder pressurc is 
rising. unbumed mixturc is forced into Lhe wmhustion chamber crevices. The trapped mixture is 
relcascd during Lhe expansioo and cxhaust strokes. at decreasing cylinder prcssures, to form unbume-d 
hydrocarbons in the exhaust. An an1ount of Lhe fucl present in Lhe unhumed rnixture is nbsorbed by the 
cylinder luhricating oil during Lhe intake and comprcssion strokes, being rdeased during the expansion 
aod exhaust strnkcs. This fuel will contributc to cxbaust HC, and Lhe amount t.aking part in the 
absorption/desorption process is directly proportional to the cyliuder pressure. The NO formation is 
associaled to high t:ylindcr temperalures (Heywood. 1988). Thc calculated kinetic concentration of NO 
is higher for a l:entral plug because at this condilion higher cylinder press ure and temperature are 
reachcd in tbc chambcr. 

Finally. Fig. I O shows the results for tl1e cquilihrium wncentrations of carbon monoxide (CO) a.nd 
carbon dioxide (CO~). No representativc variatwn is noticed for any of these elements, as they are more 
seusit.h·e to thc mixrure strength rather than to pressure or temperaturc (Hcywood, 1988). Carbon 
monoxide and carbon dioxide are produc t~ from combustion, and although lhe spark plug position may 
slow or speed up combustion (see Fig. 2), it does not interfere in Lhe equi librium between products and 
reactant:.. 
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Conclusion 

From lhe results shown for lhe tel>led condüions. in which lhe spark timing and lhe other engine 
variables wcrc kept lhe sarne. it is concludcd that no implement in pcrformance is achieved by varying 
thc plug position. Combustion takcs a shorter period for a central plug. in which case higher cylinder 
pressures are attai.necl Lower HC and NO emission leveis are reached ii thc spark plug is located in the 
farthcst position from the center, the comer bt:lween the cylínder bcad and the cylinder liner. The 
conccntrations of CO and CO, have shown no variation with tbc spark location. 
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Abstract 
A theore1it·al wwlysi.1 of Wl adwJption-cycle, employing Jm,·-graJe 1hemwl .wurN:.>. Jin· applil'tJtinn to a cooling 
'.l·<lem i1 presf!nled. '/1w hasic jimdamenlal.< o{ atl.wrfiiÚm proce.ue.v and some ccmsiderations a/mui lhe mos/ 
rommonl\' used adsorberu·odsorbate poir in re(J·i11ermion. 1he aclivated carbon-methanol pair. are described. lt is 
1'.1'/ltiJ/isheJ fmm lhe analy.ri.v 1~( lhe IJUJÍII i.wtherms of ad.n1rprimr 1!tt11 lhe /)uhinin-Astakhrll' l'qu.ntion as lhe mns1 
vuiluhlf' l"(/1./lltion of slrlle lo repre.wntlfre a~fsorplion ,,( metlumol in acliva/ed carborr. An expression lo calculale lhe 
lilwmled Irem from the ad.wrptimr process. or 1he isosteric hea1 t~f' adsorption. is deduced and aspec1s related lo the 
kinetics o(adsurption ttrt' al.w .:rmsiJereJ. i\ 1hermodynumic atwly.ris of 1he ali.wrplion cyde luu heen carried ou/ in 
,,der to obroir~ a .ümple t(I/Ío i>en•·ern corul<!nSliiÍOII ll!mt'('rfllure and re~em•rmion Iemperaturl! and 10 evaluate lhe 
coej]lcienr of tlrf•mwl perfnmumce tCOP) of an ideal quadrilhermal machine. Fimtllv. lhe energy eqrutffon for an 
adsorplivt• bed mreracting wi1h other componellls o{ a simple (fjt•cl coo/ing machine tirai opermes a1 moderatl' 
lempt·mwrrs is 8"'''11. an,J .<ome of lht'ir 1.-rms art' dC>'Iailed. '111is 1/woretica/ lma/ysis can be applied to an adequa/e 
modl!iing wul design o{ a re{rigeralion sys1em. hased on 1111 adsorption cydt· operafing from a low-;;rade energy 
source. 
Keywords: Mi,.mporous Media. Ad.mqJfion Potrntial. /susteric Heat. Ad.wn·pri<lll Coolir1g Cvcle. 

lntroduction 

The basic principie of lhe refrigeralion cycle is to transfer an amount of heat from a low 
temperature medium to another at a higher temperature utilizing a thermodynarnic cycle. This heat 
transfer is possiblc since there is an available energy source which can be either mechanical energy 
(compression cycles) or internal energy (sorption cycles). The input energy can come from the 
lhennodynamic conversion of severa! thennal sources and. particularly for sorption cycles, from low­
grade heat from different origins such as residual heat or solar cnergy. 

On the other hand. severa! environmental studies on the global greenhouse effect being carried 
recently. including those on fluorocarbon emissions from refrigerating units, indicate adsorption cycles 
ao; one of thc possible remedies to that ecological problem. ln the last two decades. predictions have 
been conformed that chlorine compounds of chlorotluorocarbons (CFCs) leads to a decrease in the 
thick.ness of lhe ozone layer (Mégie, 1992). 

Solid sorption processe.s have been considercd for use in refrigeration cycles ao; a serious alternative 

1
1 to thc usual vapor compression syslems, especially adsorption techniques which allow the cycling of 

large amounts of refrigeram tluid and, lhus, high efficiencies compared wilh other sorptíon systems, 
likc those based on liquid absorption or solid absorption (chemical adsorption) processes. ln the present 
study a refrigeration systern bascd on a solid-adsorption cyclc from low-gradc encrgy sow·ces, is 
analyzed and t.bcrmodynanlic considcrations are prescntcd. 

Adsorption and Adsorbents 
Generically, the adsorption can be defined as lhe capacity that certain bodies have to selectively tix 

the molecules of a 11uid. Physica/ adsorption, or adsorption as commonly is called, is a solid sorption 
process where lhe binding forces between lluid molecules and the solid medium are from electrostatic 
origin or dispersion-repulsion forces (Van de.r Waals forces) . The ga.o; adsorption on a solid adsorbent is 
an exothermic process dueto lhe gas-liquid phase change. The quantity of lhe energy liberated in the 
adsorption process is called isosterü: heat; its intensity depeneis on lhe nature of the adsorbent-adsorbate 
pair. ln general, an adsorbent material can be ~:haracterized as a porous medi um. 

A porous mcdium is a body composed of a solid srrucLUre which contains çavities, called pores. that 
are usually imcrconnected and is susceplible to conraining one or more lluid phases (Marie, J985). The 
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porous media cru1 be classificd as macropores (diamctcr great,cr than SOOÂ), mesoporcs (diameter 
between 500.!. and 20Â) and micropores (diameter less than 20A). The maio adsorptive property of a 
body is iLs microporous stn1cture. Among thc most well known adsorbcnts whicb have a high porosity. 
are lhe following: síl ica gel. a~:tivated carbon, activated aluminc and zeolite. The physical parameters 
that <.:haracterizc the porosity of a material are: the volume of pores. the specilie surface arca and the 
distribution of thc pore diamcters. T he spccilic surface area of lhe activated carlxm and of thc zeoli te 
strudure, thc most used adsorhents in rcfrigeration sy.,tems. varies from 300 to 2.500 m2/g and from 
500 to 800 m"tg, respectivcly (Yang. 1987). 

Thc zcolitc distingu i~hc~ itself from the above mentioncd adsorbents because it presents a porous 
structure characterized by a molecuJar l>icve. The o thers adsorbents have a pore ~ize distribution, with 
an average dia meter. which are cootrollcd by the fahricatioo process. This d ifference in thc microporous 
structurc detemúnes lhe selective grade and the capacity o f the adsorbent. ln thc case of activated 
carbon. its pore s1ze distribution aJiows a penctr.1tion of a large quantity of the fluid mo lecules into it~ 
porous struct1.1rc. Thi~ sigmfics little selcc11 vity. but a great capacity of adsorption. Conccming the 
zcolite, due to its molecular sieve stmcturc, there is a large selectivi ty of the ad1>orbed molecules as a 
f unction of thcir dimensions. 

The majorny o f lhe adsorbents are produced i.u agglomeratcd pcllet form with a biporous structure, 
or double porosity. wbich is characteri7ed by Lhe so called dijfusinn pures placed between particles (thc 
macro and me:.oporcs) and lhe intraparuclc micropores. The adsorption occurs mainly at Lhe 
microporous .surfacc. under cooditions of capillary condcnsation, imtia!Jy at the macroporous surface. 
then reaching lhe micropores after. 

Thermodynamics of Adsorption 
The thennodynamic eqmlibriurn of an adsorbent-ad~>orbatc pair can be descrihed by an cquation of 

statc, called thc isorherm of ad.wrption, correlating tcmperature T , pressure P <md conceou·ation of the 
udsorbed phasc ti (adsorbcd mass/adsorbcnt mass) in the fonn j (T . P. a) = O. Severa! models are found 
in lhe litcrature. Lhe main one~> bt:i.ng: 

• Theory of Gibbs: the adsorbatc i~ treated in microscopic and two-dimensional fom1. The 
fundamental thermodynamic cquations are cstahlished in terms of a "surfacc energy" 1t 

(Ruthvcn, 1984): 
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dG =-S dT +V dP - ;-r dA +.fi dn (I) 

and 

G=-ll A+p n (2) 

where: G is the Gibbs free energy, S is entropy, P is pressure, V is volume, 11 is chemical potential, n is 
the number of moles, A is the "two-dimensional surface•· (corresponding to n) of the adsorbent. 

From equations (I) and (2}, it can be obtained: 

-S dT +V dP +A dr. - n dp =O (3) 

lf the volume of the adsorbed phase. V. is negligible and the temperature is c:onsidered constant 
during the adsorption process, then: 

and 

.4. dn - n dp =O 

Assuming an equilibrium between the alborbed phase and the gaseous phase: 

dp = RT dP 
p 

A dP 
--d;7 = -
n RT P 

where R is lhe uni versai gas constant. 

(4) 

(5) 

(6) 

These equations, called isotherm of Gihhs represem a general relation Lhat can be simplified for 
particular cases such as lhe Henry's Law or lhe Langmuir's approach. 

Thc Gibbs' model is based on an implicil hypothesis about the adsorption equilibrium: a dynamic 
adsorbed phase whose lhermodynamic property can be represented by an equation of stale. An 
alternative approach is based on a lhem10dynanúc s1atistical analysis that considers lhe probability of 
lhe molecular occupation of the porous surface. lt is possible to demonstrate lhat thc isolhenn of Gibbs 
is the limiling case of the statistical approach when the molecular inlerchange between the pores is fasl 
(Hill, 1960; Rulhvcn. 1984). 

• Hcnry's Law. This establishes. for weak concemralions, a linear relation betwccn thc 
concentration of lhe gaseous phase and thc adsorbed phase, which is considered as a perfecl 
gas: 

a=!!_=_!!_=k c 
A RT 

(7) 

where c is the concentration of lhe gaseous phase and k the equilibrium constant of adsorption. 
• Langmuir's Approach. This assumes that the adsorption process occurs in monornolecular 

laycrs and that lhere is a dynamic equilibrium: the adsorbed mass flow (condensation on lhe 
adsorbent surface) is equal to the desorbed mass flow (evaporalion from the adsorbent). Tbis 
model takcs into account lhe following hypothesis: 1) the molecules are adsorbed in a definite 
numbcr of pores: 2) each pore can conlain only one molecule; 3) lhe adsorption energy is 
conslanl for aiJ pores; 4) therc is no iuteraction belween adjoining adsorbed molccules. 

The isothcrrn of Langmui.r can bc deduccd, sirnilarly to Lhe Van der Waals' equation. from the 
Gibbs' equation: 

.;; (A - ;:$ ) = n RT (8) 
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thus. 

dP 
p 

AdA 

( A -;J / 
(9) 

When lhe adsorbed concentration is not so high, it can be assumed lhat ~ << 2A. and lhe term ~2 
can be nt:glected 

bP = 21'1/A = - B-
1- 2;1 IA 1- B 

( 10) 

whcrc b is lhe equilibrium constanl. ~ is a gas parameter and B is lhe fractional amount of lhe pores 
occupied by lhe molecules, or the rdtio bctween lhe concentration o f lhe adsorbcd phase and the total 
numbcr of pores per unit of ad~orbent volume. 

For weak prcssures (P ~ 0), or B << I , lhis formulation becomes a linear function as described by 
Henry's law. Thc Langmuir's approach is usually applied togas separalion processes. 

• Theo ry of lhe Adsorption Potential. lt wa.s rccently developed by Dubinin :md his colaborators 
(Dubinin and Astak.hov, 1971: Bcring el ai, 1972: Dubinin and Stoeckly, 1980) from thc lhcory 
originally proposcd by Polany towards lhe eml of lhe 1920's (Polany, 1932). Tbis lheory is a 
purely thermodynarnic approach, whit:h can hc very wcll suitable to characterize adsorption in 
microporous materiais. ll is based on lhe s urface forces, distribution at the microporous surfacc 
of the adsorbent. 

Thc pote ntial of adsorplion E is dcfincd by Polany as lhe necessary work to transporta molecule of 
lhe gaseous phase as far as a determined point in lhe adsorbed phase 1-ubjected to thc adsorption force 
fie lu. lt can be calculated direc tly from the ratio bctwcen equilibrium pre~sure of thc adsorbed phase P 
and the saturation pressure of the gaseous phasc P,: 

r = - RT/n( ~) (L li 

The rclation between lhe volume V of adsorbate on top of the adsorbent surt'ace and the potential c 
is caUcd thc characteristic cuntc, whi<.:h is considcred independent of lhe tempcrature. For adsorbenls 
wilh a Gaussian distribulion of pore diamctcr; Dubinin and Radushkevich (Dubinin and Stoeckly, 
1980). proposcd thc following chara<.:teristic curve: 

' V = V,e"11'- ( 12) 

wherc V., IS t.hc total volume uf mi<.:ropores and d is a characteristic parameter of lhe adsorption. lf D = 
dR', lhen: 

V = \ln exp~ Dl-T ln(PIP, )f} (13) 

This characteristic curve reprcscnts a concisc correlation which has practicaJ applications to 
engineering problcrns. However, the hypothcsis of temperature independence is not applicablc to all 
adsorption systcms, particularly under wea.k çnnccntrations. since this equation of state can not be 
reduced to Hcnry's law. 

Dubinin-Astakhov Equation 

For adsorption processes in microporous materiais whose distribution of pore dimensions is a 
polymodal typc. such as activatcd carbon, Dubinin a11d Astakhov ( 197 1) proposed the following 
charactcristic function : 
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a= W" p1(T)exp~ D[T ln(PJP )J'} (14) 

where W0 is thc maxirnurn capacity of adsorption (volume of adsorbate/mass of adsorbeut), p1 lhe 
specific mass of thc adsorbate in liquid state. O lhe "coefricient of affinity" and n is a characteristic 
para meter of the adsorbent-adsorbate pair. 

This equation is a gencralization of the characteristic curve of Dubinin-Rudshkevich, where. n = 2. 
but it has an applil:ation field wider than the previous equation because it depends on 3 paramctcrs (W. , 
D. n). Nevertheless, this correlation has an empírica! character, sincc it admits a variable distribution of 
lhe adsorption potenlial. lt is particularly suitable for lhe activated carbon-methanol pair under 
conditions of low-grade lhemtal energy wbich allows its use in severa! engineering applications in thc 
tield of refrigeration such as lhose concernu1g solar eucrgy. Experimental rcsults obtained by Passos 
( 1986) have demonstrated lhe validity of lhe Dubinin-Astakhov isotherm to model lhe adsorption of 
mcthauol in acti vated carbou for a largc range of adsorbcd mass conccutrations and for a wide vruiety 
of modcrate temperaturcs. 

lsosteric Heat of Adsorption 

The partia! derivalion of lhe Gibbs isotherm in lhe integral forrn , related to the temperature, leads to 
a function denoted as isosrer (a constam adsorbed mass function) given as: 

(15) 

whcrc q,, is lhe ''isostcric hcat" of thc adsorption proccss. This rclation is known as lhe Clausius­
Clapeyron formula. 

Applying lhis cquation to lhe saturation coudition (P "' P,), thc latent heat of phase change L is 
obtained: 

L= -RT2( () ~11 PS) 
i)T " 

( 16) 

Thc derivation of the Dubinin-Astakhov equation gives: 

()~~p = ()~~P, +ln(PJP){T-1+ naD[Ttn(PJP))-" } (17) 

with 

'Y. =W, ( 18) 

whcre a represents the coefficieot of thermal expansion of lhe liquid adsorbate. 
Multiplying each term of the differential equation by (R r), a tina! expression for the isosteric heat 

as f'unl:tion of pressure and temperature is obtained: 

(19) 

Kinetics of Adsorption 

Sometimes lhe adsorption process is not rapid. and lhe ad~orbed phase must be considered with lhe 
thermodyoaulic variables as function of time. 
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Generally, the adsorption in microporous materiais is mainly controlled by the diffusion inside the 
porous structurc. sincc at the surface of the grains lhe diffusion is fast enough. ln the case of materiais 
with a disperse structure., likc activated carbou. two diffusion mechanisms are found: a diffusion of the 
gascous phase through the transpor! pores (mesoporous and macroporous diffusion) anda diffusion of 
lhe adsorbed phase in the micropores (microporous diffusion). Tbe relative importance of these 
mechanisms on the global effect of thc diffusion is essentially dependent on pressure. According to 
Dubinin and Erashko (1975). for pressures lower tban 10 mbar. the mesoporous and macroporous 
diffusion prevail. while. for pressures greater than lOmbar, microporous diffusioo tends to control Lhe 
rnass transfer process. 

Thomas and Gluckauf, cited by Sakoda and Suzuki (1984). proposed an appmach for Lhe 
interpartide diffusion based on two main hypotheses: the temperatw-e of thc grain is uniform; and Lhe 
concentration at the solid interface is equal to an equilibrium cooceotration. Tbcy cstablished, for 
modeling the mass transfer resistance. a linear equation as following: 

(20) 

where D, is tbc diffusion codficient. a,. the concentration at lhe interface (adsorbed mass/adsorbeot 
mass, givcn by an isotherm) and r, the average radius of the grain. 

ln the. mcsoporcs and macropores, different mechanisms contribute simultaneously to the diffusion 
process whose relativc influencc depends ou thc pore dimensions. Four of these mechanisms were 
identified: superficial diffusion D., molecular diffu~ion Dm, l<nudsen's di ffusion DK and diffusion dueto 
Poiseuille's llow Op. For thc global diffusion analysis, usually an ejfective dijfusion coefficient D. is 
considered. given by: 

(21) 

with 

{22) 

where u is the tonuosity of the medi um. 
Despite the fact that k.inetics thcory is generically important for modding many ad~orptive 

processes. experience has demonstrated that the mass transpor! resistance can be neglected, even if lhe 
system is submitted to moderare tbermal powers. Kariogas and Meunier (1986) have proved, for the 
adsorption of methanol in activated carbon, that tbe mass rcsistance is oegligible wben the incidem 
thermal encrgy is lower than 50 Wfkg. 

ln summary. for modeling of adsorption processes related to low-grade eoergy sources. it is not 
necessary to consider the diffusion through the porous media. Moreover. it can be considered for many 
of these applications. that instantaneous equilibrium between the adsorbed and gaseous phases existS 
wbich can be represented by a characteristic function. such as the Dubinin-Astakhov equation. 

Thermodynamic Analysis of the Adsorption-Cycle 

The maio diffcrcocc between the vapor compression cycle and the adsorption cycle is relatcd to the 
energy source which is utilized to transfer heat from a low temperature reservoir LO a high temperature 
reservoir. \\lhilc the first cyclc uses ruccbanical encrgy, tbe second utilizes the internal energy of a 11uid 
interacting with a solid medi um. Two main advantagcs of thc adsorption cycle can be mentioned: 

• lhe syste.m can opcrate without mobile parts; 

• elevated performance related to the Camot-cycle. for low tempemtures of the thermal source. 

This analysis will be restricted to an adsorption cycle without heat recovery, or lhe so called 
intermittent cycle. This principie leads to the conception of a simple machine in which Lhe necessary 
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energy for the regeneratioo of the adsorbcnt (desorption process) is coming from an externa! thermal 
source of low-grade energy, such as residual heat or solar energy. 

The Camot cycle relating to an adsorption cooling cycle can be represented by an ideal three­
tcrnperature machine, namely a trilherma/ machine, as sbown in Fig. I. Tbis idealized dcvíce can be 
decomposed in two coupled machines, where one supplies the mechanical energy W that the other 
uti liz.es to produce refrigeratíon. 

Te\. 
----

~).( 
-M­

I 

regenerator 

compressor ----
-r-

-

QJ 

" Jk 

-

Fig. 1 Schematic of an Ideal three-temperature machine 

·~ 

evaporat o r 

-

Based on the ideal perfom1ance of each machinc, givcn by thc Camot principie, the global them1al 
pcrformance coefficient (COP) can be obtaioed: 

(23) 

where Qev and Q wn are lhe heat. cxtracted from the evaporalor and lhe condenser at T., and T con 
tempcratures, respectively; Qreg is the provided heat to lhe fluíd from the regenerator, at the 
rcgcucrating temperature T.-.g: and Tw,. is Lhe condenser temperature. 

According to th.is relatíon. COP increases with the lemperature difference between the regenerator 
and the condenser, and it dccreases wíth thc temperarure d.ifference between the evaporator and the 
condenser. For example, if iJ1c condensation temperature is 30"C, the performance of the machine for 
an applicalion of air conditioning (T<, = T>C) shaU be 60% h.igher than that which is obtained for ice 
production (T0 , = · S''C), for a regeneration temperature of lOO"C. On the other hand. for fixed 
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evaporation and condensation temperatures, COP he.:omes an increasing function of the regeneraling 
temperature. tcoding asymptotically 10 T.JCTcon- T.,). as shown io Fig. 2. 
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Fig. 2 Varlatlons of COPas functfon o f lho rogeneratlng tempe(alure (Tov =- s•c , Teon = T0 = 30"C) 

Ideal Four-Temperature Machine 
Thc real adsorption cooling cycle deviales from the ideal trithermal machinc cycle because it needs 

4 temperature leveis. Tbcrcfore. lhe ideal cycle for adsorption shaJI be thal of an bypotheticaJ 
quadrirllemral maclline (Fig. 3), corresponding 10 lhe coupling of lwo machines at lwo temperatures 
opcrating with the sarne condensablc fluid and without mechanicaJ energy conversion (Guillenúnot ct 
ai, 1980). 

The Carnot COP of a quadrithermal machinc can be expressed as: 

(24) 

wherc T0 is a reference temperaturc. cquivalcnt m Lhe maximum tcmpcrature above the ambient 
temperatu re at which adsorption can occur. 
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- - Treg 
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t 
Fig. 3 Schematlc ot an ideal four·lemperature machine 

During regeneration of lhe adsorbent, mass transfer occurs from lhe adsorbed phase at lhe 
temperature, T l'ef · to the liquid phase at lhe condcnsa.úon tempcrature, T,.,,,. This transfcr leads to a 
production of internal energy, resulting fTOm the differeoce of binding energy between thc adsorbcd 
phase and lhe liquid phasc. ln the course of the cooling producúon. tbe mass transport from tbe liquid 
state takes place at a low temperature, T., , to lhe adsorbed state at a reference temperature, T0 • 

The concept of reference temperature resulls from lhe difference of magnitudes belween the energy 
gcncrated i.n one stage and that utilized in the other. When the internal energy produced in lhe 
rcgcncration process is equaJ to lhe energy necessary for the adsorption. the case of the trithermal 
machinc is realized. Anolher reference temperalure 1;, . representing the minimum regenerating 
temperalure ncccssary for the realization of lhe cycle, can abobe defined. 

Applying thc fundamental laws of lhermodynamics lo the regeneraling process, it can be written: 

!!.H -L=!:!.Q+U (25) 

Mi (L+!:!.Qj ~O 

Treg 1~·on 
(26) 

where lhe incquality represents the irreversible process; where !!.H is lhe enthalpy of adsorption, L the 

llatent heat of condensation, óQ thc thermal energy from an externa! source and U the internal energy 
generated. 

Combining Eqs. (25) and (26), the internal energy becomes: 

U ~!!.H[/- r._."") {27) 
Trrx 

I Analogously, for the process of rcfrigeration produclion. considering now the temperatw·es T,v ru1d 
r .. ds• lhe internal encrgy utilized can be evaluated as: 

U ~ê..H( 1- T,.,. ) 
l Tuds 

whcre T.d.' is the temperature of adsorption. 

(28) 
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Comparing Eq. (27) and Eq. (28). and taking into account l.bat Lili is not only dependent oo the 
temperature but also on the adsorhed phase wncentration, the difference betweeo thc trithennal 
machine and the quadrithermal machioe becomcs cvidcot. Acrually, if the internal energy, U, produced 
in the regcoeratioo is lúghcr than that necessary to lhe adsorption, this last process can occur at a 
temperature higher thao the coodcnsatiou (or ambient) temperature, as shO\'itl in Fig. 3. 

The reference temperature 1, cao bc dctcrmincd through the Clausius-Ciapeyron formula <Eq. 15), 
witb aid of thc isostcrs of the adsorbent-adsorbate pai r indicated in Fig. 4. 
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Fig. 4 Adsorption cycle and lsosters on an equilibrium diagram 

lntegrating Eq. (15) along thc desorption proccss (isoster AB), lhe following is val id for tbe 
adsorbed phase: 

(29) 

where P,.,., and P" are lhe saturation prcssurcs at tcmpcratures T.,nn and T.-. respectively, aod a is 
the concentration (adsorbed mass/adsorbent mas~) . 

And for the liquid phase: 

(30) 

Accordiug to Eqs. (29) and (30): 

r 011 L d(~ t J';, t.H i !..J 
1,.,. 7 J 1orl.< l T J 

(31) 

Assuming that L and Lili are constant during the isosteric process. then: 

I 1 I I 
L - - - =t.H ---( ' [ ') 

Te,· T.-tm J '0ui.< 1;, 
(32) 

Uliliziug a similar procedure for the adsorption process (isoster CD): 
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(
J /) [/ 1] L--- -t:. H - - -
T~,. T.·on To T rc11 

(33) 

Combining Eqs. (32) and (33) a correlation ~tween T. and r;, can then be wrilten as: 

1 

T o r,, 
(34) ----=----

Coefficient of Thermal Performance 
The COP of a quadrithennal machine represeots the ideal lhennodynamic efficiency, correspoo<ling 

to those four tempcr.ttures (T, .. T .... T., .. and T ,..) of the cycle. lt indicates lhe maximum performance of 
a machine uperating in a continuous cyclc with an ideal sensible heat recovery. Then, it can be 
cxprcssed as: 

ur,.,. J 
COP =--'-'....:...._ 

t:;. H(7~e.ç ) 
(35) 

According to Eq. (33) the COP relation reduces 1<>: 

- ---
COP = 

r,, Tres: 
1 

(36) 

T,.,. ~'(JIJ 

This cquation is equívalcnt to Eq. (24), which was cstablished for the Camot COP. 
Considcring thc state of equilibrium bctwcen rhe adsor~d aod gaseous phascs. the entropy 

variation o f lhe systcm D.S. can be descriherl from f'llm~ísus-Ciapeyron as: 

D.H L 
D.S,. =--- --

T,~x T, "" 
(37) 

ln vicw of Eq. (35) and introducing a U6H tcrm from Eq. (37), Lhe COP can be altematively 
expressed as: 

COP = T,.,, I 

T,.ll (I+ T,,"'L6 s~. ) 
(38) 

Assuming that T"'" 6S, ·"" O, the thermal performancc coefficient of a quadrithcrmal machine can bc 
de~<.:ribed as a function of a simple ratio betwc:cn the condensation and regencralion tcmpcratures, as I following: 

(39) 

Thc variation of Lhís coefficient with the regencration tcmperaturc is shown ín Fig. 2. For T~~ = 
J00°C, itS value is O.R I, while lhe COP of a Lrithermal machinc is 1.44. These values are coincident 
whcn T,.c'" 72"C. 
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Experience has demonstratc:tl that the perfonnance of intennittent adsorption cooling systems are 
much lower than maximum vulucs related to lhe quadrithermal machine, due to lhe degradation of thc 
available energy in the fotm of sen~;ible heat (Meunicr and Douss, 1990). The be~t COP values obtained 
at present are between 0.4 and 0.5. ln fact, real adsorptive machines have low petformances because 
heat transfer occurs al severa I lemperatw-e leveis. 

Coefficient of Real Thermal Performance 

The real COP of an intermillt!nl adsorptive cooling machine is evuluatl!.d considcring lhe sensible 
heat variation of the system. which is composcd of a reactor (adsorhcnt hed). a quantity of adsorbate 
anda heat e11changer coupled lO lhe reactor. For a given regenerating temperaturc T,.P lhe COP can be 
expressed a~: 

COP=---m~l~ __ a_4~T~,·~·· -)_-~Q~3 __ _ 
m1 ~a~ H(7~~.~ ) + Q, + Q2 

(40) 

where: 
m 1 - mass of adsorbent 
tw - variation of adsorbate concentration 
Q 1 - quaulity of sensible heat transfcrrcd to cool the adsorbate from lhe condensation temperature 

to the cvaporation temperature 
Q2 - quautity of sensible heal necess;~ry to increase the tcmperature of lhe re;~ctor and tl1e 

cxchanger from the adsorption temperaturc to thc condensation temperature 
Q, - variation of the internal energy of lhe adsorbed mass corresponding to lhe tempcrature 

variation of lhe reacto r frnm the adsorpt:Jon temperalure to the conden~ation temperaturc. 

Energy Equation 
The reactor is composcd of a porous bcd occupying the annular space of a metallic cylindcr coupled 

extemally to a hcat e11changer. ll is cmmccted lo an evaporator and" çondenser. 
The basic assumption~ concerning lhe adsorption process were described in the prior 

thennodynamic of adsorption analysis. Howcver, the following hypolheses for the heat transfer in the 
adsorbcnt medium can bc addcd: a) the pressure is unifonn and constant: b) heat conduction occurs 
only in thc radial direction: c) the ad~orbeot-adsorbatc pair is treated as a C{mtinuous medium for lhe 
lhcrmal conduction effect; nnd d) convective effccts and pressure drops inside Lhe reactor are ncgligible. 

Then, the space-timc rclationship for the hcat transfer in an adsorbent bed. including ma~s lransfer, 
can bc exprcssed by the following equation: 

(41) 

whcrc C is lhe heat capacity (subscripts I and 2 relate to thc adsorbent and to thc aclsorb<tte, 
rcspcctivcfy). p is tbe spccific mass, k is the conduclivity of lhe adsorbenl and r is the distance ;~l ong 
radial direction. 

Aftcr .some algcbraic opcrations. Lhe following expression for t11c kinelics of adsorptinn i)a!()t is 
oht.ained: 

(42> 

with 
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( )

n-/ 

h = w1 DT" ln ; 

where n and Dare parameters of th.e Dubinin-Astak.hov equation. 
Then. a final equation !an be oblained a~ follows: 

[ (c C ) bp1q;,li.JT -(i.J2T 1 i.JT l b dlnP P1 1 +a 2 +--,- -- - -:-:;-+-- + p,q.vr --
RT · di (Jr< r di dt 
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(43) 

(44) 

The dlllP/dt term is detennined as a function of the process lhal occurs in lhe reactor. For an 
isosteric process. when Lhe reactor i~ isolated, it can be writlen: 

Jfb(a.1~ P) qw
2 

rdrdz 
dlnP RT --=--:-::--------

di fJb(a.T.PJrdrdz 
(45) 

When the condensation or evaporation lakes place, the pressure of the system, P. becomes equal to 
the satoration pressure, P, (t). 

Boundary and lnitial Conditions 
lt is assumed that there is a thermal resistance at the interface metallic/porous bed (r= r1); lhus, if 

Tr is the metal tempcrature and T. the adsorbent temperaturc near the wall, the boundary condítion is 
given by: 

- k (()T .) = hfr,, - T,,) 
dr r=rl 

(46) 

where h is the Lhcrmal conductance at lhe exchanger/adsorbenl surface. 
At the interface pmous bed/adsorbate tube (r= r0 ), lhe boundary is as~umed to be adiabatic: 

(dT) =O 
àr r=ro 

(47) 

For modcling of a reftigeration cyclc system, the initial conditions are fixed based on the ambient 
r temperature and on the properties of the considered adsorbent/adsorbate pai r: PI '"u = P ,, T(r) l,:ll = 
I Tcon I !=U = T,,mh I ,~ = T,,. 

Conclusion 
The principie of the adsorption process and considerations about adsorbents, especiaUy concerning 

activated carbon. have been described. The main isotherms of adsorption were presented and compared. 

l
lt ~as becn concluded that th~ .most suitable equation ~eprcsenüng the adsorpt~on of m~thanol in 
acuvated carbon JS the Dubmm·Astakhov equatton. from Lhe thermodynamJc analys1s of lhe 
adsorption-cycle has been carried out, a simple raúo between condensation temperature and 
regencration temperature was deduced, in order to evaluate the COP of a ideal quadrithermalmachine. 
Finally, the energy equatioo for an adsorptive bed of an interm.ittent cooling machine, operating from 
modcratc tcmperatures was established and detaiJed. 

Th.is lhcorctica1 analysis can be usefuJ for an adequate design of a refrigeration system based on an 
ads01ption cyclc operating from a low-grade energy source. 
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Abstract 
A new rapid 1hennal proct•.uin~ tRTP! jum11n~ ('(llljíguraliott is described. and lhe mathematical model. model 
prediuitms and ~·xperimenwl re.,ulls ure presenteei. The ullimate design objective is 10 achieve unijúrm wafer 
l<'lllfll'ra/ure di.llrihulion lhroughoutthe complete heatill!l c:yc/e. / 1 i.t aa:omplished as demonstraled by tlte uniformily 
of tlte measttred.film thidm:s., ajil!l' polyni.wallint: .,i/ir·on dt'positit>tl. lhe three-zom• RTP system was al.w designed 
for operation with thin quanz .,.;ndows . .fi >r minimum window hea/Ín!(. 
Keywords: RaJtill71rermal Pma.~sin~. Modeling, Thermal Radiation, Temperature Unij(mnity. 

lntroduction 

ln search of higher packing densi ty, the development of integrated circuits technology has been 
accompaníed hy a reduction of device sizes. The standard technique of si licon wafer processing in 
diffusion fumaces (Schraveodijk et ai., 1987) is not capable of meeting the new manufactw·ing 
rcquirernent.s, mainly because of the undesirable high product temperature x time, and difficulty in 
acbieving unifonnity and repeatabilily. Rapid Thermal Processing (RTP) using infrared radiation is thc 
most promising aJtcrnativc (Singh. 1988), being already used in severa! semiconductor processing steps 
(Moleshi et ai., 1992), and most recenúy. lhe Rapid ThermaJ Oxidation (RTO) and the Rapid Thermal 
Chemical Vapor Deposition (RTCVD) processes have been lhe subject of íntensive research (Óztürk et 
ai., 1991,Sadanaetal.,l990. J991 ,SorrcUetaJ. , 1994,1995). 

Since the early stages of use and dcvclopmcnl in lhe rapid therma1 anneaJing process (Seidel el al., 
1985, Hasenack et ai. , 1985. Sheets, 1985, Stein et aJ., 1986). it has been observed lhat the fast heating 
ramp-up and cooling ramp-down rates as well as lhe sbort periods of time at high ternperatures. i.e. low 
thermaf budgeL, associated wírh RTP. minimizes dopanl diffusion and enhances elimination of lhe 
senúconductor crystalline lattice damage (Lunnon et ai. , 19&5. Peter et al .. 1988). 

RTP is a single wafcr process, with lhe potentiaJ for beller wafer-to-wafer uniformity, i.e. 
repeatabilíty (Gyurcsik et ai.. 1991 ). Another assct of tJ1c RTP single wafer process is lhe reduced 
equipme.nt footprint on clean room Jloor. 

The key to the succe.ssful application of rapid thcrmal fumaces iu wide scale manufacturing use lies 
on ootaining a uniform temperature distribution over the eotire surfacc of tbc wafcr (Schaper et aJ .. 

1 1994). This has provco to be a major task. Defects caused by thermal stresses have becn describcd and 
analysed ( Bentini et ai.. 1984, Lord. I 988. Jongste et ai .. 1994 ). Óztürk ct ai . ( 1992) discussed a self­
i.nduccd degradíng rnechanism triggered by a nonuniform temperature distribution that causes 
nonWliform radiarion absorption 3LTOss lhe wafer, yielding nonuniform fi lm thickness in ChemicaJ 
Vapor Dcposition (CVD) processes. Kakoschke et ai. ( 1991) described the formation of slip !ines 
originatcd by temperature transienl gradienL~. 

Many configurations of rapid thermal fumaces have been designed, bui.lt and tested. The flat plate 
reactors require quite thick quartz windows to separate lhe heating larnps from the low pressure 
operating chamber. As cooling of thc inner wall of lhe quartz window becomes difficull , film 
deposition at that surface may occur during Chemical Vapor Deposition (CVD). i.nterfering with lhe 
proccss. Another drawback is thc wafer tcmpcraturc nonun.iformity due to lhe radíant heat loss at the 
wafer edge (ZOIIner et ai., 1993). Lamp contouring (Gyw·csik et al .• 1991. Sorrell et ai., 1992, Henda et 

1 
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ai .. 1994). lhermal guard rings (Lord. 191!1!. Knutson et ai.. 1994) and dedicated reflectors or furnace 
walls wilh varying properties (Kersch et ai., 1991) have been tested in order to achieve bener wafer 
surface temperature umformity. lt scems however that the best approach would be lhe mulrizone 
beating wilh mu1Lisensor active control (Campbell et ai., 1991 ), with one heat source located at lhe 
wafer cdge (CampbeU and K.Jmtc;on, 1992. Kakoschke and Bu~mann. 1989. Ka.k:oschke et ai.. 1990). 

Chapman et ai. (1991) designed and built a cylindrical reactor to avoid problcm.~ associated wil.h the 
rather tltick quartz windows required by the flat plate reactors. Due to the cylindrical geometry the 
quartz wall can be reduced by a factor of two to five. 

To capture lhe benefits of both the multizone heating and lhe cylintlricul fumace. Kiether et ai.. 
1994 developed lhe three-zonc rapid thermal furnace, that will be described and modeled in this work. 

Another possible source of temperaturc nonuniformity is the convection cooling at the wafer 
surfacc in processes that are carried out at or ncar atmospbcric pressure. The usual approach in order to 
take this mechanism into account is to measurc a beat transfer coefficient (Lord, 19&8} or to calculatc it 
u~oing commercially available software like R..UENT (R..UENT, 1993) or SIMPLER (Patankar, 1980). 
The heat tnmsfer cocfficient is then used in the heat nux boundary conditioo at thc wafer surface. This 
asped will not be covered in this paper because it has been discussed elscwbcrc (SorreiJ et ai., 1994, 
Campbell e t ai.. 1991 ). 

Three-Zone RTP Furnace 
Thc three-zone RTP prototypt: has becn designed to process wafers up to 6 inches in dian1cter, and 

has beco constructed as thc initial module on tht: North Carolina State University cluster too], as part of 
ao ongoing cffort towards single wafer. low thermal budget, in situ processing. The cluster too! 
presently consists of tbc tJu·ce-zone RTP module, a central wafer handler, n commercial RTP module, 
an etch module, and a multi pie wafcr load lock (K.ietber et ai., 1994). 

A diagran1 of the thrce-z.one RTP moduJc is sbowo in Fig. 1. The top heating larnp bank. zone A, is 
used to provide nearly uniform bulk beating of the wafer. As presently designed, zone A provides a 
radiant hcat nux approximately lO% hjgher at Lhe wafer center tban at the edge. The heating lamp bank 
of zune B heato; primarily the wafer edge, and the radiam heat from zone C is nearly uniform across the 
wafer planar ~urfa~,;e. 

Fig. 1 Dlagram of the three-zone RTP system. 

ln practicc, the power to eacb of Lhe thrce zones can be varied to produce a very uniform 
tempcrature distribution over the wafer surfacc. 

Zone A is composed of ten 2.0 kW tungsten-halogen lamps witb a fi lan1t:nt length of 16.5 1 cm (6.5 
in). They are arranged in a tlat linear array. The use of wafer rotation and close packing of the lamps 
within Lhe array, compensares for the lack of axial synm1etry. Bach of zones B and C consists of thi rty 
two I .O k W tungsten-halogen lamps wilh a fi lament 1ength of 1.91 cm (0.75 in). 

The prirnary wafer process position as shown in Fig. I , is right at the centcr of thc lamp ft.lan1ent~ of 
zone B. The top lamp bank. zone A. is located 13.34 cm (5.25 in) above lhat posilion, and lhe center of 
thc lamp filaments of zone C is 10.16 cm (4 in} below the primary wafer process position. 

Thc quaru process tube consist.' ufa modtficd bcll jar, with an internal diarncter of 17.78 cm (7 in), 
an overall hcight of 31.75 cm (12.5 in) and wall lhickness of 0.5 cm (0.2 in). Air is blown vcrtically 
upward along lhe cylindcr from tbe quartz base for woling. 

Cho et ai. ( 1994) have also proposcd an RTP furnace configuration with a vertical quartz tube, but 
the lamps are distributed on a hexagonal arrangcment. 
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Thermal Model 
There has be.en considerable effort in modcli.ng RTP furnaces. The main motivation for taking lhis 

approach has bccn lhe cvaluation of RTP geometty, improvement of exlsting equipmcnt at low cosl, 
and dcsign of ucw configuratioos ( Kersch et ai., 1991 , Sorrell et a L 1992, 1994). AJso model-based 
control has the greatest potcntial for controlliog temperature in RTP (Cho and Kailath. I 993), with low­
ordc.r modcls beiug deve1oped for real-time applications (Schaper et ai.. l 992). 

The simulation methodo1ogy for RTP furnaces consists basically of two modules. Thcse are: (l) 
computation of lhe heat flux at the surface and edge of t.bc wafer due to radiant heat sources and (2) 
computation of Lhe wafer temperature distribution, given the irradiation calcu1ated in module (L). Other 
modules should be added if chemical vapor deposilion or Lbem1al oxidation processes are being 
-analysed. These additional modules would be re1ated to lluid Oow and cbemical process analysis. Herc 
we will concentrare on modules ( 1) and (2). 

The easiest and less accurate approach for module (L) is to assume uniform irradiation at lhe wafer 
surface (Shieh and Carter. 19R9). Dueto its simplicity. it has beco used to investigate the interaction of 
the fumace, tcmperature sensing technique and lhe controi systcm (Sorrell et ai., L990). 

Sorrell et al. ( 1992) and Gyurcsik el al. (1991) usc.d a raytrace technique in which the lamp/renect.or 
geumetry wa.~ u:sed to determine the solid angle subentended by a specific area on lhe wafer. Fordbam 
(1991) and Somll et ai. ( 1994, 1995) devcloped a slightly different approach in wbich a large number 
of rays with constant solid angle are tracked throughout the fumace. This approach will be described 
brietly !ater. 

The diffuse view-factor approach has been used (Lord, I988. Knutson et ai. , 1994) although the 
retlections occurring ioside Lhe chamber are mostly specular. Kersch et al. (1991) used an iterative 
proçedurc to account for multiple. retlections. View factors are oft.en not koown accurately or require 
ray tracing or Monte Cario methods to be detemúned (Cole et ai.. 1994, Li et al.. 1997). T bereforc it 
seems that although being time consuming, thc straigbtforward ray tracing teclmiquc seems to be the 
most convenient approach for solving module (l). As retlections at the furnace walls are primarily 
specular, this method is also more accurate. 

Sato (1967) showed that doped silicon specimens are essentially opaque. Therefore, absorption or 
reflection of radiation occurs at the wafer surface. and bcat is transferred wilhin the wafer solely by 
conduction. Cnnsequently, module (2). i.e. thc computatioo of the transient temperature distribution 
across the wafer. rcquires only the solutioo of thc parabolic heat diffusion equation (including proper 
boundary and initial condiúons). Hcrc we used finitc difference approxlmations (Üzisik, I 994) to take 
intu account variable wafer propcrlics. A summary of the approach here described has heen presented 
by Silva Neto and SorrcU ( 1995). 

Module (1)- Ray-Trace Algorithm 

The lamp filament is divided in a numbcr of segments, each wíth a length dz as shown in Fig. 2. 

z 

Fig. 2 Lamp segment and the coordinate system. 

Any differemial arca dA at thc surface of lhe lilament, given by 

(l) 

is assumed to be a black hody at temperaturc T, .Therefore, the power emitted by the diffcrential area 
di\ into the solid anglc ,Ju arou.nd Lhe direction represented by the unit vector s is gíven by (Modest. 

1993) 
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(2) 

where 

dÇ.I. = sin8 d8 d<J! (3) 

n is the unit outward normal lo differential area dA . and <.T is the Stefan-Boltzmann constant. 
Assuming aziruuthal symmetry around tbe filament axis, and integrating over ali differential areas 

that contribute to Lhe power emitted into drl around s . the total power, i.e. energy per unit time. dueto 
a particular segment of the filameot is giveo by 

(4) 

The ray-trace algorithm consists on tracking a large number of n•y~ emitled from the lamps. First, 
the solid angle d&~ is choseo as a smaiJ oumber to ensure that when the ray hits Lhe wafer it delivers its 
energy to only one ccll of ú1e mesb that is used to represent Lhe wafer surface. The polar angle domain 
o< 9 < 11 is divided in a largc nUUlbcr of augles, n8 , say n9 = 2000 or 3000. Then from Eq.(3) lhe 
incremenl on the azimulhaJ angle, di/J • is calculated such that d~2. is kept almost constant. As 
o< 1/! < 2n, the number of divis ions of the azimudJaJ angle domain, "<P • can now be caJcuJated using 
dtp. 

The term in parenthesis in Eq.(4) can be related to the total power output of the lamp, avoiding the 
troublesome requirement of lcnowi.ng the temperature of the filameot. 

For cach pair r&.~, 1. ; ~ 1. ?. .. . .. nQ and i= 1.2 •. ·"~. it is considered that a ray with the power 
cakulated using Eq.(4) 1s emined. Th1s ray may hit the wafer directly or after reflections on the inner 
surfaces of lhe furoace, or may escape Lhe furnace. 

lf the ray hits lhe side wall. ceiling or bottom of the fumace, it is specularly retlectcd and the power 
of tllc ray is attenuated by a fractiou given by the absorplivity of the surface. To avoid ao excessive 
computation time, the number of bounces allowed is limited, i.e. the ray is followcd throughout the 
charnber. and if it does not hii thc wafcr ata spccified oumber of bounces, it is discarded. 

Fordham (1991) and Sorrell et al. (1994, 1995) bavc anaJysed the convergence of the ray-trace 
algorithm for the cylindrical RTP system, and concluded that using 2000 to 3000 divísioos on the polar 
anglc domain. i.e. ne = 2000 or 3000, and a limit of 5 bounces, convcrged rcsults were obtained at 
acccptable computational times. The sam.e is true for the three-zone RTP systcm. 

11uring our experimental work witb the nmgsten-haJogen lamps of zones B and C, we observed that 
Lhe dependence of the power emitted, P , with the polar angle. 9 , does not follow a sinusoidal 
distributíon as prescribed by Eq.(4). ln Fig.3 we show the actual distributioo obtained from 
experiments. This dependcncc has been incorporated in the ray-trace algorithm. 

a:: 
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Fig. 3 Angular dependence ollamp emitted thermal rediation. 
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Module (2) - Wafer Temperature Distributlon 

The Lransicnt temperalure di~tribut.ion across the wafcr is obtained from thc solution of the equation 
of heat di ffusion with proper initial and boundary conclitions. To de.rive the cquation of heat conduction 
througb thc wafer, consicler a differential elemcnt dV = ,. dr dq, I , as shown in Fig. 4, wbere I is the 
wafer thickness, q; is the radiative heat flux dueto t.he lamps heaúng, c/~ is lhe convective heat flux, 
and q-; represents t.he radiant heat flwt emitted by Lhe wafer. 

q;· ti~~ q" 

\~ -=:.-,...,_-..__---+------' 'u q"•--•o 

\ ' ------- ' .. -~ ,'1 , / 

. _.~:~~~~~~J 
'..,__ .....---~ -....... _. __ , -r--""~ r r ~ '1;., .. 

I .. ~ 
'1. .. 'I , 

I L Y. l L. 

Fig. 4 Oifferentlal wafer element. 

Applying Lhe energy balance equation to the differential element dV and considering 

.. êJ T 
q, =-k ­ar 

• .. .. .,J 

q,. = q,./1 +'Ir!. = E a 7 ( r,4J,I) 

one gels 

1 a ar 1 êJ ar ar 
- -.- (kr-)+- - (k-)+ g(r . ~.t) = pc, 
r d r d r ,.1 () fP d 4J I d l 

where 

(5) 

(6) 

(7) 

(8) 

(9) 

( lO) 

T( r,~ .J ) is the wafer tempcrature. p(T) is U1c si licon density, k(T) is the silicon thcm1a.l 
condm:livily. cr(f) is the siJicon specific heal, l(r. <j>. t) is the total radialion hcat flux that arrives on the 
wafer from ali lhe olher surfaccs (direclly from thc l:unps filamenL~ or afler specular refleclions at t.hc 
fumacc walls). q~(r, $, t) is t..he heat flux los t by convcction, ê is lhe wafcr emissivíty (or absorplivity, 
considcring lhat Kirchhoff law holds), anel a is t.hc Stefan-Bul17.mann constant. 
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The total irradiation !(r.$. L) is calculated with the ray-trace algorithm taking inlo accour1t multiple 
specular ret1ections inside the furnace as described in module (I). 

As the amount of energy emitted by the wafer and reflected back by Lhe furnace walls is oegligible 
in comparison to Lhe total irradiation due to the lamps, it is not taken into account in the energy balance 
described above. Numerical experimenL~ vaJidated this procedure. 

Note Lhat Lhe boundary condítíons of radiation and convection are included on the equivalent heat 
source term g( r.lf>,t). A similar source tenn is derived for the differential elements at the wafer edge. 
Note also that oo thc dcrivation of Eq. (9) it was assumed a uniform temperaturc across lhe wafer 
thickncss. This is justificd by lhe fact that the wafer radius is rnuch larger than its thickness. 

Thc iuitiaJ tcrnpcrature of the silicon wafer is considered known 

T( r,lf>, t) = T; for aJI r.<P and t = 0 (11) 

Sato (1967) collected experimenta] data on the spcctral cmissivity of undoped and doped silicon 
wafers. The tungsten-halogen lamps used in the three-zonc RTP module described previously behaves 
approximately as a black body emitter at temperature.s up to 3100 K with a dropoff at 3.5 mícrons due 
to the quartz housing. 

RTP processes typically involve the use of doped wafers. Within Lhe range of wavelengths where 
most of lhe energy is enútted by the lamps it can be seen from the data obtained by Sato that the 
emissivity of the doped silicon presents a weak dependence with the wavelength as well as with lhe 
temperature, being 0.7 a good approximarion for this property. This assumption of gray body beha~iour 
greatly ~implifies lhe wafer thermal modcl. 

To approximate lhe solulion of Egs.(9)-( 11), an explicit finite difference discretization is used. The 
thennaJ properties do oot presenl steep gradients with temperature, and Lhe total time for rapíd thermal 
processing .is short, i.e. less lhan a minute. Therefore, lhe requirements on the time step to be used to 
ensure stabiJiry are not too strict, not posing any problem wilh regard to computationaJ time, jusúfying 
thc use of thc straighúorwa.rd explicit time discretization of lhe equations. 

For the mesh interior nodes is written 

Ttj' =T/j+( 
11

/::,t 
11 
)(~) [k" 1 r . J(7;:1.rT/jJ - k11 

1 .r J(T/j-T;"_1,1)J 
p i,j c I' i .J r;/::, r '+2'' '2 ']'·I '2 

/::;( 1 
+( )( J [k" ,(Tn ,-T/'·)-k" ,(Tn-Tn_,)] 

n 11 2 2 · j t ,J+ 1·1 · · 1·1 1·1 
P c r, t;,A. 1. •·

2
- t.J .. ·:; 

1·1 Pi.j 'I' • 

where 

r;=(i-/)!;.r, i=I.2, .... M 

<Pi=( j-1)61/> , J=l ,2 .... . N 

t 11 =nD.t, n=l.2, .... L 

R 
D.r=--

M - 1 

2n 
D.ip=­

N 

2<;,j-o;N-I ( 12) 

(13) 

(14) 

( 15) 

( 16) 

(17) 
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e =!_(k 11 +k",. J . 1 . z t .J t+ .J 
I~ • .J 

(18) 

R is lhe water radius and the other lhree values for the tbennal conduclivity uscd in Eq.(l2). kf'- 1n.j, 

kf~j+/12 and kf~j-J 12. are obtained similarly to kf~ 11 2.; shown in Eq.( 18). 
For lhe center nodc Eq.( 12) does not hold becau.se r goes lo z.ero. ll is consídered lhen an average 

on the neighbouring nodes, y ielding 

Tn+1 =T~'+( :J.t ) f4T!'k"-T"(4k 11 +4k")+4 k
1
"T

1
" ]+(-!1-1-)g 11 

( <- n n? .JC c r J n n c 
2 Pc c r•,. t:,r· Pc cl'c 

(19) 

where Tf', iJ and k'j Tj are mean temperature. mean lhennaJ conductivíty, and mean product of 

lhermal conductivity and temperature, respectively, for nodes surrounding the wafcr ccntc.r. 

Fictitious nodes at radius r= M !1 r, i.e. beyond wafer edge. are inclnded in the finite difference 

mesh. Their tcmperatures are obtaíned witb tbe edge radíatíon boundary condítion. Once these 

temperatures. T::, +i • are known, Eq.( 12) is written for nodc i= M . Now tbere is a complete set of 

equations to detenninc the ternperatures T;~'t' with i=/, 2, ... , M and j =I. 2, ... , N. for 

n = l.Z, .... L. For i= I. 1?'/' = 7/'+1 with j = 1.2 ..... N. 

Results and Discussion 
Model results for lhe three·zone RTP system are given in Figs. 5 and 6. Figure 5 sbows tbc 

calculated radial distribulion of racliant heat tlux, or total i.rradiation, incident on the wafer surfacc. No 
angular dependence on the azimulhal angle rp is considered because of the rotation of the wafer. Dueto 
lhe smaJJ tbickness of the wafer, i.e. 0.5 mm (0.02 in). the temperature gradient across the wafer 
thickness is oegligible, i.e. 1-2 oc (Sorrell et ai., 1995). The total irradiation protiles given by each of 
the heating zones as well as for two combinations of lhem are presented. 

l'rom thcsc rc~ult~ we conclude that by adequately cvufigutiug tltt.: puw~.:r udivcn:u Lu bcaúng wm::s 
A ru1d C. a nearly uniform irradiation distribution over the planar surface of lhe wafer may bc obtained. 
Addirionally, the power delivered by heating zone B can be adjusted to compensate for lhe wafer edgc 
hcat loss. The ioherent Jlexíbility of the three heating zones in controlling the irradialion distributi.on is 
illustrated. 

Thc irradiation profiles shown for zonc C were in fact obtained with only 40 % of the Lan1p powe.r 
available. 

~ 25 ~~~-~~~,__..,........,....., 
N --- AlJ. LAMJ'S E - - t.AMPS A ANO C ONLY 

-

0 20 - ·- · WIPAOHLY 
:..::::~ ~~~gjl:~ 

~,5~--------------­z 
o 
~ 10 
o 
~ 5 
~ 

o~::::..;~x..:..L.:~..:......_t_L.J 

o 2 4 6 

RADIUS (cm) 

Fig. 5 Computed radlant heat flux distributlon. 
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The irradiatioo profLics shown in Fig. 5 were oblai.ned usiug lhe ray-trnce algorithm dcscribed 
previously, aod they were used lo caJculate the wafcr tcmperature distribution shown in Fig. 6. 

RADIUS (cm) 

Fig. 6 Predlcted water temperatura dlstrlbution. 

Experimental trials bave heen performed to tesl and vcrify the capabilities of the three-rone RTP 
sys1em in regard lo both lhe model predictions and overaU petformance. These trials were performed on 
six inch silicon wafers with thennocuuples anached to tbem to allow 1cmperature measuremcots. As 
shown in Fig. 7 the use of lop lan1p bank. w ne A. alone, overhcats Lhe cenler, with significam cdgel 
cooling. The bottom ring, zonc C, resulto; are ne.1rly uniform across the cntire wafer, while thc cdge 
ring, lunc B. shows lhe ability to directly heat lhe wafer edge. 

~1 000 

~ 
~ 800 ZONE C 

~ 600 
w 

~400~ 

o 20 40 60 80 

DISTANCE FROM 
WAFER CENTER (mm) 

Fig. 7 Measured wafer temperatura distributlon. 

Thc uniformity during a 1ypical polycrislalline silicoo (poly) rapid thermal chemical vapor 
depnsition (RTCVD) was also investigaled. Figm c 8 shows thc mcasured Lhickness profile for a 6 inch 
wafer. The e lectric powcr delivered to ali three lamp banks was adjusted in order to produce a vel') 
unifurm thick:ness distribution. As the th.ick.ness of the ftlm is direclly related to the temperature, thr 
resuiL~ in Fig. 8 demonstratc the abil ity of the three-zone RT P systcm to produce a ncarly unifo1111 
tcmperature distribution. 

2000~------~--~--~ 

·~ 1500 

~ z 1000 
G 
~ 500 

o L.__....L.._---1. __ ._ _ _, 

-100 - 50 o 50 100 

DISTANCE FROM WAFER CENTER (mm) 

Fig. 8 Polysllicon deposltlon thickness prollle. 
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Conclusions and Future Trends 

The three-ronc RTP syMcm here described was dcsigned to produce tempcrarures high enough for 
all desired processes, and to provide a nearly unifonn temperature distribution across Lhe wafer surface 
during ramp-up, ~teady state proccssíng and ramp-down. 

The modeling approacb was used in lhe stagcs of development of the systcm. and has been 
validaled with experimental data. Thc presem systcm handles wafers up to 6 inches in diametcr, but Úle 
simulations show that the preseot dcsign can be ea.~ily extended to 12 inch wafers. Some work has 
already bcen dllnc by Knutson et ai. ( 1994) on 8 inch wafers. 
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Abstract 
The /ack o( basic mformation about tlw per.fimnance of medwnica/ lwmoly.vis severe/y a.ffects centrifugai blood 
pwnp handling. Tlw presem wnrk fiJct•d thi,, pmhlem by Jludvin&the jlmv struclures ond Tire way henwlytic poumlial 
is influmced by lhem. Two distitwt appmal'ius were llflfllied: nwnerical simulatitm ~~la single dumnelof the f'llm(l. 
Íl1 order to understand !lw lflteraction of inerlial. viscous and pressure forces in di{ferent operational situarions, and 
11011-im•a.m.;- measurntwlll.r of tlw ve/ul'ity firld tn pmvidf' a gntl't·a/ pirture of rhf! flow fil!ld fL' we/1 a.' rhe 
inli'rac/Ílm between lhe .f1ow generated bv each c:ha11nel. Sol~ing the mmne11tum equation.,. that were written in 
genera/i~ed ortlrogcmal coordinales, using the srress·;7ux fomwlaTion, was the chal/enge of the numerical merhod. 
The computational program wus dcFised by t?mploying tlte jinil<' 1·olume metlrod and ii was implemented in 
FORTRAN languogl'. The ,·efocity mNJsurrlltentr wae performrd hy a laser /)oppler attemometer sysu11n rapable of 
a1:quiring and proceJ:;ing tw11 simultaneous ortlwgonal vdociry componen.ts. Thl! 1110i11 contribution t!l the presem 
study concems the de•·elopmntl of a specific metlwdolngy which [trol'idt•s the link between the jl011' structur<'.r a.nd 
the JIOIPlllial damag<' r o the r('i/ blnnd f'!'lls. 
Keywords: Utser Doppler Anemometer, 1'urbulent /<'low, Hemo(!'sis, Centrifugai Blood Pump, Bíoengineering. 

Resumo 
A falTO de mfonnução básica sobre os mecani.mws re.\pon.,âveis pela lumuJiise medinica impede, na m.aioria dos 
caso.,. n uso adequado da bombo c.mtríjuga. Visartdo a J>reenclter e.sto lacuna. este trabalho foi cnnrluzido de modo 
ii .H' e.l'tudar as e,,·tntlura., bâsictu do escoamento TlfJ interior de uma bomba centrífi;ga e relaciuná· hls a um 
potencial de hemólise. Foram em(Jrcgadas duas abordagens disrimas: simulação numérico de um canal isolado da 
bomba. com o objeti>·o de compremder a illtemç<lo entre as j(lrras inerciais. viscosas e de pressüo em diversas 
sit!Ut('Úes opt•raciunai,~. e 11U'du;üo experime11tal du ,·ampo de ~·elocidtule tUJ,, canais internos da bomba, com tt 
finalidade de xe obter unw ••isão global do escoamelllo e da interação e/1/re os diferentes canais. O dest!/io lh1 
méwdo numénco fo i rt•sol,:er <L~ eqtw.çtieJ do moViiiU!Jllo escrita.~ em l:oordrmad(tr ortogo11ais generaliwdas a partir 
da j(mnulaçtío de fluxo de lenMio. O {Jmgmout compulllcional foi implemt'lltado em FORTRAN, emprega11do um 
algoritmo baseado 110 método dos vofumes finito.,, As medidas de velocidade foram realiz,adtt.\· [/Or um tmemômelro 
laser Doppler, capaz: de medir duas componf!fltes stmuluineas de velocitkrde. A comribuiçào deste trabalho foi o 
de..H•m·olvimemo rlP uma mt•rodnlogio de análisr que relaciottn as estruwms básica.r da f'.w·namemo ao potencial de 
da11o., its <'élul~ts vermelhas do sangue. 

' Paúrvras-cha~e: .4nemômetro Laser Doppler, Escoamento Turbuletllo, Jlemólise, Bomba Centrifuga de Sangue, 

1 Bioengenharia. 

Introdução 
Dispositivos para bombeamento de sangue são freqüentemente empregados em duas situações 

clínicas distintas: assistência ventricular, quando ocorre falência cardíaca. e substituição da função do 
coração. em operações de bypass cardiopulmonar. Bypass cardiopulmonar é o nome da técnica, 
utilizada principalmente em operações cardíacas, pela qual as funções do coração e do pulmão são 
substituídas temporariamente por u.m circuito extracorpóreo que oxigena o sangue e o conduz de volta 
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ao pacu,:nh:. O ~angue é desviado do sistema venoso até um reservatório, bombeado através de um 
circuito que realiza a oxigenação extracorpórca (utilizando oJtigenador tipo membrana ou de bolhas) e 
Í11Jetado no saMema anerial. Uma bomba (de rolctcs ou centrifuga) é instalada neste circuito para 
rcahzar :.a movamentação do sangue do reservatório até a cânula conectada à aorta. 

Do ponto de vista de engenharia. a assistência ventricular e o bypass cardiopulmunar diferenciam­
se pelo nlwl de pres~ão cm que os dispmitivos operam. No caso da assistência ventricular. a bomba 
movimcma o sangue contra a resistência vascular sistêmica do paciente (de 92 x 106 à 130 X 106 Nsm.~) 
em assistência ao ventrículo esquerdo. O nível de resistência hidráulica aumenta quando outros 
dispositivos são adicionados entre a saída da bomba e o paciente. como ~ o caso de um procedimento 
tfpico de bypuss caJdiopulmonar. Desta rorma. a diferença de pressão requerida paJa a operação da 
bomba :.ed maior. Oxigenador, troç.J.dur de calor. filtro de linha e conectores são adicionados ao 
circuito para cumprir seu papel durante a uper.tção. fazendo a resistência hidráulica global do circuito 
(dispositivo~ maas paciente) chegar a valores de quatro a seis vezes maiores que a resistência vascular 
sislêmica do paciente. 

Por e$1C motivo, bombas centrifugas devem !.er usadas com cri tério em procedimentos de úypass 
cardiopulmonar devido às suas cardcteristica.\ de oper.u.;ão. O efeito de um aumento na resistência 
hidráulica na def.carga se ret1cte na queda da vazão, como conseqüência da recirculação do fluido na 
homba. Além disso. quando não está sendo acionada ou operando em baixa rotação. não oferece 
resistênci<~ ao fluxo retrógrado, o que é indesejável cm um circuito de circulação extracorpóreo, pela 
possihilidade da entrada de ar no fluxo de sangue que vai ao paciente com grande potencial de embolia 
ga~osa (geralmente falai). Para evitar estes riscos, dispositivos adicionai ~ :;ão introduzidos no circuito, 
tais como sensores de fluxo retrógrado e válvulas unidirecionais. Não são recomendados procedimentos 
de pinçamento parcaul das linhas de sucção e descaJga da bomba para controle de fluxo. A oclusão 
desta:. linhas favorece a criação de zonas de baixa pressão (no caso da oclusão da linha de sucção), o 
que provoca cavitação no sangue. como também aumenta as zonas de recirculação dentro da homba (no 
caso da oclu~ão da linha de descarga). responsíiveis por um maior risco de hemólise (rompimento das 
célula~ vem1clhas do sangue) e formação de trt1mbos. 

A falta de mformação básica sobre os mecanismos responsáveis pela heruólisc mecânica impede, na 
maioria do!> casos. o uso adequado da bomba centrifuga. E:üste atualmente no Brasil um número 
crescente de equipes de cirurgia cardíaca que empregam bombas centrífugas durante o procedimento de 
hypass cardiopulmonaJ O argumento utilizado para justificar a substi tuição das "ultrapassadas" bombas 
de rolctcs pelas bomba~ centrífugas é que estas últimas são menos hemolfticas que as primeiras. Este 
argumento. no entanto. perde sua força quando as equipes presenciam níveis de hemólise iguais ou 
maiorc!> do que aqueles que consideravam nom1ais durante a circulação exlr.J.corpórea (CEC) utilizando 
bomba:-. dt: ruletes. 

Dentre os dispositivos centrifugas utilizados em CEC, a Bio-pump (Medtronic, Estados Unidos) 
tem uso mais difundido. O projeto original, da década de 70 (Kletschka ez a/., 1975), é de um 
disposiüvo de assistência ventricular que encontrou rapidamente aplicação em operações de bypass 
cardiopulmonar (Lynch et ai., 1978). Considerando o fato que, durante a década de 70 e grande parte da 
década de 80. o oxigenador de bolha era o dispositivo mais empregado em operações cardíacas 
(disposilivo que introduzia bruxa resistência hidráulica), utiliz.ar um dispositivo projetado para operar 
contra a resistência vascular periférica do paciente cm um circuito de CEC não acarretava grandes 
problemas. No eni.Lintn. com a introdução do oxigenador de membrana, permitindo melhorar a eficiência 
da troca gaMI:o.a U(l circuito de CEC. e do uso mais difundido de filtros de linha arterial, tomando o 
procedimento mais seguro. aumentou-se a resistência hidráulica que a bomba deve superar para a 
movimentação do sangue no circuilo. 

A questão a ser tratada m:ste trabalho é como se compona o escoamento no interior de uma bomba 
centrífuga sem pi~ (Fig. I), disponível comercialmente, ao operar em condições semelhantes àquelas 
que ocorrem cm um circuito de CEC. durante uma operação caJdíaca com bypass cardiopulmonaJ, e 
como isto afelél o seu potencial de druws às células do sangue. 

Este estudo foi conduzido seguindo duas abordagens distintas: a simulação numérica de um 
escoamento laminar passando por um canal formado por duas superfícies de revolução concêntricas c 
de geometria adêntica a um dos cru1ais interno:. da bomba (canal formado pelos cones I e 2) e medidas 
experimentais do campo de velocidade estabelecido no interior deste dispositivo. utilizando um 
anemômetn> laser Doppler (ALD) de úllima geração, capaz de medir duas componentes simultâneas de 
vt:locidade. 

O proccdtmcnto numérico foi implementado com o objeúvo de estudar as estruturas do escoamento 
que surgem qu;ando um canal isolado da bomba é submetido a diferentes condições de vazão e de 
rotação. Além tlisso. foi possível a obtenção dos campos de velocidade e de pressão que forneceram 
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informações .sobre possfveis regiões de recírculação. grandes gradientes de velocidade, distribuição da 
pressão ao longo do canal e de grande potencial hemolítico. e também sobre como estas regiões foram 
afetadas ao se variar a vazão através do canal ou a sua velocidade de rotação. 

v carcaça 

·~.----- cone 

~...,~------ cone 2 
~~~.,...--- cone 3 

Fig.1 Desenho esquemático da bomba centrífuga sem pás. O rotor da bomba e o eixo do motor estão 
acoplados magneticamente. 

O objetivo das medidas experimentais do campo de velocidade foi obter as características gerais do 
escoamento. destacando a intcração entre os canais internos da bomba. As medidas de velocidade foram 
realizadas seguindo um protocolo experi.meutaJ que foi capaz de superar os principais obstáculos 
associados ao acesso óptico às regiões de interesse e à simi laridade entre as condições de testes e as 
fisiológicas. Realizaram-se as medidas onde se esperava encontrar condições críticas do escoamento, ou 
seja, regiões com grandes acelerações, pontos de estagnação e regiões de recirculação. A questão da 
hemólise foi abordada de uma maneira alternativa, onde as grandezas turbulentas obtidas diretamente 
das medidas experimentais de velocidade puderam ser relacionadas a um maior ou menor potencial de 
danos ~ts células vermelhas do sangue. 

Hemólise Mecânica em Escoamento Laminar e Turbulento 
O modelo de solicitação e destmição das células vermelhas em um escoamento cisalhante. ilustrado 

na Fig. 2 (Pinotti, 1996), supõe que a atuação das forças viscosas sobre a membrana celular é o fator 
responsável pela hemólise mecânica. 

Baseado neste modelo. é possível estimar o potencial hemolítico de um determinado escoamento 
utilizando a tensão de dsalhamento e o tempo de exposição. Um estudo realizado por Wun:inger et ai. 
( 1986) revelou qut: as tensões de cisalhamento e o tempo de exposição podem ser relacionados à 
porcentagem de liberação de hemoglobina pela seguinte fónnula empfrica. Eq.l: 

%Hb = 3.62 · 10 5 · t 0
•
79 

• -r ~.4 (I ) 

onde t é o tempo de exposição [s] e 't é a tensão de cisalhamento [N m·:] . 

•• 2 J 

Fig. 2 Simulação gráfica da deformação e fragmentação de uma céfula vermelha em um escoamento 
clsalhante (Pinotti, 1996). Os quadros representam diferentes fases da solicitação da membrana 
até o seu rompimento. O quadro 1 mostra uma célula vermelha em seu estado não solicitado. Os 
quadros 2 e 3 mostram a ação do campo de tensão de cisalhamento. O quadro 4 mostra a célula 
danificada por causa da solicitação excessiva de sua membrana. 
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A grande contribuição de WwLinger foi a obtenção de dados experimentais em si tuacrõe:. de tensão 
de cisalhamento unifonne, com tempo de exposição compatível com valores encontrados em órgãos 
artiliciais (ordem de grandeza de mili.segundos), lais como válvulas e bombas cardíacas. A Figura 3 
(Pinotti, 1996) mostra a representação tridimensional de como se comporta, segundo a Eq.l. a 
porcentagem de liberação de hemoglobina em função da tensão de cisalhamento c dn tempo de 
ex posição. 

10 

Fig. 3 Gráfico tridimensional que Ilustra a influência do tempo de exposição e da tensão de 
cisalhamento sobre a porcentagem de hemoglobina liberada, gerado a panir da fórmula 
empírica de Wurzlnger. 

:si 

A aplicação deste modelo para escoamento laminar é imediata, uma vez que as tensões de 
cisalhamcnto são propon:ionais ao gradiente de velocidade. No caso de um escoamento turbulento, 
outros fatores influenciam a ~~>licitação das células vermelhas. Além de o escoamento turbulento estar 
associado a grandes velocidades. induzindo maiores gradientes de velocidade em regiões próximas às 
paredes. é caracterizado pela presença de estruturas tridimensionais chamadas turbilhões. Estes 
turbilhões possuem tam anhos variados. da ordem de grandeza da espessura da região turbulenta a 
alguns cenlé~imos de milímetro (núcroescalas de Kolmogorov). A energia é introduzida no escoamento 
através dos grandes turbilhõe~ c dissipada, a nfvel microscópico, pelos pequenos turbilhões. O processo 
pelo qual a energia é transferida da escala macroscópica à microscópica é conhecida como Cascata de 
Energia. A idéia básica deste conceito é qut: os turbilhões maiores tiansfcrcm continuamente sua 
energia a turbilhões menores aiJ"avés de interação inerciai. À medida que o tamanho dos turbilhões 
diminui. ns efeitos viscosos tornan1-se cada vez mais importantes até a completa dissipação desta 
energia no eswamento. Quando os menores turbilhões, no run da Cascata de Energia. forem do 
tamanho do eritrôcito, sua energia será dissipada na membrana celular. Esta dissipação causará 
rompJmcmo da membrana com a conseqüente liberação da hemoglobina. Por outro lado, se a dimensão 
destes turbilhões forem maiores do que o eritrócito, a célula será lransportada pelo turbilhão c sua 
membrana será solicitada somente pela tensão de cisalhamento gerada pelo gradiente de velocidade ao 
longo de sua u·ajetória. 

Kramer (1970) foi o primeiro a reconhecer que. a ..:aracterização do trauma às células vermelhas 
devido ao regime turbulenll) dt.:pcnde <ln dimensão dos turbilhões presentes no esçoamento. 
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É importante lembrar que as tensões de Reynolds são termos convectivos e o nome ''tensão de 
cisalhamemo de Reynold~" está associado ao seu efeito sobre os perfis da velocidade média c não sobre 
as forças locais (White, 1991 ). o que faz com que a tensão de cisalbamento de Reynolds não tenha 
nenhuma relação aparente com a taxa de hemólise. Além disso, as tensões de Reynolds possuem relação 
direta com a.s escalas macroscópicas do escoamento cm contraste com a atuação das forças viscosas. 
que se dá a nível microscópico. Apesar de as medidas de velocidade, no Júvel da escala onde ocorre a 
.dissipação viscosa. potencialmente perigosa para a.s hemácias, exigir uma resolução espacial além da 
capacidade da instrumentação disponível hoje em dia, procedimentos para obtenção das tensões de 
Reynolds vêm sendo descritos na literatura nas últimas décadas para anemôme.tro de fio quente. 
anemômetro laser Doppler e. ultra-som Doppler pulsado. 

A dimensão dos menores turbilhões (Ls) que ocorrem em um escoamento turbulento pode ser 
relacionada às dimensões macroscópicas do escoamento turbulento pela seguinte expressão (Panton, 
1984): 

r

. J p.25 
v l.t• \ 

r_, : -.~-
'\ '-~o _, 

(2) 

onde v é a viscosidade cinemática [m' s), Le 6 a dimensão característica dos grande~ turbilhões [mj que 
possuem a mesma ordem de grandeza das dimensões características do sistema e u., é a velocidade RMS 
(valor médio quadrático) caracterfstica do escoamento local fm s-1 1. 

Não se sabe, ainda, quais são exalamente as grandezas turbulentas que possuem relação direta com 
a hcmólisc, porém a Eq.2 fornece uma ligação entre a dissipação viscosa dos turbilhões de menor 
dimensão que atuan1 a nível celular e as grandezas turbulentas mensuráveis a nível macroscópico. 
Portanto, quando Ls, conhecida também como escala de Kolmogorov, for da mesma ordem de grandeza 
de uma hemácia, o escoamento tem grande potencial hcmolítico pois a energia turbu.lenta estará sendo 
dissipada a nivel celular. 

Resultados 

Simulação Numérica 

O potencial hemolftico (ou potencial de hcmólise) de wu escoan1cnto ]aminar pode ser detin.ido 
como o aumento percentual da hemoglobina livre que ser.ia gerada em um escoamento de sangue com 
100% das hetnácias intactas. Desta forma. uma determinada região do canal com, por exemplo, 1 %de 
potencial hemolitico significa que I % da hemoglobina presente nas hemácias que estão passando 
através desta região está sendo liberada no escoamento devido à hemólise mecânica. A porcentagem de 
hemoglobina liberada pode ser prevista utilizando a fórmula empfrica de Wur1.inger et a/. ( 1986) em 
funç.ão da tensão de cisalhamemo e do tempo de exposição locais, como mostra a Eq.l. As variáveis 
primitivas do escoamento (u, v, w e P). assim como as tensões normais e de cisalhamento foram obtidas 

1 a partir de um programa FORTRAN que utilizou o método dos volumes finitos (não foi empregado 
1 nenhum modelo de turbulência) para resolver as equações completas de Navier-Stokes (Pinotti, 1996). 

Adotou-se o modelo de solicitação uniax.ial para a determinação da tensão de c1salhamento que atua 
sobre as hemácias (Pinotti e Rosa, 1995). Dally e Rilley ( 1978) ensinam que a tensão de cisalhamento 
máxima (tm .. ) que atua em um volume infinitesimal é a resultante da ação de 3 tensões normais, cr11, 

cr22 e cr.l.l · e de 6 tensões de císalhamento. cr12• cr1,, cr2., crn, cr31 , cr.12, que atuam nas faces deste volume, 
e pode ser determinada a partir das tensões principais. 

T ma.< : ~ tJ '""'' -(j min) (3) 

o~de cr""'-' e crm.n IN _m.'l são o maior e o menor valor das tensões principais obtidas da Eq.4 (l)ally e 
Rilley. 1978), a segmr. 

(4) 
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A Figura 5 mostra a evolução de %Hb na região adjacente a cone 2 da Biopump, ao longo do canal, 
para três sitltações de interesse. Nota-se que a velocidade de rotação atuou de maneira decisiva sobre a 
%Hb. Comparando-se os casos que possuem a mesma vazão (8 Vmin) mas cüfercntes velocidades de 
rotação. 1200 e 1800 RPM (rotações por minuto). observou-se que o nível de %Hb na saída do canal 
para 1800 RPM foi cerca de duas vezes e meia maior do que aquele para 1200 RPM. Por outro lado, 
mantendo-se a rotação constante e aumentando-se a vazão (li llmin). observou-se wn pequeno 
aumento, de aproximadamente 5 pontos percentuais, no nível de %Hb. em comparação com aquela 
observada quando variou-se a rot.ação. 

0.40 

D 0,30 
:t 

.... 0.2Ó 

0,10 

.. 8 Umin & 12ÓO ~~ .i 
--SlJrrln & 1800 FFM 

-- t' umne 1800 FflM 

0.00 t.:..:..:.:..:..:c:..::... ____________ ....J 

o.o o.~ o.• o.s o.s , .o 
x, 

Fig. 5 Potencial hemolitlco na face superior do cone 2 em função da coordenada x, para os três casos 
descritos. A o/oHb é fortemente influenciada pela velocidade de rotação do canal. A posição x1 =O 
representa a entrada e x, = 1 representa a saída do canal destacado na figura à esquerda. 

A figura 6 mostra os perfis de velocidade na direção x1 (ao longo do canal) em três posições 
tlistint.as: entrada do cone x 1 = O: posição intermediária x 1 = 0.4 e saída do canal x 1 = I. A direção do 
eixo x~ é perpendic.:ular às paredes do c<~nal. Desta foml8. x~ = O e X! = I representam as superfícies 
rotativas do cone 2 e do cone I , respectivamente. 

Observa-se que para :l condição de operação de 8 1/m.in e 1800 RPM ocorre escoamento retrógrado 
na saída do canal, o qual é evidenciado pelo perfil da velocidade na direção x 1 naquela posição. O efeito 
deste escoamento retrógrado sobre o potencial hemolftico do escoamento pode ser observado na Fig. 7. 
Nota-se que existem dois picos na curva de potencial bemolftico c que coincidem com a região de 
cisalhamento provocada pelo escoamento retrógrado. Nesta região, o tempo de exposição e a tensão de 
císalhamenlo crescem simultaneamente gerando, dest.a forma. os picos do potencial bemolrtico (ver 
Eq.l) da Fig. 7. 

:H lU 
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Fig. 6 Evolução dos perfis da velocidade adimensional ao longo da direção x, (ua) para a condição de 
operação de 8 Vmin e 1800 RPM. Note que ocorre fluxo retrógrado na saída do canal (x, = 1). 
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Fig. 7 Potencial hemolíico na saída do canal formado pelos cones 2 e 3. Nota-se os picos de hemóllse 
na região central do canal devido ao escoamento retrógrado. 
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onde I ,. I, c / , são a.~ tensões invanautcs.tlt:linidas nas Eqs. 5 a 7. 

(5) 

/_,=O ~:" 1; +a ;P .11 +o 1fl ::-a i.• -a~~ -a ~1 (6) 

(7) 

O tempo de exposição, utilizado na equação de Wurl.i11ger. fui obtido para cada ponto nodal, 
utiliz<.tndo o conceitO du tempo de Lrân~ito de um<.t partfcula no volume de controle (V.C.J que envolvia 
o ponto de interesse. definido na Eq.8. a 1.eguir: 

"li}':::. .r/ii 
1u = ARSVIu) 

onde o subscrito ij representa a grandeza tomada no ponto nn linha i c na coluna .i da malha 
computacional, t,J é o tempo de trânsito de uma particula pelo Y.C. (si. o produto h1,J Ax1,J é a distância 
percorrida pela parúcula ao longo da direção x. 1 [m) e u,

1 
é a velocidade média da partfcula que passa 

através do Y.C. [m s 1] . ABS( ) stgnifica que foi tomado o valor absoluto da grandeza que estava dentro 
dos parênteses. 

Para cada caso simulado numericamente. utilizou-se diretamcntc os valores dos campos de tensões 
normais c de cisalhamcnto e do campo de velocidades arruazenadvs na memória para gerar o campo do 
potencial de hcmólise. l s10 destaca mais uma vantagem da fornmlat,:ã<l do fluxo de tensão empregada no 
programa eompmaciunal (Pinotti , 1996): todas as tensões. obtidas ao longo do processo iterativo, já 
cst;tVam convenientemente arma1..enadas para serem utilizadas no pós-pro<:e~samento. 

A Figura 4 mostra uma malha 5 x 9. sendo 5 ponto~ nodais ao longo de li! e 9 pontos ao longo de 
~ , .obtida a partir da subrotina geradora da malha (Pinotti. 1996). 

Como a espessura do canal diminui de forma signilicativa ao longo de x 1• foi necessário desenhá-lo 
com escala diferente de l : I para facilitar a visualização das linhas coordenadas na saída. Este é o 
motivo pelo qual. apc:-.ar de a malha gerada ~er onogonal, suas linhas nao se mterceptarem a 90 graus 
cm sua representação na Fig. 4. Nos casos simulados e apresentados neste trabalho, a malha empregada 

foide6Jxll. ~ 
, X 2 

\\,\ " '' \ '\\\\ ·~'·._\', 
'\ \ ... 

\,_,~'\,~ 

"~\. 
~~ '~~~ 

"-~ '-~, 
Fig. 4 Malha computacional de 5 x 9 pontos nodais. O espaçamento entre os pontos nodais é menor 

ao longo da dlreçiio x2 (normal à superfície do canal) para tornar a malha mais sensfvel aos 
gradientes de velocidade presentes no escoamento nesta direção. 
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Medidas Experimentais 

Foram obtidos os perfis de velocidade média e RMS cm diferentes planos no interior da bomba 
utiliz.ando um anemômetro laser Doppler (Pinotti e Paone, 1996). A configuração disponível para as 
medidas (especificações na Tab.l) consistia em um laser de Jons de Argônio configurado de forma a 
medir duas componentes de velocidade simultaneamente. A fonte de laser (Jnnova 70 Coherent, 
potência nominal de 4 W) produzia um feixe de laser com três comprimentos de onda típicos (verde, 
azul e violeta). sendo que o verde (À= 514.5 nm) e o azul (À.= 488 nm) eram separados por ftltros 
ópticos e utilizados no sistema de medida. Os fei,.es monocromáticos eram divididos em pares e um 
feixe de cada par passava por uma célula de Bragg para o deslocamento na freqüência de 40 MHz 
(Transmitter 60-40, DANTEC). Uma vez preparados para a medição, os feixes eram conduzidos até a 
sonda por um cabo de fibra-óptica mullimodo. A sonda foi instalada em um sistema mecânico de 
posicionamento, controlado parcialmente por computador. Movimentos ao longo dos eixos X e Y eram 
realizados por motores de passo. controlados por computador, com resolução de 0,01 mm e os 
deslocamentos da sonda ao longo do eixo Z eram realizados manualmente por sistema de parafuso 
cremalheira de precisão, com p~sos de 0,05 mm. A Figura 8 mostra, esquematicamente. a configuração 
utilizada nas medidas: (a) Laser de lons de Argônio; (b) divisor de feixe; (c) célula de Bragg; (d) 
fotomultiplicador; (e) Cabo de fibra-óptica multimodo; (f) lente de focalização; (g) lente de recepção. 
Al> lemes d.e focalização e recepção emm montadas em uma sonda e os feixes emitidos e a luz rcfletida 
pelas partículas viajavam até o fo(l)multiplicador por um cabo de fibra ótica, que, na c<mfiguração 
empregada, possufa cerca de 20 metros. Este tipo de configuração é chamada de backscattering. 

f 

Fig. 8 Configuração utilizada nas medidas. A lente mais externa (f) focalizava os feixes no local da medida e 
direcionava a luz dispersa pelas partículas para a lente mais Interna (g) que, por sua vez, focalizava o 
feixe de retorno na entrada da fibra óptica (e), que transmitia as Informações ao fotomultipllcador (d). 

A Tabela I mostra os parâmetros ópticos do ALD, wnfigurado para operar em backscauering . 

Tabela 1 Parâmetros ópticos dos feixes utilizados no anemõmetro laser Doppter. Estes parâmetros 
são referentes ao uso de uma lente convergente com distAncia tocai de 160 mm. 

Ângulo de separação q> [•J 
Distância entre franjas' [~tm] 
C [m s·' MHz"'] 
Diâmetro do volume de medida no ar (mm] 
Comprimento do volume de medida no ar [mm I 

Verde (514,5 nm) Azul (488 nm) 
13,5 13,5 

2,189 2.076 
2,189 2.076 
0.078 0.074 
0,658 0.626 

• E..' ts ~ontiguruçlo prof""""''"''" a formaçilo de 35 fr.mja.' 11(1 ,-olunw de roodida. 

Detalhes das medidas com o ALD e do protocolo experimental podem ser encontrados em trabalhos 
anteriores (Pinotli, J 996; Pinotti e Paone, 1996). 

Utilizando os campos de velocidade média c RMS obtidos experimentalmente. foi possfvel, 
empregando a Eq.2, gerar os perfi~ das escalas de Kolmogorov em algumas regiões de interesse no 
interior da bomba. Estes perfiS são mostrados nas Figs. 9 a 10 par.1 diferentes cond1ções de operação. É 
importante notar que o eixo das ordenadas, que representa os valores de Ls, inicia-se em I O )..lm, que é a 
dimensão aproximada de wna hcmácia. Desta forma, quanto mais o pedi] de Ls se aproximar da origem 
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do eixo ordenado. maior será o potencial de danos às células vermelhas do sangue devido à ação dos 
microturbi lhões. 

A Fi~1ra 9 mostra as escalas de Kolmogorov, Ls. nas proximidades da superfície de ataque do cone 
2. para três condições de operação: 

• Condição de controle: 2.5 Vmin: 293 mmHg: 2850 RPM; (925 ± 6) x 106 N.s.m·5; 

• Condição com resistência hidráulica alterada: 2.1 1/min: :lOS mmHg; 2RSO RPM ; 
(1150 ±li) x. 106 N.s.m·~ : 

• Condição com resistência hidráulica e rotação alteradas: 3,4 1/min; 473 mmHg; 4000 RPM; 
ti09X ± IOJ x H/' N.s.m.;. 

É importante notar que a principal diferença entre as condições I e 2 é o aumento de 25% da 
resistência hidráulica do circuito. Já em relação às condições I e 3. além das diferenças de resistência 
hidráulica existe a diferença entre as rotações da bomba. Desta forma. foi possível avaliar a influência 
do aumento da resistência hidráulica de forma isolada e, também. de forma acoplada com o aumento da 
roUlção da bomba sobre o tamanho dos menores turbilhões. 

Ohscrva-sc na Fig. 9 que aumentando-se a resistência hidráulica do circuito, o perfil de Ls sofre 
uma pequem! variação. Por nutro lado, aumentando-se simultaneamente a rotação da bomba e a 
resistência hidráulica do circuito ob~erva-se uma sensível variação do perftl de Ls, mostrando que, para 
estas condiçiks o tamanho dos menores turbilhões diminui. 

110 
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100 , • •...•. 28SO RPM 
90 --zawRPMl 
80 I--4000RPM 

~ 70 
E so 
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"' 50 
...J 40 

30 ~ 
20 Cone 1 
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·10 .e ·6 ·4 ·2 
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Fig. 9 Dimensão dos menores turbilhões presentes nas proximidades da borda de ataque do cone 2. Os 
maiores potenciais hemolitlcos localizam-se na reglao de sucçao Cio canallormac:Jo pelos cones 1 e 
2 (x b ·8 mm) e a montante da entrada do canal formado pelos cones 2 e 3 (x .. -3 mm). 

A Figura I O mostra a dimensão dos menores turbilhões presentes no escoamento através do canal 
externo e naquele formado pelos cones I e 2. na posição mostrada na figura. Dá mesma forma que a 
figura anterior, foram obtidos os perfis de Ls para ttês condições distinta.-;: 

• Condição de controle: 2,3 1/min;266 mmHg: 2400 RPM; 913 x 106 N.s.m·5: 

• Condição I: 2,1 1/rnin; 311 mmHg; 2400 RPM ; J 169 x 106 N.s.m·5; 

• Condição 2: 3,4 1/min; 504 m.mHg; 4200 RPM: I 170 x 106 N.s.m·5: 

Ohserva-se que os menores valores das escalas de Kolmogorov ocorrem em regiões distantes dru; 
superfícies rotativas. Isto acontece porque a condição de não-deslizamento presente nas superfícies dos 
cones aumentam a Ulxa de dissipação da energia dos turbilhôes e, desta I~Jrma, impõe limites para a 
cascaUl da energia do escoamenw turbulento. Portanto. nas proximidades das paredes a cascata de 

I 
energia é abreviada fazendo com que a dimensão dos menores turbilhões seja maior que aquela 
observada cm regiões distantes das paredes. Já nas regiões distantes das paredes, a ú.nica força adversa à 
propagação da cascata da energia é a dissipação viscosa. Por este motivo, no seio do escoamento a 
dimensão dos menores turbilhões será menor do que aquela observada nas proximidades das paredes. 

Observa-se, também, na Fig. 10 que, para ambos o~ canais da figura. mantendo-se a resistência 
hidráulica inalterada e aumcnUlndo-se a rotação da homba. a dimensão dos menores turbilhões (Ls) 
!liminui. Portanto. quanto maior a roUlção da bomba aumenta-se o potencial de danos às células do 
sangue. 
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Fig. 10 Dimensão dos menores turbilhões presentes no canal. O menor valor para a escala de 
Kolmogorov ocorreu no Interior do canal formado pelo cone 1 e a c.arcaça. 

Comentários Sobre a Previsão da Hemólise e Sua Implicação na 
Operação de uma Bomba de CEC. 

É importante destacar que a tensão de c.:isalhamento viscosa é a causa do rompimento da membrana 
da hemác ia tanto cm escoamento laminar como turbulento. podendo ser aplicada a equação empírica de 
Wurzinger para prever a taxa de liberação de hemoglobina. No entanto, para o escoamento em regime 
turbulento. existem fatores adicionais que contribuem para o aumento da taxa de hemólise. A mais 
importante está re lacionada às dimensões dos menores turbilhões, ao final da Cascata de Energia, que 
dissipan1 a energia produzida pelos grandes turbilhões. Quando a dimensão destes turbilhões é da 
mesma ordem de grandeza das hemácias, a intcração destas estrutura.~ com a parede celular faz com que 
ocorra destrui~;ão da membrana e cause a liberação de hemoglobina. Este fenômeno. quando ocorre. faz 
com que a taxa de hemólise cresça em re lação àquela prevista somente considemndo a tensão de 
cisaU1amemo viscosa. 

A corrclaçãu entre dimen$âO dos menores lUrbilhões (escala de Kolmogorov) e hemólise pode ser 
checada se forem analisados os valore~ de Ls publicados na literamra sobre o es tudo das propriedades 
da membrana das hcmácias e sobre as tensões turbulentas obtidas no interior de órgãos artificiais 
(Pinotti , 1997). 

As duas abordagens empregadas neste lrabalho para a previsão dv potencial hemolítico em uma 
bomba de C EC destacaram os mecanismos pelos quais as células vermelhas do sangue são danificadas 
pela ação do e~coamento . A simulação numérica e as medidas de turbulência não foram realizadas com 
a intenção de comparação entre os dados numéricos e experimentais. No entanto, estas abordagens são 
úteis para a análise dn potencial hemolítico em função da mudança das condições de operação da 
bomba. Ponamo, os resultados da.~ simulações e dos experimentos apresentados neste trabalho servem 
para descrever, de maneira genérica, a inlluência das condições de operação da bomba sobre os 
mecanismos básicos de bcmólise. 

O primeiro mecanismo, associado às forças viscosas, é caracterizado pela ação de um gradiente de 
velocidade ao lo ngo da ex.tcnsão da hemácin. Desta torrna. este mecanismo de destruição das células 
vermelhas do sangue estará presente cm regiões de intenso gradiente de velocidade que se manifestam 
próximo às superfícies sólidas e cm regiões com gnmde aceleração. No canal estudado mm1erieamente, 
as regiões críticas, apontadas pelo mode lo de Wurzinger et ai. ( 1986), localizavam-se nas adjacências 
dos com:s rotntivos e. sob influência do Ouxo retrógrado, ao longo da scção transversal na saída do 
canal. 

O segundo mecanis mo, ligado à estrutura do escoan1ento turbulento, é caructeri7..ado pela ação dos 
pequenos turbilhões sobre a membrana celular. Esta interação, onde a energia produzida à escala 
macroscópica é dissipada a nível celular. ocorre da seguinte forma: turbilbões ctl ordem de grandeza da 
hemácia são letais, do contrário irão promover o transporte das células de um lugar para outro no 
escoamento. De acordo com este critério, as regiões nas prox.imidadcs das paredes são inócuas. pois a 
presença de superfícies sólidas aumenta a laxa de dissipação da energia turbulenta e faz com que a 
Cascata de Energia seja abreviada. Por outro lado, em regiões afastadas das paredes, onde a única 
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limitação para o tamanho dos turbilhões é a dissipação viscosa, um maior nfvel de energia cinética 
turbulenta produz uma maior chance de hcmólise. 

Os resultados apresentados neste capítulo tomam evidentes algumas carat"terísticas do escoamento 
que têm aplicação prática na operação de uma bomba centrífuga ~em pás em um circuito de CEC. O 
potencial hemolítico da bomba é maior quando aumenta-se a velocidade de rotação dos cones 
(crescimento dos niveis de tensão de cisalhamento viscosa) e/ou quando a resistência hidráulica do 
circuito cresce (diminuição do tamanho dos turbilhões). A Tabela 2 apresenta, de forma sucinta, as 
relações de causa e efeito que propiciam condições para a bemólise mecânica. Por simplicidade, o 
mecanismo hemolftico associado às forças viscosas foi chamado de ''hemólise tipo Wurz.inger" e aquele 
associado à interaçâo entre os menores turbilhões e as hemácías foi chamado de "hemólise 6po 
Kramer". 

Tabela 2 Relações de causa e efeito associadas aos mecanismos de hemólise que ocorrem na 
Bio-pump utilizada em CEC. 

Causa 

Aumento da velocidade de 
rotação da bomba 

Aumento da resistência 
hidráulica do circuito 

Agradecimentos 

Efeito Mecanismo de hemólise 

Aumento da tensão de cisalhamento Hemólise tipo wurzinger 
nas paredes dos cones 

Aumento do tempo de exposição Hemólise tipo Wurzinger 
devido ao possível refluxo na saída do 
canal 
Aumento da energia cinética turbulenta Hemólise tipo Kramer 

Aumento da energia cinética turbulenta Hemólise tipo Kramer 

Aumento do tempo de exposição Hemólise tipo Wurzinger 
devido ao possível refluxo na saída do 

canal 

Os aulores gostariam de agradecer aos Professores Enrico Primo Tomasini e Nicola Paone da 
Università di Ancona, Itália, pelo apoio e encorajamento durante a.s medidas com o ancmômetro laser 
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Abstract 
f'his f1Upu dt'saibt·s ,, nc"'l)' dt>l't'lopul uhsorbinf/ a(~tl!'ltlun mui ir, irn!•lnm:nlalion .for irregular ucew1 ,,.m•t•s in o 
11.'~1 rwt/... ln <I llllt4 le.<f. ll'hih• IHIII!i a WUI't' mtder Ji•l de!l!rmining ocean wal'e wlerant'C ofj!oating body Stmctures. 

a• "·e/1 "' flups. rhere ; , u pmhlt'm· rejlt'ctin.- ll'lll'f'< (rnm lhe tesr body ora 11111/1. raminminn tliswrb rltc rargct 
"<l''<'.f. Tltt'.\t' rr'flc•·ril't> 11'(11'1".' mal..e leJf perfomrrUICI: wrdl'prnd11hle. l>t'nw.•e tlrl' te.w bod.v is e.xpmed 111 rt'jlt>cfll•r 
I• "''''·' a/mr.~ ,..;,h tar~et l•'lll'<'·''· An accurute le.ll mu,\t ~<'t'fl the resl bod~· r> III of reflecm·e wm·es. Pa.,·t stutlws h11ve 
111(1(/e the rondirions for complt•lt• nh.\'(}rptirm o( rex~tlor ••·at·n clear. /lowl'l 'f'l tlu• t'(l/tdirions jiJr abwrprion of 
irre.~ular 11a1 ,.,,.L\ only porriol/y 1,[,/tiint'd usin,g hydrodvnamit·Jorn• uctin1i 1111" wu1•e hoard. The awhorJ pmpr~sr• a 
cvmplctt· uh.wrpli•m u/gtlrithm. u·ltich ulilizt•,ç .I'CJLI'ing of u•ater swlace elei'Oiion ins tead of lz.wlrodynamic.fiwce. und 
" ·' Ímfdt•mentation for irrexutur ll'tll'f'S. 1'hl' 11111/wn lw1 ·e l'btained good t:XJ,..rÍm(•llla/ 'I'SIIIts from rhi., algorithm. 
·H.vo intlri.\ pupl'l'. li!<' author,, Í!llrmluce rime~{requency wwly.Hs, lHing u .llu>r/·111111! Fourier trans.form u•chniqut•, for 
\'Í,IIttllt:mg lht• >~ore oj t~hs1•rplll>11 
Kl')',.·ords: \Vm•e Muker. Ab.wrp11o11, lrrf'gu/nr Wa n•. Slrort·TIIItt' Fourier Trun.>.fom> 

lntroduction and Motivation 
Thc close rclationshtp between humao lúnd and ocean has continued since tbc Age of Grcat 

Voyagcs. Howcver wc sti lllack complete knowlcdgc of the whole oce<m. Ncvertheless lhe dcvclopment 
of the off sborc has progressed. For example, Japan has piam; for thc constructioo of lhe mega­
floaT(Officíal Gazene, 1995), which means a largc off shore noating stmcture, for multipurpose use. 
From the view point of pmtection of the earth's environmenl, ocean dcvelopment is a signiticaot 
problem. 

The motivation of this rcsearch 1s based on tmprovemcnt of occan :-.pat'e management. An offshorc 
llualiug ~lnlcture must have suf11cicnt toleranc.: for ocean waves. Scale modcl tcstrng Ln a test hasin is 
u~uaUy perfonm:d to vcrify wave tolerance. This paper dcscribes a newly devcloped absorbing 
algorilhm and its implemcnwtion for irregular occau waves i11 a testtank. 

ln u tank test, while using a wave maker for dclcrmining ot'ean wnve tolerance of noating body 
stmcturcs. as wcU as ships, thcrc is n problem: rcllcctivc waves fmm the tcst body ora tank. tcrm.ination 
disturb the targct wave~ . Rellective waves make tcst pcrfonnance undcpendnble, because the tcst body 
os cxposed to reflectivc wavcs along with target waves. An accurate test mu~l keep the test body out of 
rellecuve waves. 

-- Nomenclature 
a Amplitude of the water sur1ace c Coetticlent calculaled by Eq,(8) denotes the number dehned by 

elevallon H Wave hetght Eq.(9) 
o Amplitude of the motion ol a K Wave number D denotes the symbol ot lhe 

wave board L' Square-inlegrable function surface elevation ot the targel 
f Signal space waves in front ot a wave board 

~ 
Acceleration due to gravoty T Wa.ve period I ,.. denotes the ta.rget waves 
Unoform water depth ln lhe test X Displacement of a wave board R denotes reflective waves or 
lank c the random phase lag real nurnber space 

n the number or frequency ~ Veloc1ty potenbaJ o denotes lhe water surface 
component waves ol lhe 'I Water surface elevation elevation in lront of a wave 
Irregular wave (I) Angular frequency board 

t Ttme ,,. Short-hme Fourier transform or denotes spectrum 
(JC Z): Coordinate system in lhe test Gabor tre>lSiorm denotes the conjugate 

tank Sutfix 
A Coefticient calculated by Eq (7} denotes Hh lroquency 

Presente<J et OINAME 97- T' Interna/lona! Conference on Dynamic Prob/ems m Mechemcs. 3- 7 March 1997. Angra 
dos Re•s RJ Brazil Techmcal Edttor. Agenor de 1'oledo Fleury 
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Past studies have made the conditions for complete absorption of regular waves clear (Salter, 1981: 
Kawaguchi. 1986). However the conditions for absorption of irregular wavcs are only partially obtaioed 
using hydrodynamic force acting on a wave board(Naito, Huang and Nakamura. 1987). 

The authors propose a complete absorption algorithm, which utilizes sensiog of water surface 
elevation instead of hydrodynamic force, and its i.mplementatioo for irregular waves. Also in this paper, 
the authors introduce time-frequency a.nalysis, using a short-lime Fourier transfonn techniqoe. for 
visuali:z.ing lhe state of absorption. 

The following section explains the general details of lhe work of a wave maker in a test tank. The 
third section prescnts lhe control law for absorption and generation of irregular waves.The fourth 
section deals wilh contrai ÍJlstallations of the developed algorithm. The fifth section is concerncd wilh 
the cxpcriments in the tcst tank and presents time-frequency anaJysis of experimental data using a shorl­
timc Fourier transform technique. The final section contains the concluding remarks. 

Wave Maker 
A modemized wave maker has some ~egmented wave boards and can generate lhe multi-directional 

irregular waves. so called short crested waves in the real ocean. by controlling each wave board 
indcpcndcntly (Nohara. Yamarnoto and Mat.suura. 1995). 

A wave maker with a wavc board installed in a scaJe-modeJod test Lank is dealt with here, as shown 
in Photograph I. Figure 1 shows the coordinate systeru and ta.nk installations of a testtank. A brushJess 
AC servo motor is used for driving the system. The AC servo motor rotates a ball screw connected with 
a linear guide to a rod and then to a wave board, mechanically. The mechanism of a linear g11ide anda 
linear way convens the rotational motion of a ball scrc.w into the straigbt-line motion of a wave board. 
(This is the so called piston type.) Thus the motion of a wave board generates lhe waves. The metbod of 
generating wave charactcristics, for example, wave height. wave period and wave spectrum, etc., is 
bascd ou lhe ope.ration of the wave board. Therefore the state-of-the-art wave maker requires a high 
perfonnancc computer systcm {Nohara. Yamamoto and Matsuura, 1996). The electronic servo driving 
systcm has been uscd recently due to some advantages such as higher dynamic pcrfonnance, no Jeakage 
of oil to the basin, and maintenance free motor system, etc., compared with lhe bydraulic sysleJDS. 

TESTTANK I 
Fig. 1 Coordlnate system and tank installations of a test tank 

Control Law for the Absorption and Generation of Irregular Waves 
Let tbe surface elevation of the target wave and lhe renective wave be r11 and 1-,R respectively. Then 

r{ and rf are described by the following cquations. 

n 

71 1 = L,a/ cos(w;t- K;x+t:/ ) (I) 
i=l 
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fi 

H " /( K R 1/ = La; cos((J), t+ ,x+t; ) (2) 
I'= I 

l-lere a, t, x, K. f'.. w indicatc Lhe amplitude of the wave, time. Lhe coordinate of lhe position of the 
target wave or the renective wavc. Lhe wave number. random phase lag and angular frequency, 
rcspcçtively Moreo, e r suffix 1 denotes thc frequcncy component of Lhe irregular waves, which are 
cunsidcrcd as the superposition of n di ffcrent frequcney componcnt waves, and the suffix I and R 
denote thc target wave and the reflective wave, respective ly. K; is obtained from the <tispcrsion relation: 

w,1 = gK; tanh K,h. (3) 

whcre g and h indkale Lhe acceleratioo due to g.rav ity and lhe water hed, respecti vely. 
The followiug equation is obtained by dccomposing Lhe displacernent X of a wave board to Lhe one 

)(for generation of Lhe Larget wave ry' a.nd the one )(I for absorption of Lhe rellective wavc 1( 

=±r e[ sin( w,t + t/ )- efsin( W;l +ef )) (4) 
i= l 

" = I,x , 
; .. 1 

Here e denotes thc amplitude of Lhe mution of a wave boa.rd. The vclocity X of a wave hoard is 
ohtained by Lhe dcrivative ofEq.(4J with respect to tas follows: 

' ~ I I H R X = L {e; W 1 cos( (J);t +E, ) -e; W 1 cos( W 1 l +E; )} 
I I 

/1 • 

= L, X; (S) 
r=l 

From ~mail amplitude wave theory (for example. Crapper, 1984), the velocity polential tP (x, z: t ) is 
prescotcd :.l'o follows under lhe twu condilions: gencr:nion of the target wavc toward lhe positive 
directioo ·' hy the displacemcnt )( and absorption of Lhe rctlective wave toward thc negative dircction x 
by the displacement XR. 

" 1 g c os h K 1 ( z + h ) . 1 
~(x. z.t)= l. {A;e,- srn(W

1
t-K,x+ e ,-) 

; - 1 (J) ; cush K ,h 

R g cus h K 1 ( ;:: + h ) . R 
+A, e, - sm( (J),f + K1x+E, ) 

(J); cn.çh K ;h 

I '~ I g c os K ij ( z + h ) 
- cos( W;I+f' ; )I,.C;je;- exp(-Kux) 

ri W ; cos K,.j h 

(6) 

R O> /( g cos K ii ( z + h ) 
+ cos( w,t + 1:: 1 ) L C;;e, - · _, exp( -K ;;X )} 

j-1 (1)1 c os K ;jh 
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ln Equatioo (6). tbe flrSt and second term~ of lhe rigbt hand side represem lhe velocity potential of 
the target generation wave and the one of lhe rencctive wave. respectívely. and tbe rest represents one 
of the local waves. A, and C,, are wriuen by 

2 · sinh 2 K ,.h A. = ______ ..:...._ __ 
1 

K,h+sinhK;h ·coshK,h 
(7) 

2 · sin1 Kuh c,, = --------=---
K ;;h + sinKiih · cos K ,.ih 

(8) 

and K,: is obtained by lhe followi ng disper.s10n rclatíon. 

(9} 

To lct lhe lirst tcml and second term of Eq.(6) givc Lhe a!,»reement wilh 171 and ry11
, respectively, the 

next equations must stand up. 

I =ai e! 
a I 

A,e; I .. = _,_ 
(I 0) I 

A . 
I 

R H 
e!< 

a R A,e,. = a, .. - '- ( 1 I ) I 
A ; 

The surface e levation IJo in front of the wavc board (at x:O} i.s obtained by 

_ I dl/J( x.z.t )I 
11o -- ;, .<-0. 

g ur :~ 
(12) 

and using Eq.(4}. Eq.( 10) and Eq.( 11 ). the ncxt equation is obtained. 

11 -~ { I I R R ~ IJo= L a, cos(w,.t + E; )+a; cos( W,t +e, )+ LC;i X ; } (13) 
i • / j=l 

Moreovcr the following relation is obtaincd from Eqs. (5), (I 0) and (li): 

" A · " 1 1 n R R 2- ' X, = Ia; cos( W;f + ê; )-L,. a; cns( w;t +e,. ) 
i=l W ; i • l i - I 

(14) 

Eliminauon of u11 using Eq.( 13) and Eq.( 14) gives lhe equation: 

" A; . - 11 
I .I " -L,. - X,- 22a,. cos( w,t+E , )- '10 +I.. L,. CÍJ X ;. 

1-=1 w, i=l i =l i= I 

( 15) 

Ln Equation ( 15). the first term in the right hand side represents the swfacc elevation of the target 
wavc at x:O. Let Lhis term be Tlu· then Eq.( 15) is wriuen as 
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n A. . n oo 

I-' X i = 211 n - ( 11o - I L cij X i ) . (16) 
i:/ w, i = l j=l 

ln Equation ( 16), A1, C,
1

, can bc computed in Eq. (7) and Eq. (8); to. is a priori value: lhe i-lh angular 
frequency of thc target wave and 7JIJ is lhe surface elevation of the target wave; 'lo is the surface 
clevation• in [ront of a wavc board. lherefore it can be measurable by a wave height sensor. Moreover 
the displacement X of a wave board is also measurable by ao appropriate sensor, for example, an 
cncoder artachcd in a motor, a potent:iometer installed in a driving systcm, etc. Accordingly, the i-th 
velocity x; of a wave board can be calculated under the cstimation of lhe i-th displacemcnt of a wave 
board. As a resull. lhe velocity X of a wave board is controlled by 

• n . 

X=I,Xi. (17) 
i=l 

and both absorption of the renecúvc wave and generation of lhe targct wave can be accomplishcd. 
ln the ca~e (lf the regular wave {n=d in Eg. (6)). lhe foiJowing rcsults are induced: 

n. A 1 g cosh K( z +h) . ( v.. 1 
'f' = e - sm (J)( - nA+ E ) 

w cosh Kh 

I< g cosh K( z +h) . H 
+ A e - su1( c~1l + K.x +e ) 

cu cosh Kh 

I - I g c os K j ( l + h ) - K ..• 
- c os( úX + €. ) L, C 1 e - ' 1 

i·" w cos K ;h 
( 18) 

R .... H g c os K j ( z + h ) - K j~ 
+ cos( (J)( +t: JL,C ;e _ _ _ ..:.._ __ -1?. 

1 1 · w cosK i h 

A= 2sinh
1 

Kh 
Kh + sinhKh cosh Kh 

(19) 

(j=l. 2. 3 . ... ) (20) 

w2 = gK tanh Kh 
(21) 

a/ = - gK1 tanK/! (j=l. 2, 3, ... ) (22) 

(23) 

These are consistem with lhe previous result (Kawaguchi, 1986). 
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Control lnstallations 
Figure 2 shows the control installations for lhe proposed algorilhm usiog filter banks which are 

realized by software on a digital computer. A filter bank consists of n fLiters. shown in Fig. 3, whose 
dctection frcquencies are sel by component frcquencies of the irregular waves. The gain k works the 
balance of the input and output. 

CNT: Concrotm 

AMP Amptit»ef 
M: AC Servo Motor 

Fig. 2 Control algorithm lmplementatlon for absorption of irregular waves 

----- - -------- --------- - ----- - -, I . 

----·-·-·- ·- --·-·-·-· ---- ----- ·-

• • • • 

k: gain FIL TER BANK 

Fig. 3 Filter bank 

The first filtcr bank dccomposcs the displacement X of a wave board into its constituent elements 

X1• The second fiher bank also decomposes the right haml si de of Eq.( 16) into eacb frequency 

componenl. The command signal x for the motor specd is then obtained by the summatioo of X;. 

Experiments in the Test Tank and Time-Frequency Analysis 

Experiments in the test tank 

Tbe test tank is 3m long, 0.1 m wide and 0.3m decp. Tbe wave maker bas a single wave board of 
OJm width wilh a small clearance to both side walls. Two wave makers are installed at b<>th ends of lhe 
test tank shown in Fig. 4. ln the experimcnts, one wave rnaker is used for generalion and lhe other for 
ãbsorption. 
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Fig. 4 Test tank 

Figure 5 shows Lhe time rustories of the surface c lcvation at lhe Jongirudi1tal middle point m the tcst 
tank gcoerated by the regular wave whose parameters are as follows : H= I. Sem, T= 0.83s. The left 
charts show the state of gencration with working of absorption. Thc fade-in and fade-out functions are 
workiltg at Lhe start sequence and lhe ~top sequence. rcspectively . The non-lincarity of the test tank 
affects lhe target wave height, that is , lhe measured wave heigbt is a little lower than lbe given wave 
hcight. The absorption mechanism is working well. therefore Lhe progressive regular wavc is obtained. 
Moreover the absorption mechanism makcs Lhe water surface still as soon as wavcs generatioo stops. 

001 

• 1. <l.OOO 

E .. 
~ . Q(X6 

J! 

n. OI ~ L------....,..,..-,..,.---- ----J 

1 
i . 
i 
.ii 

ii.Ob r---------------, 

004 

O.CI! 

O ~b-fH,_~~~~~~~~~r-~ 
3<• 

-O. <Xi 

-0 04 

-~.u '------- ---------....1 

Fig. 5 Time histories of the surtace elevatlon by the regular wave (H = 1.5cmm, T = 0.83sec) 
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Wherea~ lhe rigbt charts s how lhe srntc of the case witbout absorption me~hani~m. The standing 
waves form bccause of tbe superposition of the generated waves and lhe renective waves from the tank 
termination. 

The lower charts represent tbc time expansion charts of lhe oppers. 
Figure 6 corresponds to the irregular waves, which consist of two component frequency waves: 

H1= 1.2cm. T 1=0.83s and H2= 1.2cm, Tz={l.67s. Similarly, the left charts show thc state of generation 
wilh working of absorption and the rigbt lhe state of tJ1e ca~e wilhout absorption mechanism. Thc 
absorption mechanism is working very well also iJl the case of ilie irregular waves. 
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t 
~-01 

o -.; 
v 

~ 
j 

T..,.loe<J r.. .. [,.<) 

Wllb lhe Aboo<pl oo M<dlaoiiW I'OII<Uool•l 

Fig. e Time hi st ories of tne surtace elevatlon by tne irregular wave H l = 1.2cm, T1 = 0.83sec, 
H2 = 1.2cm, T2 = 0.67sec) 

Time-frequency analysis 

Using ilie short-time Fourier transform tcchnique. validat.ion of lhe expenmcntal data is verified. 
Time hi~tories have linle infonnalion conceming frequcncy. Frequency infonnation can be obtained 

by lhe frequcncy analysis based on the Fourier transfonn. However Fouricr analysis has a disadvantage: 
frequency informat.ion can only be extracted for the complete duration of an originaltime-history signal 
f(t). Since lhe integral in ilie Fourier transfonn: 

1\ 

/((I)) = r .. exp( -Í(J){ )/( t )dt (24) 

extends over ali Lime. from -oo to oo, ilie infonnation it provides arises from an avcragc over lhe whole 
lenglh of lhe signal. Morcover, a local oscillation rcpreseoting a particular feature at some point in lhe 
lifetime of f(t) will contributc to thc spectrum in ali frequeocy range. but its location on lhe Lime axis 
will be lost. 

ln contras! to Fourier analysis. thc short-time Fourier tr.msform can ovcrcome lhis disadvantage. 
Thc short-timc Fourier transfonn is defincd as foUows (for example, Kaiser. 1994): 

Let the function: w(t) ( w( t )E L1 ( R )) and ~{ (1)) satisfy 

nv(t)E e·( R) (25) 
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and 

(26) 

then the window-Fourier transfonn using w(t) as lhe window functtOn; 

( Gbj )( w )= [Jexp( -i(J)t ).f( 1 ))w• ( t-b )dt (27) 

'' Lhe: shnrt-ttme Fourier transform. Here suffix * denotes lhe oonjugate. 
The short-time Fourier trausform can provide an ahcrnativc way of break.ing a signal down inLo its 

~:onsLituent parts nnd a way of k.nowing a ~pecific point in whicb Lhe particular oscillation occur$. 
Figun::s 7 anel 8, comparcd to Fig. 5 and Fig. 6, rcspectively, show lhe time-frequcncy charn 

computed using Gabor transform (see Appeodix). one of thc sbort-Lime Fourier transforms. The upper 
charts in these figures show lhe statc of generalion with lhe absorpt.ion mechanism functioning. Only 
the gencrat.cd freq uency components are evident from the strut of gcnerating waves in lhe dcvcloped 
algorithm. However lhe lower charts show Lhe statc without the absorprion mechanism. ln thcsc charts, 
undesired frcquency cnmponents occur duc Lo lhe rellcctive wave~ . 

- ... 
i ' .. ~ • .. , 

j 
.... , .. 
I lf ,., 

I I • UI 

11: lo. I 

..... .,. .. ; 
- 1· 1~· ··; 

...... 

With Lhe Absorption Mechanism Functioning 

• .n\ ~.,..,. ··-
Wllhout the Absorption Mech.anism 

...... 

Fig. 7 Tlme-trequency charts (ln case of regular wave, compared to Fig. 5) 
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With tbe Absorptton Mechanism Punction.ing 

Without the Absorption Mechanism 

Fig. 8 Time-frequency charts (ln case of irregular wave, compared to Fig. 6) 

Concluding Remarks 
AJ1 absorption algoritJun for irregular wavcs was extcnded from that of regular waves and its 

I validity was vcrifted by cxpcriments using a scalc-modeled test tank. Moreover, using a short-time 
Fourier lransform techn.ique, lhe effcctiveness of the proposed algorithm was shown. The time­
f.requency representation of the experimental data maps its waveform imo a three-dimensional function 
of time, frequency and its power over the time-frequency plane. This displays the localization in time of 
lhe signal's frequency components. 

The experiments dealt with irregular waves which have two frequency components due to the 
limitations of the sca.le-modeled test tank.. which include such pararneters as: limited tank. length and the 
Jack of stroke length of the wave board. etc. The authors pl<m work include experiments for spectrum 
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shaped trregular wavc~ ~u.:h a:. JSSC (Huang. Tung and Long, 1990). JONSWAP (Has~clmann. et al., 
197 Yt and Bretschneidcr-MiL~uy::t~u {MiL~uyasu. 1970), etc. at lhe Jargc scale test basin (Matsuura. et 
ai.. 1997). 

Thc nccan occupies 71% of thc swtacc of lhe e:.u1h and plays ;m imponant role in thc rcsourccs and 
environmcnt of the earth. Thc next ccnlllry wiJI ~t:e lhe nced a total development syslem. in which lhe 
o..:ean must bc considered in lhe company o r lhe land. and intemational corporation. Thc authors hope 
thal lhis papcr will conlfibute 10 ocean dcvclopmc:n t. 
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Appendix (for example, Chui, 1992) 

For f E L! ( R ) . the Gabor Lransform is dcfined a~ 

(Gf,f )(W)= J:(exp( - iriX )f(t))l?u(l-b)dt, (A I) 

whcrc g is the Gaussian funclion: 

Ba(l ) = ( 11(2/M ))exp( -t 2 I( 4a )). (a>O ) (A2) 

This c G~ r)( w 1 gives a local time-frequency analysis of lhe signal f(t) in Lhe sense that it provides 
accurote information about f(t) simultaneowdy in lhe Lime domain and in lhe frequcncy domain. 
Morcovcr Gabor transform provides the optimol localization in time in the mt:aning of thc uncenainty 
principie, which states thal sha.rp localization intime and in frequency is mutual ly exclusive. 
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Abstract 
nm puper tlt·w·riht•,, compurarimwl mellwd.r for thl' emlumion of safe /imits of opera11n11 of driven mechanictú 
xystl'm.,, w, dt{tnt• rhe pmblem of emlua/ing lhe sa.fery nf tramient wui sready-.,·wtl' 111(1/Í(m~ in ll!mn tifthe escape 
.frnm a rmtenlinl we/1. We then describe a .rimple. mi>IISI method o/ detennining bmmdttries of safe operation in 
comml span·. um/ wr• .:onclude by upplying lhe melhod to a numbu of examplcs. 
Keywnrd.ç: Nt~trlintlllr Oynamics. E.,·capc f'henomena, Potewia/ Wel/s, Nrm/inear Ost"illamrs 

lntroduction 
Many physil:al systems have lheir behaviour largely determine<! by thc intcrplay between "internal", 

potcotial forct:s and "externa!" excitation. Potential wells are associated with local mínima of the 
potcotial encrgy of lhe system, and syste ms are often designed to mak.e dcsirablc operational conditions 
coincide wilh Lhe minima of some gem:ralised potential eoergy. so lhat in the absencc of di.sturbances 
lhe system remaios io a desired statt: . Commnn exan1plcs of potential wells includc lhose gcnerated by 
elastic forces, and by gravitational and e lectromagnetic fields. Perhaps ao important question is, does 
the system re main close to the dcsirablc condition in tht:. presence of externa/ perturbations. Obviously, 
any system will o nly eodure a certaio amount of disturbance, beyond which no stable or safe operatioo 
will bc possible. One way of cbacacterisi.ng lhe failure of Lhe system is therefore by ident.ifying failure 
wilh the esr:apt ofthe systemfrom a safe potenrialwell. 

C learly. it is of great interesl lo be ablc to predict wbich conditions may lead to failure. A 
comprehcnsive answcr to lhis question is gencrally very difficult to obtain. Exact calculations are 
impo~siblt: in ali hui the s imples\ cases. ln fact, it has bccn observed that even one- and two-degree-of­
t'rcedoru, pcriudically driven nonlioear oscillators can display ao coonnous variety and complexity of 
escape mechanisms, comprisiog roany local and global bifurcat.ioos, non-periodic and cveo c haotic 
respooscs. sce for example Thompson (1989a) and Thompson and de Souza ( 1996). Some useful 
information can, bowever, be ubtained without excessive use of computational rcsources. ln particular. 
we focus hcre on lhe approximate detenninatiun of boundaries of safe morion in the space of control 
parameters. We propose Lhat a coarse grid-of-swrt~ suitably placed in phase spacc can be an efficient 
instrument for lhe estimalion of thosc boundaries. We demonstrat.e the use of this melhod for ooe- and 
two-degrcc-o f-freedom nonlioea.r mechanical systems. 

Loss of Engineering lntegrity 
For a givt:n cuntiguration of control paran1e1ers, the set of i.nitial condition.s in ph<•se space that lead 

to .safe motwn.~ is cal lcd lhe safe basin of the sys1em. Thc sizc. shape and location uf safe basins is an 
importam mcasure of lhe enginecring integríty of lhe syste m. Ckarly, lhose properties wiiJ cvolve as 
control paran1c1crs are changed, and a key information aboul the system is lhe location of regions of 
control paran1ctcr space lhat lead to a loss of engineering integrity (unacccptablc safe basins). 

A variety of phenomcna can be invulved in lhe process of loss o f dynamic integrity of a system. de 
Souza ( 1995) has presentcd a prcliminary cla.ssifiealion of such processes based of observations of lhe 
macroscopic evolution of safe basins as comrol paramt!lers of the system are changed. lt has beco 
proposed that processes of loss of dynamic stability of motioru; insíde a potcntial well can be broadly 
classi fícd as : 
Manuscript receiVed: March 1997; revision roceived: November 1998. Technical Editor: Agenor de Toledo Fleury. 
Presented ar OINAME 1997- 7'" lnlemationa/ Conference on Dynamic Problems m Mechonlcs. 3-7 March 1997. Angra 
dos Reis. RJ. Braztl. 
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Gradual 

Resulting from a macro~cupi.:ally conlinuous and rcl:u.iH~ly slow redunion of ~afc: ba~ins. Safe 
basins can gradually shift m phasc spacc: and/or h.we thci.r boundarics (but not thei..r bulk) eroded by 
lhin fractal striations. Fig. I shows an c:xample of such behaviour 11b.~crved in the system described by 
Eq. 4. Sce the Appendix for numcrical úctails. 
Sudden 

Usually a:.soc1ated with lhe fractal erosion of thc buli.. of Lhe safe basin The fact that fractal 
incursions !>Wcep rapidly across the safe basin means U1at lhe wholc proces~ occurs within a nnrrow 
range of panunctcr v alue~>. Fig.2 shOW!\ an cxample of ~uch behaviuur observed in lhe system described 
by Eq. 4. Scc Lhe Appendix for numc.rical dc:ta•ls 
Catastrophic 

These are: cnmmonly g1vcn by di!\t:llfilmuous changcs in shape. ~1zc. or position of the safe basin 
that rcsult frum a dynamit' bifurcation. such as a jump to rcsonan~:e. ln these cases lhe remou: attractor 
to wh.ich solutinns eventually con~erge m:~y lie outsidc lhe regiun of acceptable motion, and the safe 
basin can vruush ahru 

~~~====~~~~~~~ 
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N 

(a)F=0.06 (b)F::{J.J2 

(~}F=O.I ~ (d)F=<J.24 

Fig. 1 Evolutlon of safe basfns for Eq. 4 wíth w = 0.55 

Nomenclature 
CoeHICoencs ot oestorong p 
funcroon on Eq 6 
Escape distance 1 
Restoring function T 
Arnplitude of excotatlon V 
Dampong funclion . ~ 
Number of cycles of lhe torcong a 
Grid startong cOO«<inates 
Number ot starting condolions p 

Number of onlegration poonts 
per cycle of lhe forcing 
nme 
Period of lho forcíng = Potentlal energy tunction 

" Phase variabte 
Coefficients of restoring 
lunctlon on Eq 5 
Oampong coeftocient 

o = General tunction on Eq. 2 
~· " Frequency or excotatoon 

Subscripts and symbols 

() = Oifterentiation ot (.) wrt time 
esc " Escape 
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(c)F=0.18 (d)F=0.24 

Fig. 2 Evolution of safe basins for Eq. 4 wlth <o> = 0.85 
Thc beuüstics of tbe method proposed here is that a coarse grid of starting conditions suitably 

placed in the phase space of the system can locate regions of parameter space corresponding to a loss of 
engineering integrity resulting frorn any o r the processes described above. 

Methodology 
We consider coupled mechanical oscillators described by systems of lhe form: 

x 1 + g f( x) + / 1( x) "' F1sin( w 1) 

X2 + g z( ;() + jz( X)= f2sin( W I ) 
(1) 

Hcre x = lx 1• x2 ) is a vector of space coordinatc.s describing the motion of the system, and a dot 
denotes díffcrcutiation with respect to time 1. The system is driven by periodic forcing of amplitude F 

and period w, and incorporates positive damping III-' J = (g 1( .\i.g2r .fJ). 

lnteresling systems will typically display at least one local minimum of the potential energy 

function V( x) = j /,( x !Jx1 + J jz( x !Jx2 • corresponding to a stable fixed point of tbe unforced, 

undamped system. We assume that the origin of our coordinatc system is some (non-degenerate) 

minimum of V( x) which we deem a desirablc coodilion for the system. 

For systems describcd by Eq. (I). a ge11eral grid of stm1ing conditions is tbe product set of discrctc 

vectors of starting coordinates M = s 1 ® s2 ® s~ ® s4 , where s; = {su,S;z·· ..• s;,vi },i= 1,2,3,4, and N1 

is the number of starting coordinates in the grid for pbasc variable X;. Haviog defioed a suitable grid, 

the method con.sists of solving numerically a scries of initial-value problems: 

.i-( f) = ip( X. F.<o.t ), I E ~J.tr J 
x( O) = x0 , x0 E M 

(2) 
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to gt.:n~:r<~Le N=N, x N, x N x N. serie~ of dtscrctc p01n1s {xtk), k = 1,2, ... m . p}. 'lbe {x(kl) are 
numencal approxirnations ln liansicnl trajectorie~. where m is the number of cyclcs oi the ion:ing (of 
period T = 27tfc.o). nnd p is lhe number of iutcgration points per cycle of the forcing. The paramcter m 
defines lhe maximum dun•tion of transients, t, = mT. Eacb point of {x(k)} is then tested aguinst thc 
escape critcrion, and classificd as safe or escaping. lf any point of {x(k)} is classified as escaping lhe 
liajccwry it approximatc~ is considered to be ao cscaping trajectory. For each frequency of lhe fordng 
temt lhe mclhod consi:-.t~ o! de1erminíng the minimum valuc of lhe amplitude of tbe forcing such lhal 
escape occur::. for any poaot of lhe grid. 

Wilh rcspcct w escape crit~:na we adopt a simple approach lhroughout lhis study. Wc tak:e lhe 
distancc bctwccu tbe ongin and lhe nearest maximnm of potcntial energy as a refcrence. For systems 
with a one-dimensional potcntial well we a~sumc that escape has occuJrcd when the displacement phase 
variable has gone a ccrtaJO fractJOn (wt: have used 20% throughout this study) of that diswm:c bcyond 
the maximum. Highcr dirucn:,ional :;ystem~ rct]uirc thal the distance in lhe phasc space of di~placement 
coordinntes is uscd. We Jlso rcstrict simulatiuns to transíent motions of no more tban LO cycles of the 
forcmg. lf escape has not occurrcd with.m 10 cycle' we consider lhe point as safe and move on to Lhe 
n~xt pomt of the grid o r lo a larger amplitude of lhe lorcing. Throughout lhis study wc have ernployed a 
41 -urde r Runge-Kutta numcrical imegrator v.ith lixed ~Lep size of 1/80 of the period of tbc forcing. 

The Llimcnsion of a general grid is thc dimcnMon of lht: phase space of the system under study. We 
howcvt:r lirnit our numcrical experiments to reduccd grids in which only phase variables a~sociatcd 
with the potential energy are varíed along the grid, cffcctively rcdut:ing lhe dimension of lhe grids. 
Phasc variablt:!> nul as.,ocaotcd with the potcnti:tl cncrgy (in mechunical oscillators these are the 
velocitics) are kept const;ml along the grid at their cquilibrium value (usuully zero). ln previous works 
we havc analyscd the effectof Lhe two main paramcters defuúng the grad: grid lengtb (distance in phase 
space bclwccn extreme~ ol thc grid). and grid siu (number of points lhat constitule lhe grid), Bishop 
and de Souza (1993 ). ln that Mudy wc concentrntcd on Lhe escape equalion Eq. (3), and we concluded 
that the lenglh of the grid ~~ thc most tmpurúlnL factor. Grids of three points yidd essentially Lhe sarne 
results as grids of mon.: t.han a hundred poinl'>. prnvídcd lhat they have thc same lc::nglh. The lcngth of 
the grid however wa~ shown to have a largc cffcct on lhe finaJ result . Scvc.ral lengtbs wcre u~ed, and 
lunger grids were shown to indicatc lowcr escape values, particularly in conditions far from lhe main 
re:>onance. Wc lhercforc concenuatc here on grid!'. ol' three points in cach direction considcred: the 
origin (i.c. the minimum of thc po1cntial welll and two other points symmetrically placed around i!. We 
also include for comparison rcsuhs from one-poim gnds (always lhe l;Lable. desired condition). 

Stncc our prcvauus l>Ludac!> focused on onc-Jcgrcc-of-freedom ~ystems and lheir associated one­
dimcnsional polential wells, wc anvestigute here Lhe effcct of tbc exlr3 dimcnsion found in Eq. (7). 

Results: sensitivity study 
WiLh Lhe purposc of dcmonstraung lhe appltcability of lhe mcthod wc propose hcrc. wc have 

sclectcd from lhe reccut intcmational liLcraLurc f'our different one-degrcc-of-freedom syslems. and a 
two-degree-of-freedom sy::.tcm. They are all periodically-dríven nonJincar oscillators in which failure 
can bc viewed as lhe escape from a potenual wcll. The basic criterion uscd 1.0 tbe selection of lhese 
~pt:cific ~ysicms wa~ the availability of diagrams in lht: control plane depicting safe (non-escapbtg) and 
wt~afc regions of operntion 

The dynamical systems considered here are. 
System I (Lhe escape cqu:uionl- Asymmetrac potcuual well with 4uadratic nonlinearity, Virgiu e1 

ai. ( 1992), Thompson ( 19X<Jhi. 

(3) 

Systcm 2 (a Dufrmg c4uation) - SymmeLric poteutial wcll wilh cubic nonlínearity, Virgin et aJ. 
(1992), Kan (1992). 

(4i 

System 3 (a nmdíficd Dufting equation u~ed in onc-mode analy!oiS of shallow arch) - Asymmeliic 
potcnlial weU owiLh 4uadriJiac and .:uhic nonlinearitic:.. Virgiu ct ai. ( J 992). 
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.. A . 2 2 I F . 
X-t1Jx+w 0 X~ 1x +ex 3 x· = Str/(01) (5) 

System 4 (roll motion of a ship) - Asymmetric potcotial weU with cubic aod fifth order 
nonlinearitíes, Soliman and Thompson (1991). 

(6) 

System 5 (two-degree-of-freedom system) - Symmetric two-dimensional potentiaJ weU, Viigio et 
ai. ( 1992). 

xr+{Lrl+xr4xlx/ =Fsin(wt) 

x 2+íh2+2.25x2-4x/ x2=Fsin(wt) 
(7) 

We start our investigation wilh a sensitivity study involving the main parameters defining a grid-of­
starts: grid lenglh, and grid sizc. For cach ouc of the systems represented above by Eqs. (3)-(7) we 
perform the numerical determination of boundaries of safe motion undcr transicnt conditions, using 
three different grids. For Eqs. 3 to 6 lhe influence of grid s ize is assessed by iocluding a one-point grid 
as well as two lhree-poinl grids; the influence of grid lenglh is evaluated by taking different lengths for 
Lhe two three-point grids. For Eq. 7 we have also performed a comparisou betweeu ouc- and two­
dimensional grids with three points in each direction. 

ln lhe legends to Figs. 3 to 8 lhe length of the grid is always expressed in terms of fractions of lhe 
distance belween Lhe origin of lhe potential well and the nearest maximum of the potenlial function: 
0.00 (corresponding to a one-poinl grid), 0 .30 and 0.65. The number of points comprising the grid is 
denotcd by N, x N, (for rwo-dimensional phase space) or N, x N1 x N, x. N, (for four-dimensional phase 
spacc) where N, is the number of poims in Lhe grid in Lhe direction of X; • 

Results for this sensitivily study are shuwn in Figs. 3 Lo 8 where the minimum values of F for 
escape (1-m ) are plotted for a range. of frequencies of lhe forcing. Tbe resulls of this sensitivity study 
confirm that grid lenglh is an important paramcter both for one- and two-diinensional wells, especially 
in far-from-resonance conditions. l.n some cases, as with Eqs. (3) aod (5), escape values predicled by 
longer grids can be less than half of those predictcd by a one-poiot grid. Th.is siguais for the necessity of 
longer grids if an accurate global picture of safe boundaries is 10 be acbievcd through the ruethod 
proposed herc. The difference in results between one- and two-dimensional grids for Eq. 7 are lcss 
pronounced bul nevertheless significant in off-resonance conditions, see Figs . 7 and 8. ln view of thc 
resulL~ described above. we have selected the longer grids for comparison wilh the intemational 
literature. and the two-dimensional grid for Eq. 7. 
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Fig. 3 Sensltlvlly study for Eq. 3 
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Results: comparison with the literature 
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Tahle 3 in the Appcndix ~ummarises the maio nurucrical fealures of lhe data wc are using hcre for 
comparison. ln our own simulations we have employed lhe same parameter values, but we have used 
diffcrcm slarting poinls, maximum transient duration, and escape cri teria. Our escape critcrion is based 
un thc dislam:c to the nearesl local maximum of potenlial cncrgy: the system is deeme.d to have escaped 
if thc magnitude of lhe displacemcnt variahle X exceeds 1.2 of lhat distance. ror asyrnmetric potenlial 
wells. namely Eq.~. (3) and (5). only djsplacements in the direclion of escape are considered. ln thc case 
of Eq. (7) wilh its two-dimcnsionaJ polcmial well, we have used a simi lar crileri(ln: escape is assumed 
to have occurrcd if Lhe di.~tancc in the phasc space of displacemenl va.riables betwccn a point in thc 

tmjcctory and the origin rfl ·' J = ~x/ + ./ exceeds 1.2 of lhe distance between thc origin and the 
nearesL unstable fixed point of lhe unforced system. 

Wit.h respect to starting points wc have used grids symmetncally placcd around the origm. Thc 
length of the grid~ is always 0.65 of lhe dhtance between the origm and the nearcst unstable fixed point 
of the unforced system. For one-dimcnsional wells. that poi..nt is just the lowest local maximum of 
potential encrgy adjacent to lhe origin . For Eq. (7) the length of lhe grid iu each direction is laken as 
0.65 of the dista.nce afung that direction bctwecn lhe vrigin and lhe nearest saddle-likc fixed poinl of 
thc unforced :.ystcm. 

lt should be notcd that actual starting points are placed atthe centre of each rectangle defined by the 
grid. which means for examplc that extreme st.arting points are placed at less than half Lhe total length 
of lhe grid in each dirccúon. For a threc-point grid extreme points are actually placed at 1/3 of that 
distance. 

Figure~ 9 to 13 show boundaries of ~afe motion obtained frum the recent international literature. 
togethcr wilh results from our own simulations for the sarne system$. The ftrst point to bc noted is lhe 
general agreement between Lhosc resuiL~ . Boundaries follow approximately similar pallcrn.s. Global 
miníma of amplitude of excitation for escape are remarkably similar. especially considcring lhe 
differeoces in slarting points. maximum transient duration. aod escape criteria bctween our studics and 
thc ones selcctcd for comparison. Oncc again. !bis can be interpreted as evidencc for the rapid crosion 
nf safe basiru. of attraction that seems LO dominate lhe loss of integrity under increasing amplitude of 
forcing in near-resonunce conditions, Thompson (19~9b). 

But as far as a complete picture of safe motion is concemed, i.e. lhe whole boundury of safe motion 
covcring the entirc range of frequencies. wc sec once more that major diffcrences can be oblained with 
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the u~e of longer. larger grids. The results from one-point grids cxtractcd from the literature tend to 
overestímate m.inimum amplitudes of cxcitation neccssary for escape. Tbis fact is reOected on h.igher 
boundaries of safe motion, and is particularly noliceable at tbe extremes of frequencies eovered by tbe 
numcrical experiments. ln most cases amplitudes of excitation leading to escape from one-point grids 
can be as much as twice the value predicted by our three-point grids, see for cxarnple Fig. 9, Fig. 10. 
Fig. 11 . It is interesting to note that our maximum duration of transients is shortcr than in any of the 
other expcriments, a fact that could in principie lead to higher amplitudes for escape. Our escape 
criterion is also more stringent than ú1ose used i.n the other experirnents, with the exception of the 
results from Kan (1992) for Eq. (4) and Thompson (1989b) for Eq. (3). 
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The fac! lhat significantly lower values of amplitude for escape can be obtained if we use statting 
points olher lhan tbc m.i.nimwn of the potential well signals Lo a possibly di.fferent process of safe basin 
erosion thal may be. opcrating at fat··from-resonance condilions. This is a consequence of the fact lhal if 
a swift basin erosion process is in opcration little difference is to he found betwecn escape predictions 
from any starting point inside lhe original (i.c. uruorced) safe basin. 

Conclusions 

We have described a simple and robust melhod of a coarse grid-of-starts to estimate boundaries of 
safe motion in lhe control parameter space of periodicaiJy forced nonlinear oscillators. One- and two­
degrce-of-freedom mathematical models of mcchan.ical oscillators have been u~ed i.n numerical 
sensitivity studies in which we have investigated the influence of lhe main parameters defining a grid of 
starts. 

We have also pcrformed a comparison between lhis method and results from lhe recent intemational 
literature. This comparison revcals good agreement between our results and thosc obtaincd by other 
rescru·cbers. The comparison also indicates that estimates of safe boundaries based on a si.nglc statting 
point. the. stable minimum of potential energy. can be non-conservative, in lhe sense of overestimating 
minimum amputudes of excitalion that can lead to transient escape in far.from-resonance conditions. 

Thc method prcscnted here is devised as a straightforward yet effective procedure to generate a first 
estimale of regions of safe operation for forced nonlinear oscillators. Differently from other melhods 
based on lhe use of lru·gc grids-of-starts, lhis method has been developed with special attention to 
experimental verifícation. The melhod can be in1plcmentcd on personal computers of modest resources. 

1 and the predictions directly compared with experimental data. Also, it is not Li.mited to the parameters of 
frequcncy and amplitude of forcing here invesligated. On lhe contrary, any set of parameters can be 
chosen for analysis. and the corresponding boundaries of safe motion estin1ated in thc control space 
defined by lhose parameters. 
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Appendix 

We collect hcre in Tablt:s I to 3 the numcrical detaíls of the simulations used to generatc the results 
of this p<:~per. 
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Table 1 Numerical deteils for Fig. 1 
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Table 2 Numerical dela !Is for Fig. 2 
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Abstract 
This contribwion prese111s a dynamical mwlysis of l/11 dasto-plastic o.w:illator f"here the rhermomechanical <'OIIJ>ling 
is cmwdert~d. 11 roll.rtuwive model. usi·d w de.~cribe tht' restitwionforce of lhe oscillator. is presented. l.mtropíc 
hardeníng is considernf. The "l'ermur sp/it wclwique is usl'd ro devdop a numerica/ procedure. An ínlefiraror 
sche.me assodated with rhe rerum mapping algorithm i .' used to soh·e the equarions of molion. Numeric·al 
.HmuluiWJIS .1/ww thar the effect ~~r thermomechanical coup/in.g may procluce cmunstable response. 
Keywords: Nort·linear Dvrumlics. Elasto·plastil'iry. ModPiing mui Sinwlation. 

lntroduction 
The elasto-plastic behavior describes the deformation mechanisms of most metais and alloys al 

room temperature. The theories of elasticity and plasticity are both based cm experimental studies of 
stress-strain relations in polycrystalline aggregatc under simple load conditions. Hardcning cffect 
represents the way of how plastic strains modify lhe yield surface. lt is a common situation and has 
many different ways to occur. depending specifically on the material considered. Tbere are many 
idealized models to describe Lhe hardening effect. A great number of situations involving cyclic 
loadings can be pmperly represented by isotropic hardening which corresponds to an uniform 
expansion of the yield surface (Lemaitre and Chaboche, 1990). 

The hypothesis of isothermal process is usually adoptcd in dynamical analysis of metallic 
structures. For metallic cornponents subjected to plastic cydic loadings, however, part of plastic work is 
transformcd into heat. rcsulti.ng in a temperature rise which can affect substantially the mechanical 
bebavior. 

A feedback phenomenon can be promoted by the thermomechanicaJ coupling. The heat generated 
by the mechanical process causes the inerease of temperature which promotes the mechanical strength 
decrease. As a consequence, the amplitude of plastic strains Lends to grow wbíeh causes a greatcr 
temperature rise and so on. This behavior only happens for some special cooditions wbcre an unstable 
behavior is expected. 

This contribution reporL~ a dynamic analysis of ao elasto-plastic oscillator where the 
thennomechanical c.:oupling is considered. Tbe reslitution force. of tbe oscillatOr is eonsidered by a 
constiluti ve modcl with internal variables where tbc coupling effects are introdueed. Isotropic 
hardeniog is considered. A numericaJ metbod is dcvcloped using an implieit integration scheme 
associated with thc return mapping aJgorithm. Operator split techoique is used. Some numerical 
sirnulations are prcsented for forced vibrations and show that the isothermnl hypolhesis may be 
inadcquatc to describe some situations where cyclic inelastic deformations are involved. 

Anisothermal Elasto-Piastic Model 
A constitutive model Lo describe the elasto-plastic behavior is considered assumíng an additive 

decomposition, i. e., Lhe total displacemenl x may bc splitted into au elastic part, x', anda plastic part. ;\"'. 
lncluding lemperature effects in the model, the force-displaeemenL relation is given by the following 
equation: 

Presented at DINAME 97 -1" Jntemational Conference on Dynamtc Probtems in Mechanics, 3-7 March 1997, Angra 
dos Reis, RJ, Brazil. Technical Editor: Agenor de Toledo Fleury. 
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p=K{(x-xP )-a,L(8-fJoJI. (I) 

where K is a stiffncss parameler. CG Lhe t.hennal expansion coefficient, L is Lhe total length, () Lhe 
absolute tempcralurc and 8) lhe init.ial temper:uure uf lhe elasto-plastic e lement. 

The isotropic hardening is described hy introducing ao internal variable, a, referred to as internal 
lwrde11ing variab/e. A simplc cvolution equalion ror t.his variable considers t.hat lhe hardening is linear 
in lhe amount of plastic flow, .r' aod indcpcndcnt of the sign ol' this now, sigh(n") (Simo. 1994). This 
may be expressed by, 

. J · ''I alx . (2) 

Experimental observat.ions establish t.hat the plastic displacement has the following evolution 
equat.ion (Simo. 1994): 

.i: 1' =r LJign( p) . (3) 

where y reprcsents lhe mte at which plaslic defonnation takes placc and is called plasticity mu!Liplier. 
The dastic region is defiocd by the plasticity funclion (Simo and Michc, 1992): 

hl p.a.e J =I PI- y( a.a J (4) 

wh~re 

(5) 

and Yu . Y~ . hu , hll and o are material paramctcrs, 8.,1 is a reference temperaturc associated witb the 
initial Lemperaturc. ~. and S lhe cross section arca of thc clasto-plastic element of Lhe oscillator. The 
funn or this hardcning function shows thal increasing tbe internal bardening varíable causes elastic 
dumain expansion. while increases in temperature causes the sbrinkage of t.his domain. 

The irreversible nature of plastic tlow is represented by means of Lhe Kuhn-Tucker conditions 
(Lucnbcrgcr, 1973 ). Anot.her conslraint must be satisfied when h(p, a. 8) = O. lt is rcfcrred as 
consislt!lu:y condition (Simo. 1994). The.~c conditions are presented as follows : 

yh( p.a.e )=0 (6) 

yiÍ( p.a.e J=O if h( p.a.e J=O 

Dim:garding the source tenn, Lhe energy cquation can be wrinen as (Pacheco. 1994 ): 

.,. h s 
n _ XPX ,. "(ll ll ) 

pc~u- ---;:s- ·-s- u -u0 • (7) 

whcrc p IS Lhe density, c, Lhe specific he:;~t, h, the convection paranleter from thc traditiooal bypotbesis 
of fins and Sp tbc cross section perimeter o f the elasto-plastic element of the oscillator. The ftrst term on 
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the right side of the energy equation is callt:d lhe internal thcrmomcchanical coupling and is associated 
with the internal dissipation of the mechani<.:al process. The empiricaJ parametcr X is called beat 
conversion factor aod indicates the amount of plastic power that is converted into hcat (Pacheco, 1994). 

Elasto-Piastic Oscillator 
Considcring a singlc degrcc of freedom oscillator with mass m and an externa! linear v1scous 

dissipatiou parameter c, the balance of linear momentum is given by the eyuation, 

m.r+c-':+p( x,xf1 ,a,(J /= j( I) , (8) 

where p( x, x" .a,8) is the e lasto-plastic restitution force of the oscillator andftt) is an externaJ force. 

Defining the variables v= x and wJ = K I m, lhe following non-dimensional variables are used, 

X:x/L: Xl'=i'IL; V=vi(~,L); A=a!L: T=81fJ,~r: (9) 

where E is a material panum:ter. Consíderíng X = ( X, V, X I', A, T j , lhe equatíons of motion are líke 

X = f ( X . r J.X E 9\5 , assocíated with complementary conditions (6). Hence, assuming a periodic 

excitatiou F( r)= F0 sin( Qr), ít is possible to write the following equations of motion: 

V= f0sin( i2t )-c0V - ( X - X I' )+Ar(T - 1) 

X 1' = jsign( P) 

h( P, A.T) =jPj- Y( A. T) 

wbere 

c 
co=-­

m Wo 

(lO) 
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wtth Y. - Yu o - E 
y = y .,. 
'"' E 

Numerical Procedure 

hn 
H.=-,, E 
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(I I) 

The numcrical solution procedure here 1>roposcd. uses lhe operator split technique (Chorin ct ai., 
I 978: Ortiz. Pinsky and Taylor. 1983; Marchuk, 1975) to make thc partition of the space of variables in 
two parts. Oue part is thc phase plane and inclndes lhe variables (X. V) and the other one is the internal 
variables and tempemture spacc and includes (X' . A, T). Wit.h lhis split. it is possiblc to develop a 
solution proccdurc hy considering aJl iteralivc process whcrc each partis trealed scparately. 

The time intcgration of equations of mutinn on the phasc plane can be done by aJlY intcgration 
~chcme, since lhe variahles X' . A and Tare cunsidered as known parameters. As a flrst trial. an elastic 
pn:dictor step is assurned, where lhe value of X' . A and T cannot vary from the previous time instanl. 
The ncxt stcp of the solution procedure consists in evaluating the fcasibili ty nf the trial slatc. Hence, lhe 
return mapping algorilhm is cnnsidered (Simo and Taylor. 1985). Then it is necessary to return ln 
phasc plant: cquations and recalculatc lhe pai r (X, V) using the new values of lhe parameters x~. A and 7'. 
This procedurc musl be rcpeated until it converges. This situation occurs wht:n thc difference bctwc:en 
thc actual and trial state reaches a prescribed tolerancc. 

Return Mapping Algorithm 

At this point. a trial state (X.o~. V., ,) is known. This is considt:red as an input for the return mapping 
algorithm. A trial statt is defined by considering an elastic predictor step. wbich is written as follows: 

( 12) 

(X (I )'""1 =X,, 
, ~I n (13) 

A:,"j~1 = A11 
( 14) 

(15) 

h/ria/ =l pttiul,_ Y( A mal Tlnul ) 
n+l n+l • 11 .. 1 ' n+l ( 16) 
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li' h:;1'/1 ~O. it means that the state is on Lhe elastic domain :md the trial state is the actual one. 

Otherwise. i f h;;!/' >O . we are oul~ide the elastic domain and a plastic step must be considered. This 

stcp is associatcd wilh the determinarion of the increment of plasticiry multiplier (Ll/1 on the time 
instant t •• ,. whcn lhe plasticity function h(p.a.8) must vanish. Using an implicit Euler algorithm to 
discrctizc lhe cvolulion Eqs. ( l-3,7), Úle plastic step can be written as follows: 

P PI ria/ . plrial I ;\ plrial _. ;\ f:( TI ria/ I) A 
n+l = 11+/ -srgn( n~J )( + r<fl n+J }t..,Y + T._, tr+l - LJt (17) 

X P _ X P ·lrinl • plrin/ ,. 
n+J -I tH-1 ) +.ngn( t~+l )t...~Y (18) 

A Atriol .< 
'" I = n-1 I + uy (19) 

T T trin/ lp trifl/,_. 1= Ttrial I A n+l= n +l +<p n+l uy-..,( n+l- }t...~ 'f (20) 

h Iria! _I.. _ ;\ .· ·( ptriul )I'( Ttrial _ J )Ll'l' 
Lly = n+/ .LM T Tjtgn 11+/ p n+/ 

J + ;\ .mp"'Uif + M - M mlptrittll 1 ..- n+l A T..- rt+l 

(21) 

wbcrc 

M =l-H .(Ttriol _ l) (Y. - Y. )lie- n +l +H [ J [ 
l!Airiul ] 

11 7. li+/ ~ o ti (22) 

(23) 

A recursive procedure is used to obtain the increment of plasticity multiplier. This process is 
repeated until this increment reaches a prescribed tolerance to guarantee the convergence to the yield 
surfacc. ln spitc of the strong non-linearities introduced by lhe termomechanical coupling, the proposed 
retum mapping algorithm treats thc coupled mechanical and thermal equations simultaneously, which 
permits the use of relatively large time steps. 

Numerical Simulations 

I 

T.his section presents some numerical simulations of the behavior of the elasto-plastic oscillator 
using lhe proposed proccdure. Forccd vibrations are considercd. AJJ sin1ulations use tbe paramcters 
presented in Table 1 (Simo and Miehe, 1992). Time steps Jess tban Llr = 2n I 800!2 presenta good 
convcrgcnce. 
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Table 1 Parameters of lhe Oscillator. 

Yo 2 143 X 10'3 

Y~ 3 405 X 10'3 

HA s.1s2 x 1o·• 

H r 6.826 X 10'6 

X 090 
ilr 2 930 x1o·• 
;; 1693 
C o 2000 
~1 1.800 X 102 

" 1.098x10 6 

A feedback phenurm:non can be observed for some spccial conditi11n:; whcre an unstablc bcbavior is 
expedcd. Tbe thcnnmm:chanical coupling causes a.n increase in tcmperature ,which promotes 
mechanical strcngth dccrea~c. As a conscquence, the amplitude of plastic strains tends to grow causing 
a greater temperaturc rise aml ~o on. h is important to idenúfy these cnnditions because wrong 
predictions can be madc and um:xpected failures may occur if t.he thennornechanical effect is not 
included in the model. 

Hencc. we are interested to obtain thc regions whcrc some qualitativc changes oo dynamical system 
behavior occur as a conscqucnce of paramt:ler variations. That is, we are looking f(Jf possíble 
bifun.:ations on the dynamical bchavior of the osci llator. 

A hifurcation analy~is of thc problcm is now in fncus. The variation of two different parametcrs are 
importnnt to he considered: Driving force amplitude, Fo. and frequency. fl. A bifurcation diagntm 
rcpresems variations of stroboscopically sampleu valucs of some variable undcr the slow quasi-static 
incre ase of lhe parametcr in question (F,, or !l). 

Ftgurc I presenls lhe llifur<'ation diagram showing Ule plastic displacement uoder t.he vanatíon of 
driving force amplitude. Two different frequcncics are considered: !l =0.1 and n =0.6. The 
variablc~ are sampled at 1/4 of the period for lhe la~t 200 cycles of a I 000 cycles simulation. A driving 
force amplitude which causes a stahle response is associatcd with only one point on the diagram. On lhe 
othcr hand. an amplitude associated with many poims, represcnts an unstable response. 
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.()002 

~ ·0,003 

-O.rol 

.()()()!) 

·0007 
000?.5 0.0027 0.00~9 0.0031 0.0033 0()()35 

(b) 

Fig. 1 Blturcation diagram showlng the plastlc dlsptacement under lhe varlatlon of lhe driving force amplitude 

tor {a) !2 =O. I and (b) !l = 0.6 . 

Figure 2 presents thc bJfun:ation diagntm showing the plastic djsplacement under the variation of 
driving force frcquency. Two diffcrenl amplitude.~ are considered: r0 = 3.Je- J and F0 = J.Jc- 3. 

Agam, thc variables are samplcd at l/4 of Lhe period for the last 200 cyclcs of a 1000 cyclt:s simulation. 
Frequcncy values associatcd with only onc point are representativc of srable responses while many 
points are associatcd urtStabk rcsponses. 
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Fig. 2 Bllurcetlon diagram showing the plastlc dlsplacement under the varlatlon of the drlving force 

lrequencyfor(a) F0 = J. le-3 and (b) Fo = 3.3e-3. 

Now, some particular values of parameters F" and Q are considered. First, consider F0 = 3./e- 3. 
For lhis amputude, Q =0.1 corresponds to a stable response while Q =0.6 is associated with an 
unstable bebavior. This agrees with the behavior shown in Pig. 1-2. Figure 3 sbows the pla~tic 
displacemcnt time history. Fig. 3a shows the rcsponse for Q = 0.1 whi I e Fig. 3b shows the response 
for Q = 0.6 . Figure 4 shows the plastic displacement time history for Fo = 3.3e-3 and the frequencies 
O= 0.1 and Q = 0.6. Now, bolh situations present unstable responses, as indicated by Fig. 1-2. 

o (d o oc·: 
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~ 
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0Co01 

C Oó UI)OOO .. 00 00 600 C>O 1200.00 

(a) (b) 

Fig. 3 Plastlc d lsplacement time history. (a) F0 = 3.1&-3 and i2= 0.1 ; (b) F0 = 3.1e--3 and !2=0.6. 
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Fig. 4 Plastic dlsptacement time history. (a) F0 = 3.3&-3 and !2 :. 0.1 ; (b) F0 = 3.3&-3 and {J = 0.6. 

Figure 5 ~hows Lcmpcrature. T, and yicld runclion, Y, cvolution for differcnt pairs (F. , Q). For Lhe 
~ituations whcrc an un~table respom;c is present. anisolhermal model predicts a conlinuous increase in 
temperatllre valucs whil:h causes a decrcasc m the values of yield runction. On thc other hand. when a 
stablc response is observed, thc tempcrature and lhe yield fuuction remain coustant, after a short 
transient. 

oot• 

F;') c l !e·) W · fllo): ~I (!o I : • 
ç<:J .. 3 ~ •• , .... ,.~. ) 6Ç 

Fe • ;\ ~f·.) Yol<~t~- ;.l I C 

rc~.)J•l wlwO. t'l 111n no:..l 

'. 
1:01) 1 I -- r o ... l t• 3 w'•0 • 0 IC 

Fo a ) U·S • • o., o ec 

ro•33e·J . ........ o. o ,n 
Fo • :'t t-1.-) , "'"""'!) -o rs:J 

C.<O 4\lt c.n f(),)~( 12:·)(;0::1 Q c o •O) rn) fOol\11) I tO) 00 
h N 

w ~ 
Fig. 5 (a) Temperatura evolullon; (b) Vleld funct lon evolutlon. 

Let us consider a stlualion whcre an unstable hehavior is expccted, say F? = 3.3e-3 and Q:::: 0.1. 
Figure 6 prcsents thc lime hi~tnry of Lhe olhcr variablcs of lhe problem, Lhat is, total displacemenl, 
vcloci ty, internal hardcnmg varial:tlc and elasto-plastic rcstilution force. The internal hardcning variable. 
A, cvolulion presentl> Lhrce di~>tincl regions tFig. 6<:). On the inilial region. the variablc increases 
quick.ly. Then a second regiou is rcached, and a smooth increase occurs. The third region prcsenLs a 
high rale gro\l.'th. This last region is associated with unstable response. Similar behavior is presentcd by 
the lempcrature (Fig. 5a ). Looking at the othcr variables (Fig. 6a,b,d), it is possihle to identify lhe las t 
region, where Lhe amplitudes bcgin to vary considcrahly. Total displaccment and velocily tcuds to 
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increase (Fig. 6a.b). while lhe restirut10n force tcnds to decrease (Fig. 6d). It is also possible to see that 
the average value~ do not vary significantly. 

1 

I 'JOI)t 

...., OI'Ot 

I 
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•C"C• 

.•. I I 
i ... ...... _ .. 
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(a) (b) 
•I 

:, . 

:.x1 

.... ! ...... 
(c) {d) 

Fig. 6 (a) Total dlsplacement evolullon ; (b) Veloc ity evolutfon ; (c) Internal hardening varlable evofutlon 
; (d) Elasto·plasllc reslltutlon force evolutlon. 

ln lhe furthcom.iJlg analysis. some examples are considered in order w compare lhe isothennal and 
lhe anisulhennal modcls. Figure 7 presents the total and plastic displacement c:volutions, predicted by 
lhe isothcrmal model, when F,, = 3.3e-3 and Q = 0.1. This Figure allows one to see that lhe isothermal 
modcl prcdicts a stable response while lhe am!)othermal model predicts an unstablc one, as shown in 
Fig. 4a. 

. I 
" ...... "'X ...... 

(a) {b) 

Fig . 7 (a) Total d lsplacement ; (b) Plasllc dlsplacement evolution for the lsothermal model. 

Figure B show~ thc evolution of Lhe internal bardcning variablc and the yield function for the two 
modcls. Thc unstablc: n:sponse observed in lhe anisothcrmal model can be associatcd to an increas ing 
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evoluLion of the internal hardening variable (Fig. 8al and to a softerung behavior of the yield function 
tFig. Hb). On Lhe other hand. Lhe stable responsc obscrved in lhe isothermal modcl is associated to a 
consLant tempcrature causing a monotonically increasing evolution of lmlh variables. followed by a 
stabiliz.at..ion. 

ill-1 

.... 
(a) (b) 

Fig. 8: (a) lsotropic hardening evolution; (b) Yleld function evolutlon. 
Figure 9 presents a comparison between the phase plane orbits on the la$1 loading cycle for some of 

Lhe prect:ding examples. Again, it is po~siblc lo observe lhe differcnces between the two models. 
lsolhcrmal mudei predict orbits that remain lhe sarne when an elastic bcbavior is rem:hed. On the olher 
hand, when Lhe unstable response is prcsent. the anisothennal model prcdict a progressivc expaosion of 
lhe orbil~ (F1g. 9b,c,d). When a slable response is present, bolh modcls prcscut Lhe ~ame behavior (Fig. 
9a). 

I ~···· .. ·- ........... ... I ········ ... I 
- ~ .......... _ 

"' 
,,.,. (a) (b) . ... 

·-I 
(c)(d) 

Fig. 9 Phase plane orbits predicted by isothermal and anlsothermat modais. (a) F0 = 3.1&<3 and D = 0.1; 
(b) F0 = 3.1 e-3 and JJ = 0.6 ; (c) F0 = 3.3&<3 and D = 0.1: (d) F0 = 3.3•3 and D = 0.6. 
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Conclusions 

Tilis conlribution reports a dynamical analysis of an elastn-pla.~lic oscillator wbere tbe 
thermomechanical coupling is considered. A cnn~titutive mudei with isotropic hardcning is presented. 
Operator split technique is used for lhe numerical ~>ulution. A numerical mcthod is developed using an 
implicit integralion scheme associated with lhe retum mapping algoríthm. The proposcd return mapping 
algorithm treats the coupled rnechanical and thcrmal equalioos simulcaneously. whicb pemlits the use of 
relatively largc time steps. Some numerit:al simulations show that thc isothermal model, where 
thermomcchanical coupling is not considered, lends to present an clastic stabilized response. On the 
other side. thc numerical rcsults obtained wi th Lhe anisothcrmal modclmay prcsenl an unstable behavior 
to some special values of Lhe paramelers. 
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Abstract 
11tt' <OIII[Ilnrf\· nj num _r realistic pmhlem.1 111 trcmSU'fll dynttlltJ•··• reqwre' •·•'') lorx•· "' ''''"'·' Rdiable nwnerical FE­
wlunmr.• "tllr h1glr <IC"l"llrtlcy nad modd.1 h ' llh ""'"Y •"'VUI offrt•edom aml mam· trme SII:[IS. So lllllt! depe11den1 
mlaptin• FF.·mt'tlwds <lrt' den·laped ta nJ11ittll~<' tlw me• I• und minimizl' the com(llltaflolltll•·,ff•. 
Tirt' mm tn.ll " '<11'<-' jr11111 ;,· ""'" jnr11 /mJ(Id /r me dt'pl.'ndt'fll mt'slr rejinemt'fll. btJsetl 1111 111/1'11.\1/_1 ,·ecton urultlre speed 
of h 'LII'I' /~~'"I'"X'IIíon lintem·in• indicatnrl . . H'I'<' r<l/ 111111' llf'Jll tn tulo·anct'. The a·po.•terrorr LieiiÁieWlC'Z·7lw error 
~tultculor t·omml.•· tlte adup1h·i• 1111'.1/r rt·jilll'/llrlll. An llttplicit-e.rplit-it a/garilhm for ,/irt:< 1 tim.- illll'gmrirm ;,, bused 
upon "l'eraror .lpillllnJi tmd m.-siJ parlition.•·. The al!(orithm a~·oids Sflb(-y-dinl( and ,.,., thr ,\'(11/fe fim.- .vlef> .fnr a 
,·ounl! mc..-h and rlw /oral rl'_/ined mesh. 
l·:eywords: Adapli••e FEM. Transiem Dynwlfin 

lntroduction 
Structural dynamic and vibration problt:m~ uf continuous elastic sy~tem~. are charactcrizcd by lhe 

assumption nf 'standing waves' betwecn lhe boundarie1o nf the finite system. Therc Íl> a local cxcbange 
of strain encrgy and kinetic energy. Thc dynamic response is a superposition of natural modcs of lhe 
fuúte system with a location-dependcm and a time-<lependent tenn (Natke. 1989). Purely ela.stic 
bchav10ur ol matenal means tbat lhe stres!. dcpcndl> only on lhe local str.un at cach poim of space and 
time. and total cncrgy as the sum of kinetic and slrain cncrgy is cooserved. Visco-elastic behaviour 
mean~ lhat tJte total em:rgy is no Jonger conscrvcd but dissipated, and vibr<.~tion~ of systems with such 
material bchaviour are damped. 

On Lhe olhcr hand, wave propagation problcms are characterizcd by t11c lran!.port nf energy through 
motions of paniclcs about an equilibrium position. A local disturbancc of a solid is radiated by traveling 
waves. and encrgy is transnútted into nthcr parts of thc fini te or infintc continuous system, as is well­
koo\1.11 from physical experience (Achenb<~ch , 1980). Since lhe radiation lcnds ro a distribution of 
cnergy over lhe wholc system, traveling wavcs die away through radiation conditions in inlinite 
systems, scallering and material damping. 

ln finite systems, traveung waves are rellct:ted at the boundaries of the syMem. This lcads to 
standing wave~ and to vibralions in finite system~ a.~ a s uperposition of waves tra...-eling in tbc opposite 
propagation direction. 

The wavc rquation lhus describes not only trrul~ient wave prnpagation problcms but ali kiods of 
structural dynamic and vibration problems too. 

Thc complcxity of many realistic problcms in u·rulsient dynamic~ requircs vcry Jarge numerical 
systems aJld linitc clcment models. Nonlinear problcms. thrce-dirnen~ional pmble ms. transient dynamic 
problcms with a hroad frequcncy range and wave propagation problems take up a largc amount of 
c·omputational time. To obtain rcliable numerical solutions of transicnt dynamic problems in the time 
domain with high acwracy it is necessary to use models witb many degrees of frl:ll:ldom and many lime 
~tcps on high-pcrformance computers. 

Fasl algoritJuliS and progrruns for dynamic problems have to be devclopcd to make cfficient use of 
the new hru·dwarc fealures, to optimize time dependent finite element modcls and to minimize the 
computational time. 

The idea of lhis papcr is to apply lhe Zienkiewicz-Zhu error estimator (Zienkiewicz and Zhu, 1987) 
to wave propagation problcms with h-adaptive time dcpendent FE-method~. 

As local mesh refinemcnt ru1d system setup after each time step is very expensive. a rnethod is 
dcvcloped to estimate ali regions tbat are to be refined severa! time steps in advance. Then lhe a­
posteriori Zienkiewicz-Zhu error cstimator is only used to control if the refinement has been sufficienl 

Presented st OINAME 97- 7"' lntemstions/ Conference on Dynamic Problems m Mechsnrcs, 3-7 March 1997. Angra 

dos Reis. RJ. Braz/1. Tochnrcal Editor: Agenor de Toledo Fleury. 
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or not. Knuwing lhe ex.pected direction of lhe energy now from intensity vectors, the moving wave 
front allows a broad time dependent mesh refinement severa! time steps in advance. 

Becau~e of lhe high accur&cy and small demand on computational rime explicit time integration is 
u.~ed for ali elements of the coarse mcsh. To avoid subcycling on vector- and parallel-compoters ali 
parts of lhe mesh wilh local mesh rcfincment anda Cou.rant-number larger than l are treated implicitly 
with lhe sarne time step using an implicit-cx.plicit algorithm. 

Adaptive FEM 

The local approxirnation errors of a rE-sulution can be described witb lhe numerical approximation 
u o f lhe exact displacement vector u : 

~~~ =u-u (I) 

or in terms o l ~trc~~es: 

1'11 =<J-Ó' (2) 

The cnc::rgy norm uf lhe error is an integral scalar quantity of lhe domain n and is defined for 
elas1icity problems in stresses as: 

(3) 

with lhe clasticí ty matrix D. This error is re lmed to thc ~tr<~in energy of lhe problcm. The approximation 
errors decrease as the size of the subdivision uf lhe FE-mesh gets smallcr with lhe so called h­
refinement. 

As in most cases lhe exacl solulions nf o are not known, the error esúmation after Zienkiewicz and 
Zhu ( 1987) uses an improved approximatinn o · (f.e. by avcraging of disconlinuous stresses {j) and thc 
errors in stresses are estimalcd errors: 

(4) 

ln an optimal mesh tlle distribution of thc local energy norm error JkJJ; of any e lement i should be 
equal bctwccn ali clcments. To achieve this each element i of lhe m elemcnts is to bc refined, if lhe 
local error ll<t is not smaller than lhe dcsired average error c..: 

(5) 

with lhe desired n:fati ve percentage error 11 of lhe cnergy norm and the refation: 

(6) 

ln dynamic problems tbe total error of the pmbfem consists of lhe error of the potential cnergy and 
'lc error of lhe kinetic energy. 

(7) 
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An error c~timate for semidiscrete hyperbolic problems is giveu in Hughe~ t 1989) and Strang and 
Fix ( 1973) The exacl displacement vector u of an elliptic boundary value problem is a smooth function 
of ela.'~ H' wtth r square integrable generalize<! derivatives. The approximation u• yields an 
appro:úmation crror wherc 

(8) 

t.lt:notcs thc crror estímate of thc elliplic boundary-value problem. 
The factor c is a constant independenl nf u and h, a = rnin(k+ 1-m, r-m), k is lhe de~:,rree of lhe 

complell! polynominal appearing in lhe clcmcnt shape fum:lions. nr is thc order of lhe highest 
dcrivauves appearing in lhe energy expression and h is lhe diameter of lhe largest element in lhe mesb 

as a scalar. charactcriziug lhe refinemenl of lhe finite element mesh. The norm lluU, is lhe H' norrn: 

I 

IH, =< u, " JJ (9) 

using the H' inncr product 

Thc errar cxpre!>saon dcscribcs lhe convergence of o' to u in thc H· nonu as h , O. Thc errar 
estimate for ~cmidiscrctc hyperbolic problems is based on lhe error of lhe total cncrgy. 

The expressíon 

E( u.u )=~~ ri,pri )+a( u,u J] 
2 

( I)) 

denotes the tolal energy of the problem wherc (· . · ) is a litlearfoma and a (· . -) ís a symmetric 
biliucarfonn. Thc square root of E defines a norm equivalcnt to the H" x /,, norm for hyperbolic 
problcms of ordcr 2m. So lhe norrn of the energy error ís: 

I 

E( e( 1 ).r( 1 )) 2 -;;,c{ h'f jju(O t.,+llu( I ~~k +l 1 • 
( 12) 

+ hJJ !ljur o ~4+t +jjú( t ~IA 11 t~ü( r ~~k~ 1dr 1J 

f or each fixed r, lhe tcrms iu square brackcts are bounded according to lhe ínncr product detirution. 

l11us E( c( r ).i'( 1 1)112 ~o as the mesh siz.c h ~ O ín a rt:fined FE-mesh. 
The lcnn wilh h'' concerns to the kinetíc cncrgy. Because v< f.J. and m = I for the hyperbolic wave 

propagallon problems the term h1' of the kinelic cnergy is oue order smaller thun h" of the polential 
cncrgy. Thus lhe nate of convergence of lhe Lotai cncrgy ís v and mainly depcndent on lhe potential 
encrgy Lll !.he case uf mesh rctinements. 

Thercforc lhe Zienkicwicz-Zhu errar estímator is also applicable to hyperbolit: problems with time 
dependent adaptive mesh refinement. 

lntensity lndicator 

As most of lhe compuuuional time is wasted with mesh refinement proccdures and expensive 
system setup, a method ís dcveloped (Elmer. 11)96) to estimate ali elemenl~ and rcgions !.hat are to be 
refined. several time steps iu advance. The expected direction of lhe energy now and thc propagation of 
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lhe different kind of waves in 2· and 3-dimcnsional systems can be described by intensity vectors and 
lhe moving wave front can be used for a broad time dependent mesh refinement in advance. 

The intensiry of a wave field shows Lhe Lran~port of energy per lime and arca. The intensity vector 
gives information~ about the local change of cncrgy and lhe direction of energy flow. 

The total cncrgy E of a domain Q consiMs of Lhe potential energy E, and the kinetic energy E,: 

(13) 

with lhe potential cncrgy 

(14) 

Lhe kindic encrgy 

E 'J .. A =l n pu,u,dfl . (15) 

and lhe elastic tensor c,1k1 (Achenbach. 1980) thc powcr of Lhe wave front is: 

dE I ... . . r> -.-=, ( ' 111LI;+t';iktU 1 1·UJ. 1 )d:..t. i) I ,J J • •• 

(16) 

TogeLher with lhe fundamental cquation: 

pu, =a,J.J =<J JI.J ( 17) 

and Hooke's law 

(18) 

lhe equation ( 16) yields: 

(19) 

(20) 

Wilh Lhe deliniLion (Elmer. 1996) of the component I, of thc inlensily vector 1: 

I j =- a;;ú; (21) 

it follows 

(22) 

ln lhe case of stationary processes it is usual to use mean values of time avcrages. For transient 
dynamic problcms and wave propagation problcms ii is more suitable to use the instantaneous intensity 
vector. 

The inlcnsity components /., I. and / , of clemcnl k of a 3-dimensionaJ FE-model art:: 
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(23) 

ln the x-direction this is: 

(24) 

These intensity componenLo; de~cribe the direction of Lhe i.nstantaneous energy now of each element. 
The wave front propagate." in thts direction in Lhe ncxt time slep~ and also Lhe zone with mesb 

refinements. This allows to estimate the zone wilh ali clcments that are to be refined severa] time steps 
in advam:e. With the maximum wave propagation velocity c, 

Ei / - 1') 
c L = 1--..;_-~-

p { 1- v- 21•2 ) 
(25) 

Lhe propagation of thc refint:ment zone is 

S ,1 ""<'L · fi,,~, ·ât (26) 

Thc a-posterion Zienkiewic7.-Zhu error indicator is only used to control if Lhe refinement is 
surficicnt or not. Thi~ does not lead to optimized FE-meshes, like meshes of adaptive FE-methods for 
stalic problems. but it saves a lot of computational time. if the estimatcd mesh is suffieiem for severa! 
ume steps. 

A broad time dcpendent mesh rcfinement for severa( time stcps is more efficient than scveral steps 
of mcsh refinement. 

Time lntegration 
Startiug with a cnarse referencc mcsh and a time slcp based upon lhe maximurn frequency of the 

load spectrum, explic it Lime integration is used becausc of high accuracy and only small amount oo 
computational timt!. 

After every ume step the Zienkiewicz-Zhu crror indicator leads to local mesh refinemcnt and an 
optrmi7.-ed FE-mesh with an equul distribution of Lhe cnergy norm berween ali elcmcrm. Refined parts 
of thc mesh with small elements nnd lhe Courant-number larger thnn I are to be trcated with a smaller 
time slep to keep numerical stability of Lhe solution. As implicit time integration with the possibi.lty of 
largcr time steps avoids subcycling an implicit-explicit algorithm is uscd based upon opcrator splitting 
and rncsh partitions. 

The algorithm (Hughcs. 1989) allows part of thc mcsb with lucal mesb refinement lo be treated 
implicttly with lhe Newmark method and pa.rt of Lhe original coarse mesh to be treated explicitly witb a 
prcdktor-corrector method. 1ltis avoids unefficicnt subcycling on vector- and parallel-computcrs 
(Eimcr, 1996). 

Thc solution of lhe initial v alue problern of Lhe scrnidiscrete equation of motion 

Mii +Cú+ Ku =F (27) 

of finite clcmcnt proccdures is Lhe displaccment u = u(t) 1hat fulfills lhe diffcrenti-al «Juation and the 
initial conditions. 

Time i.ntegratiun procedures only consider Lhe diffcrential equation at discrete times t,. with Lhe 

approximations U11• v, and a, for the functions u(t, ). u(t n) and ü(t n ) and an approximation error 

dependmg on the di ffercnce procedure (Natke, 1989). 
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The new ~olution at the Lime step 1-n•J is: 

(28) 

Thc unk.nown acceleration a,, 1 of thc implicit schemc rcsuJts fTOm lhe solution of Lhe equation 

(29) 

with the predictor tem1s ii,+/ and v,+ I. The unknown velocity v,..1 and displacement u,..1 are 
calculated afler this with a corrector step. 

For P = O and y = 11:! thc Ncwmark predictor-corrector scheme becomes an explicit scheme 
identical to the central tlifferencc method with Lhe temporally discrete equation of motion 

with the diagonal rnatrix M. 
As long as M is diagonal . a .... may be determined from this without solving equations. and a 

corrector step is inapplicable. 
The implementation of the Newmark method as an implicit-explicit scheme allows part of the mesh 

to be trcatcd impucitly and prut to be u·eated explicitly (Hughes. 1989). This has considcrable practical 
advantages in that 'stiff subdomains of lru·ge finitc elemcnt models can bc treated economically with an 
implicit integrator if Lhe Courant number is largcr than I . Wbc.o using tbc. impucit-cxplici.t method thc 
t'lements of a finite element model are devided into two groups: the implicit elements and Lhe e.xplicit 
l'kment~. Tht' ~>ystem matrice~ cnntain <'>-p lic it and implidt groups with the e.quation of motion 

(31) 

where the implic it arrays multiply corrector 1 alut's, whereas explicit arrays mulriply predictOr value.s. 
lt is an advanwge especially on high-performance computers like vector- and parallel-computers to 

use the :>ame time step for the whole system without subcycling. On vector-computers subcycling 
means additional calculations on a part of the whole mesh with short vector length and on parallel­
computers domain decomposition with local subcycling and date dependency is not very efticient. 

Example 
A local distw-bance within a continuous sysLem causes dilatarional waves (P-waves) and 

equivolUJlúnal shear waves (S-waves), which separate according Lo their different propagation velocity 
c:: r 1' c,. Tbc propagatiou velocity Cp of P-waves is 

c =l{.+2p 
, p (32) 

with the Lamé constants 

v E 
(33) 

( l+v X /-2v) 

E 
11 2(/+v) G 

(34) 

and lhe propagation velocity c, of shear waves is 



.... 
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(35) 

Boú1 kind of waves, lhe P-wave and Lhe S-wave, are body wavcs and havc to bc considcrcd in order 
w satisfy Lhe boundary conditions of lhe plane surface or interface. Nom1al stresscs and sbear su·esses 
vanish at Lhe free surface and produce anolher kind of wave, the Rayleigb wave (R-wave), wbosc 
act.ivity is coofined to Lhe ncighbourhood of a frcc sutface. The Rayleigb wavc has the smallest 
amplitude dccay wiú1 ilic distance of propagation and is the most important wave in soil dynamic 
problems bke earthquake engineering and vibration control. 

The soíJ dynanlic problcru siruulates lhe propagation of mccbani.cal. waves induced by a transient 
pulse load of P = 2.5k:N of 0.05s duration ou lhe elastic balf plane. The following numerical values are 
adoptcd for Lhe material coustants of lhe problem: 

E = I · 108 N/m2 

v = 0.4 

p = 1.9 · I O 1 kglm' 

c,. = 336m/s 

c, = 137m/s 

The system has a rectangular excavation that íntluences lhe propagation of the diJfercnt kind of 
waves. The FE-mesh covers a section of 100 · SOm. Adaptive mesh refinement is used every 10 time 
steps in advance with the intensity indicator. and a-posteriori with tbe Zienkiewicz-Zhu error indicator. 

The initial FE-model is a coarse mesh of 289 nodes and 51 5 isoparametric elements. The energy 
norm crror is sei to be less than 15 % for ali Lime step!;. ln accordance with lhe criticaJ time step tbe 
time incremcnt t1J used in the expli<.:it time integration procedure must obey the following formula 

(36) 

with the minimum mesh sizc & of thc coarsc mesh and is set to 0.00 Is. Figure I shows lhe time 
dcpendent adaptive mesh after 50 time steps wilh 643 nodes and I, 191 elements wilh refined elements 

Fig. 1 Adaptive mesh rennement near the point of load after 50 time steps with 643 nodes and 1,191 elements 

hclow ilie driving point of the Joad. After 200 lime steps the adaptive FE-system shows 3,021 nodes and 
5,896 elements in Fig. 2 with refmed regions, mainly due to the Rayleigh waves and the shear 
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Fig. 2 Adaptive mesh refinement after 200 time steps with 3,021 nodes and 5,896 elements 

wavcs. The instantaneous intensity vecLOrs of Fig. 3 visualize lhe energy now at that lime with the 

/1 v)~ I .. I ~0-..._~-- -- · •. 
":-v-:/, .. : :. ~~ 0. :: :~:. 
~ .. ..... -~~ .. . ...... . . 
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:: :::~:.:::::· ~ ':~ ~~1! II II . P~~~ ::: .. : .. 
Fig. 3 Energy flow wlth lntensity vectors after 200 time steps 

influence of lhe dilatational wave, lhe shear wave and the Rayleigh waves below lhe surface. Tbe 
simulation in Fig 4 and the rct1ections at the excavation shows lhe amplitudes of principal su·csses wilh 
respect to the sign. 

- ll. o. IJ. 
• tj', ' 

Fig. 4 Principal streases wlth respect to the sign ln Nlm1 

lt is obvious that lhis adaptive FE-method wilh a-priori intensity mdicator after every 10 time steps 
d<>eli not lcad to optimizcd FE-meshes wilh an equal disiribution of the di ~creli~ation error but it is a 
very e ffic icnt solution rnelhod if the es1imated mesh is sufficieot for severa! time st.eps. The demand on 
CPU-time and on storage depends on the number of degrees o f freedom of lhe system. 

The eosts of thc adaptive solution eompared to a solution of a full rcftncd system (=100 % ) 
depends on lhe number of inlermediatc time stcps between lhe stcps of mcsh refinement. 1-'igure 5 
shows that adaptive mcsh refinernent after each time step is unefficient but lcads to optimal rneshcs. 
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There is a minimum of CPU-time in this example when using abou1 5 intermediate time steps with only 
3,021 nodes instead of 7,803 of a conventional solution. 

Relat. CPU·Ttlle [11 ... ,., 
Ref· 100 . ,....,...,....,......,....T'""_,_.,...,,....,,....,...,.....,.....,._,......,.....,.....,.....,.., 

BO. 

60 

40. 

20 . 

CPI.HlME 

' ... 

O I 2 

............. -----
.. ........... 1ter .... --

OPt 

5 8 10 12 15 20 
Incruenta! tille steps 

adapti ve translent FEM 97.02.15 

Fig. 5 CPU-time of the adaptive solution is down to 15% of a conventional solution 
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Abstract 
TII"IJ •1f1p(iwlomr., •1 flight simlllation lO tire int•e.\lt}l<tlÍmt of helit"l>ptfr tl("ri<lrlll.\ are pre.1t'ntnl. ln the first, an 
uc"cidem u·ith tl"pltaltatl rotor lo.u dwr.wtcll.l/ln i.< nm~·ldt'red. T11e im•e.,tigation hoard worked on /IVO hyputheu.1. 
naml'ly tutf mtor .,/wji jmlurt' and pii••T'I /o.\\ of r•edul cumml (((tu he suddenly mcreas.:d lhe colle.:tive pirrh '"'ar 
til.· ~rowul um/ del".\"t"d nf•/1/.Ving pedais a., nudt>d. A ~mwlallon »a.~ rmuiut·ted 111111g simple models uf yaw 
d) n11mip und t01/ mio r (lt'rodynamrcs, and rt'lulr.1· rwlwott•d tlurt pedul contrai 11 oulú 1tilf he available even wilh a 
threC' Jt:<alltl prlm drla.1 in applyrnl( the pedal>. 1/rerefi•re lhe h~·pothesis of loss of pedal com mi \\"a.ç diM·ardeti ln rhe 
.H~•·o11d applwa111111, o heltcoptn accitlt·ntat 'l'll in which 1he aircrafl ~t-reck had not h<·tm rerovered il considerl!d. ln 
tlwt <m't'. tire im•estigmion honrd had to relv 011 ll!(nmwriml jimn lhe Cockpil Voicd l-'lifi lll L>alcr Rec:order (CVFDR) 
and 11 •·ideo rc·corded by an tlfllkr.,.-a mhoJ. The mnst .ngn!ficwJI injármation obtained fromthe FDR were extreme.ly 
l11gh •·ibratitm., in o/1 Jhree axes. ai a frequenn• assm·imed willr tire .first hamrnnic 1!( main rotor mtmionallpeed. 
Tltt• ;,,.,•stigolion 11 '11.~ tlirel"/ed towards sel'l.•ral hypmlte.\L'.\ tr.v.mriwed >1-itlr main rmnr h/ade aml crssemhlie.v that 
might e.t(Jiain 1he 1•ibrmimrs. A simulmitm pm11 ram ho.~etl 011 an existinJ: J:eneral ltelimpler .flisht simulation code 
•ra.s dnl'iop,·d '""' .,imulmion., •n' rt• comlucted for the tliSumed blade .failtm.' hypotheses. Re.11tl1.< indit·ated thnt lhe 
<'XI't'.<siw• tiC< eft•rulion., were crm.<islenl with lhe lms o.f lr lar.~e rmaling ma.u. duc to hlcult' fmrl!lrt' rtt'<lr the ruo/. ln 
h<•lh ti(Jf'lit·atiom. simulation prol•ided .wb.~twuial gmwuls for rhe investiga/1<111 bo<mlv to e.vtcrhlish the most 
pmbal>le cattst'.\ for the twl'idemx. 
Kt'yword~: Hrlit tlJI/t·r Aeronautiml Accidem. Fli~/11 Simttlallnn, Flight Dynwnics. 

lntroduction 
Whcn invc~tigating helicopter accidcnt~ - or any aeronautical accidcnl - it is nol unusual to come to 

questions t.bal can only be answered by ll ight ~imulation. However, in many cases these simulations are 
not straighlforward, as si rnulation programs are not oftcn developed with the capability to simulate 
failure hypothcscs. wllich may vary widely. 

ln this papcr. two examplcs of appljcat.ion of simulation programs to thc invcstigation of hclicoplcr 
accidents are presented. ln the first case. an accident with typicaltail rotor l<>ss charactcristics occurred, 
but the tail rotor blades left marks on lhe ground which suggested lhat Lhe tail rotor was stil l spinning. 
This evidcm:e raiscd an altemate possibility Lhat Lhe accident might have occurred due to Lhe pilot's 
delay m applying pedais during lhe nare mancuvcr. ln arder to invcstigatc bolh hypotheses, a very 
simple mr.xlel was dcveloped to simulate yaw dynamics and tail rotor rotational speed decrease after tajl 
rotor , halt failurc. 

ln Lhe sccond applicat.ion, a hclicoplcr had crashcd on the sea surface after suffering excessive 
vibrations. Only Lhe flight dat.a and cockpit voice recorders were retrieved, and lhe invcstigators had to 
rcly ou simulation to establish possible causes fl)f the accidcnt. For this investigation. a more detailed 
simulation code. bascd on an ex.isting program. was dcvcloped in order to s imulate severa! hypotheses 
aswciatcd with fai lurcs in the main rotor b lade~ and asscmblie!>. 

Tail Rotor Loss 
After a he licopter accident• with typical tail rotor loss characteristics. it wél!i s uggested that the 

accideot might have occurred due to püot's loss of pedal cootrol after he suddenly increased tbe 
wllective pitch near the ground and delayed applying pedaJs as needed. This p<>ssibility was apparently 
supported by marks left on the grouod indicating lhat tbe ta.il rotor wa.~ still spinning when it bit the 

1 Speciflc accldent details. such as date and aircrall. are not givon in order to preserve lnvestlgatlon confidentiality. 

Manuscnpt received: May 1998. Technical Edito,. Angels Ourfvio Niecke/e. 
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ground. The investígatíon board established two working hypotheses, namely loss of pedal control due 
to cxcessive pilot delay and loss of tail rotor due to shaft failure. 

I.n order to ínvestigate Lhe firsl hypothesis, a numerical sirnulation of aircraft yaw dynamics without 
Joss of tail rotor rotational speed was performed. ln order to investigate Lhe second hypothesis. a 
numerical simulation of aircraft yaw dynamics coupled with taíl rotor blade rotation dynamics was 
performed. ln both cases. the helicopter was assumed trimmed i.n hover with main rotor tOrque at 45%. 
The sudden incrcase in collective pitch wa~ modeled hy a corresponding sudden increase in main rotor 
torque from 45% to 95%, applíed during a one second ramp. aftcr which the torque remained coustant 
at 95li'o. For the second hypothcsis. ít was assumed that shaft failw·e occurred at lhe samc time the 
incrcase in collective pitch started. 

1-'ur the simulatíon of both hypmheses, simple models of the aircraft yaw dynamics and tail rotor 
aerodynamics werc used. ln ú1c tail rotor loss case. a rnodel for blade rotation dynamics was also used. 
These models will be discusscd ncxt. 

Simulation Model 

1l1c yaw equation of motion was obtained by consideríng maio rotor torque, aircraft yaw inertia. tail 
rotor thmst and vertical empennage drag. Fig. I illustrates the conventions used here. 

Q~ 

~ 
o 

17\Jf~ 

\Jf 

I: ftr 

fev 

Fig. 1 Contrlbuting Forces and Moments for Yaw Oynamlcs 

Thc govcrning cquation for yaw dyuamics used here is: 

(I) 

where Q." = OmAtJ is the main rotor Iorque, I. is the helicopter yaw moment of inertia with respect to 
the main rotor axís, \jl is the yaw angle. T, = T, ( cif) is the tail rotor thrust, 1 .. is thc distancc between lhe 
main and tail rotor axes. D,, = Dn· ( yi) is the vertical empennage drag and I,, i.s the distance betweeu 
the vertical cmpennagc center of pressure and the main rotor axis. Note that, in the above equatiun, 
fusclagc drag ha~ been neglecteJ, a;; the main contribution in terms of yaw moment is due. to lhe vertical 
empennage drag. 

As mentiuned above, ú1e belicopter was assumcd initially trinuned in bovcr with main rotor torque 
at 45%. The sudden íncreasc in collcctive pitch was modclcd by a corresponding sudden increase in 
main ro10r torquc from 45% to 95%, applíe.d during a one second ramp, after whích lhe torque remained 
constant at 95%. 

lf the pilot increases colleclive pitch without adjusting Lhe pedais accordingly, the helicopter enters 
yaw motion due to low tail rotor thn1st. ln this condition, the tail rotor operates in a way similar to a 
maín rotor in descent. The treatment presented here uses lhis analogy. An equivalent "vertical" rotor 
velocity (positive when rotor is climbing) due to thc yaw movcment is V= -l., 1ft . 

The tail rotor operating regime in tl1is equivalent descent depends on thi~ equivalcnt "vertical" 
velocity. 1t may bc normal uperating stale. vortex ring/lurbulcnt wake state or windmill brake state 
(Gcssow and Myers. l 952). The stale in which the ta ii rotor operatcs may be estahlished from the ratío 
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V/vh, where vh is lhe induced velocity iu "hover". which correspond~ here lo the induced velocity for 
zero yaw specd, givcn by: 

(2) 

where n .. is the tail rotor angular velocity. R,, is lhe tail rotor radíus and Cn, is lhe tail rotor lhrust 
coetficient. The tail rotor operaling statc is cstablished as follows: 

(a) if V/vh ~ -I. normal operaúng state; 
(b) if -2 < V/vh <-I . vortex ring/ turbulent wake state; 
(c) if V/vh $ -2. windmill brake state. 
For ali tail rotor operating states, a blade clemcnt approach is used. Tbc bladc is divided imo 

sec.:tions (clements). for which aerodynarnic forces are calculated and summed up to yield tail rotor 
thru!>t and thrust coefllcient. ln order to compute Iift and drag coefficients. lhe induced velocity v, ata 
given section is needed. The computation of this velocity has to be performed io a specific manner for 
eacb operating state. For normal operating state. combined momentum and blade element lheories give: 

À.=l. ?., au L (À., era )
2 

aa811.r 

2 16 r 2 16 8 
' 

(3) 

wherc Â.. = ( V + v,) I !2" R , is the total inflow ratio, À, = V I fl,r R 1, is the climb inflow ratio, 

cr = :V111r Cu I 1t R,, is lhe solidity ratio. a is the mean blade section fifi curve slope, Nb,, is the number of 

bladcs. c,, is lhe chord, e,,. is lhe pitch angle and r is the sccrion radial location. From Eq. (3) and the 

dd'inítion of À, v. may be obtained: 

(4) 

where À, is Lhe induced inOow ratio. For vortcx ring/turbulent wake state. no tbeory yields a simple 
expression for the mea.n induced velocity. Thercfore, lhe fo1Jowi11g cmpirical formula (Johnson. 1980) 
is used: 

v,=v,(~rO .. Fl ~ )
2 

-1.991] 
V;, 't V;, 

(5) 

For windmill break statc, momcotum theory givcs thc mcan induced velocity as: 

(6) 

Once lhe induced vclocity is computed using eilhcr Eqs. (4). (5) or (6), dependi.ng on the tail rotor 
operating state. one may obtain lhe induced angle at a given elcment <P = tan·1 

( Up I UT). where 
U1• = V+ v, is thc veloeity normal to lhe blade and UT = Qtrr is the velocity tangential to lhe blade. The 
bladc effective angle of attack is then given by ex= (J" - tP. 

Section lift (c,) and drag (c.,) coefficients are obtained from experimental data (Sadler. 1972). From 
lhese coefficients. blade element lil't. drag and the resulting contribution to normal force may be 
computcd: 

(7) 
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where u=M+ut is the total blade section velocity and p is the air density. Integraúoo of these 

contnbutions along lhe bladc givcs thc total blade nonnal force and consequently tail rotor thrust aod 

tbrust coeffki~nt: 

(8) 

(9) 

wh~re r,,, is the blade root cut-out. 

ln lhe computation of ta.il rotor thrust, lhe bladc pitcb is required. The pit.eh is set by the pilot pedal 

control. Here, ii is assumed tbat lhe hclicoptcr is initially at trim in hovcr. with lhe pedal adjusted to 

compensate for main rowr torque at 45°tl:•. as describcd previously. ln this invcstigalion, lhe pilot is 

a~>sumcd Lo havc delayed applying lhe pedais for a time 111• After th.is dclay, the pitch would he increased 

from lhe initial value 8,,0 to the maximum pitch 8,,,,, ... , , during a one second ramp. after which the 

pitch rcmained constant. 

Tbc tniúal and maxtmum ptl..:h are dl·tc rmin,·d from lhe tail rotor thrust which is needed to 

compensate lhe ioiúaltorque {',,.. (1,., 1 <, and the maximum Lorque Qmr,w. • respecúvcly. Tbe thrust 

m:edcd to compensai e a given torquc Q,., tS T,, = Q,., 11,. and lhe thrust coefficient corresponding to this 
thru~t i~ computed from lhe deflnition of C 1 • Eq. (9). The tail rotor pitch is found from the following 

expression. dcrivcd from cornbined blade elcmcnt and momentum lhcories (Johnson, 1980): 

6C7· 1~r. e _ Ir • /1' 
rr---+-- - -

(1tl 2 2 
(10) 

For lhe purposes of this invest.igation. thc vetttcal empcnnagc is rcprcse nted by a plate i o stagnation 
flow. The vertical drng is therefore given by: 

I v ' n,.,.-
2

p ,.~ A,., c0 n · (11) 

when: v., is lhe veloeity normal to the empcnnagc, A.,. is the vertil:al empennage area and cnl!,. is lhe 

platc dtag cocfficienl, estimated to be 1.2 (ESDU, 1978). 
1-'or tail rotor loss simulations, lhe bladc rotat.ional equation of motion is also needed. Ncglccting 

transmission nnd shaft friction, lhe contributing moments are bladc inertin and tail rotor Iorque duc to 
aerudynamil: forces. Thus lhe equation for tail rotor angular velo~:ity n,. is: 

I h,, !i,, +Qu =0 ( 12) 

where l i> is lhe bladc moment of incrtia with respcct to tbe tail rotor axis and Q. is the tail rotor 
Iorque. o~\ained from integraúoo of blade eh:ment cuntributions: 

(13) 
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For simulations wilhout loss o r tail rotor rotational speed, Eq. (I) is intcgrated in time using a 
standard fourth-order R unge- Kutta scheme (Bcyer, 1987). For simulations with lns:. u f rotational speed, 
both Eqs. (I) and ( 12) are integrated s imultaneously using lhe same schcmc. 

Simulation Aesults 
Thc simulated yaw motion for the hypothesis of constant tail rotor rotational spced, i.e., no shaft 

failure, i ~ prcscnrcd in Fig. 2 . ln this Figure, threc simulations are showu. The ftrsl two correspoud to 
pilot delays of 2 and 3 seconds, rcspectively, in applying tbe pedais after collectivc pitch increase. ln 
lhese simulations, pedais were applicd in a one-second ramp. The third simularion corresponds to no 
pilot peda l adjustment after collective pitch incrcasc. h is clear from these simulations that even after a 
tbree-second dclay the pilot is able to adjust lhe aircraft heading before making a complete ntm. Actual 
pilot delays dcpend on lhe disturbance (Kuchncl, 1960) and typically do not e xceed 0.25 sec. (Ashkenas 
and McRuer. 19ó2; Pedreiro, 1989). Actual time rcquircd to apply full controls would take weU less 
than onc second (Pedreiro, 1989: Etkin. 1982). Thc pilot delays assumed here are much higher than 
what might be ~xpet:ted and therefore lhe hypolhcsis of loss of directional control due to pilot delay is 
discardcd. 
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Fig. 2 Vaw Motlon without Loss of Ta li Rotor 

The simulated yaw motion for the hypothesis of loss of tail rotor rotaliona.l spee.d due to shaft 
failurc is presen1ed in Fig. 3. ln this Figure, Lhree simulations are sbown. The firsl corresponds lo a 
pilot delay of 2 seconds in applying lhe pedais after collective pitch i.ncreasc. Thc sccond simulalion 
correspoocb to no pilot pedal adjustmcnt after collective pitch increase. Thc third simulation 
correspond~ to no colleclive pitch increase or pedal change. Tail rotor rotational speeds for lhese 
simulations are presentcd in Fig. 4. 
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Fig. 4 Tail Rotor Rotational Speed atter Tail Rotor Shaft Failure 

From lhese simulations it is seen that shaft failure quickly causes loss of directional control. as 
expected. However, if thc pedais are not applied the rotational specd cventually reaches a constant 
value, as the tail rotor enters an autorotative regime in vortex ring/turbulent wakc state. lf pedais are 
fully applied, the tail rotor cnters wiodnriiJ brak.c state and the rotational speeu decreases. This implies 
that the rotational speed on impact depends ou when and to what extent the pedais are applied. 
Thercfore. even with loss of tail rotor sbaf't, it would be possible for Lhe tail rotor to hit lhe ground at a 
range of rotalional speeds which could account for lhe marks lcft on the ground. This result provided 
lhe investigators with evidence to support the hypolhesis of tail rotor shaft failure. 

Main Rotor Blade Failure 
lu this accident, a helicopter' was on its way to an offshore oil rig. A sudden bang was beard. lhe 

aircraft startcd suffering from excessive vibrations and the crew lost control of the aircraft, which 
çrashed on lhe sea surface. 

An initial attempt to retrieve the wreck was unsuccessful, but the combined Flight Data Recorder 
(FDR) I Cockpit Voice Recorder (CVR) was recovered. A video showing the wreck was recorded by an 
undersea robot. 

Although some channels were apparcnlly defective. among those the lateral cydic position. lhe 
FDR proved to be an essential contribution to this particular investigation. Most significant werc the 
extremely high vibrations in ali lhree axes. most notably a ±I g longitudinal vibratioo and a ±0.4 g 
lateral vibration. 

Spectral analysis of the FOR acceleration data is shown i.n Fig. 5. From this Figure. nonnal 
vibratioos appear to be associated with a 3.6 Hz frequency, very close to the main rotor rotationaJ spced 
(3.43 Hz in lhis case). Longitudinal and lateral vibrations appear to be associated wilh a 0.4 Hz 
frcquency. However, while the nonnal accelerations were sampled at 8 Hz, which allows ideotifi.cation 
of frcqucocies up to 4 Hz, longitudinal and lateral acceleralions were sampled at 4 Hz, which allows 
spectral analysis up to 2Hz onJy. For this reason, lhe signal was aliased and the peak at 0.4 Hz actuaUy 
represents pbenomcua associated with lhe differem:e 4 Hz - 0.4 llz = 3 6 Hz., which is the same 
frequency identified by spccu·ai analysis of lhe normal accelerations. 

' - Specific accident details. such as date and aircratt. are not given ln order to preserve investigation confidentiality 
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From thcse considerations. it was found that Lhe vibrations were associatcd wilh lhe frrst hannonic 
of main rotor rotatiooal speed. · 

As mentioned before, lhe aircraft wreck had not been recovered for rotor hcad and blade material 
analysis. llowcver. the undersea vidco allowed lhe investigators to identify some possible failure 
hypotheses, ali related with main rotor bladcs and a~semblies. These hypotheses were: 

I.Totalloss of one blade; 
2. Biade spar fractured near lhe root; 
3.Biadc spar fractured near lhe tip; 
4.Loss of balancing block near Lhe tip 

5.Loss of portions of some blade sectiuns aft of the spar (trailing cdge pockets); 
6.Loss of onc lag damper: 
7.Loss of one pitch link: 
8.Damaged pitch link. resulúng in excessive slack. 

Simulation Methodology 

Sincc thc aircraft wreck was not available for analysis, simulation of thc failurc hypotheses was 
esscotial in thc determination of lhe most probable cause. Tbe helicopter manufacturcr conducted their 
own simulations of hypotheses nos. 3. 6 and 7 using an aeroelastic Cl)dt: not couplcd with flight 
dynamics. Thcsc simulations pointed to hypothesis no. 3 as ú1c most probable. However. the vibration 
leveis resulling from the simulation~ werc sti ll subslantially lowcr than lhe leveis recorded by the FDR. 
The manufaclurer suggcsted lhatthis might bc duc to lhe absence of aircrafl motion in lhe simulalion. 

ln order to provide a more consistent ha.sis for determinalion of thc most probable cause, a 
!>imulation program based on an cxisling gene r.!) helicopter night simulation codc (Howlett, 198 I) wa.~ 
devcloped. ln lhis melhod. thc aircraft has six dcgrees of freedom and the rotor bladcs have three rigid 
body degrces of freedom- napping, lagging and pitching. A blade element method is uscd, in wb.ich lhe 
aerodynami1: coefficients are computed from simple algebraic equations bascd on experimental a.irfoil 
data. A fir~t-ordcr dynartúc innow modcl (Pctcrs and HaQuang, 198g) is incorporaled for compulation 
of rotor wake downwash. (Mello, 1994). Scction forces are integrated aJong lhe blade and sunuued up 
to yicld main rotor forces and moments. Thcsc are added to fuselage. tail rotor and vertical and 
horizontal stabilizer forces and moments, so that total aircraft forces and moments can be obtained. 
From thcsc. aircraft accelerations are found and integration of d1e equalion~o of motion is perfonned. 
Details o f thc basic simulation method are available elsewhcrc (Howlctt. 1981) and thcrefore are not 
presenled herc. 

Simulation of bladc failure hypolhe~C:) is conducted by appropriatc mouification of blade force 
computation. For lhe simulations presented hcrc, lhe helicopter is initially trimmed. After a spccificd 
time (0.25 sec.}. one of lhe failurc hypoú1e~e:-. under invcstigation is introduced, as foUows: 

• Loss of blade or portion of lhe blade (hypolheses I to 4): Conuibutions of lost section~ Lo 
blade inertial and aerodynanuc forces are climinated; 

• Lms of trailing edge pockets (hypoú1esis 5): Contribution of lost pam to bladc incrtial forces 
are elirtúnaled; aerodynamic cocfficients of affeclcd sections are modilied to represem 
rt:duction in lift - assumed 30%- and increase in drag - assumcd I 00%; 

• Loss of one Jag damper (hypothesis 6): Force dueto lag damper is eliminatcd; 

• Loss of pitch línk or slack (hypotheses 7 and 8): Thc p1tch link is modclcd by a torsional 
spring (Johnson. 1980); whcn it fails the moment dueto this spring is eliminatcd. lf there is 
some slack, thc spring is t:ITectivc only when the difference bctwccn the control pitch and Lhe 
actual pitch is grcatcr lhan lhe specilied slack. 

Simulations wcre conducted for ali lhe above hypotheses in thrcc modc!>: ln thc lirst, thc helicopter 
was not allowed to move. Th.is case wa~o simulated so lhat the results could be cumpared wilh the 
simulations conducted by thc lllllilufacturer. ln lhe second mode, lhe helicoptcr was allowed lu move 
freely in space, with lhe controls held tixt:d to lhe trim positions. ln lhe lhird modc, lhe helicopler was 
free to move. but lhe control positious wcre input during the simulation according to thc positions 
regi~tered in lhe FOR. except for lhe lateral cyclic. for which lhe FDR register was inopcrative. 
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Simulation Results 

A substantial amount of results was generated in this investigation, since eight failure hypotheses 
and three simulation modes wcre considcred. Only some representative results are shown here. 

Simulated and registered accelerations for hypothesis no. 2 (blade fractured near the root) for the 
free aircraft. pilot-in-the-loop simulation mode, are shown in Fig. 6. Results for hypothesis no. I (total 
blade loss) are very similar and are not sbown for brevity. From these results. it may be seen that these 
hypotheses would cause vibrations consistent with the FDR data. lt sbould be recalled that the flight­
recorded data were sampled at a frequency lower than lhe rotational frequency, hence the noticeable 
aliasing. 
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Fig. 6 Simulated and registered accelerations for hypothesis no. 2 (blade fracturad near the root), 
pilot in the loop. 
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Simulated and registered acceleralions li)r hypotheses nos. 3 (blade fracturcd near the tip), 6 (loss of 
lag damper) and 7 (loss of one pitch link) for the free aircraft, pilot-in-the-loop simulatioo mode. are 
sbown in Figs. 7 through 9, respectively. lt may be seen that thesc hypotheses would cause significaotly 
lower vibrations than recorded. The ol.ber hypolheses under invesrigation - for whicb the results are not 
shown here · cause eveo lower vibrations. 
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Fig. 8 Simulated and registered accelerations for hypothesis no. 6 (loss of one lag damper), pllot ln the loop. 
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ln order to illustrate in what extent aircraft motion induced higher leveis of acceleration. simulated 
and registered accelerations for hypothesis no. 2, fixed aircraft, pilot-out-of-the-loop simulation mode 
are presented in Fig. 10. By comparison between this Figure and Fig. 6, it may be seen that introduction 
of aircraft motion affects signilicantJy only normal accelerations, whilt: longitudinal and lateral 
acceleralions are not affected much. Therefore. a fixed-aircraft simulalion could still provide a good 
indication of probable causes for this accident. 
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Fig.1 O Simulated and registered accelerations for hypothesls no. 2 (blade fractured near the root), 
pilot out of the loop, aircraft flxed ln spaoe. 



609 J ot lhe Braz. Soe. Mechan1cal SCiences • Vol 20, December 1998 

Although the unavailabilily of later..tl ~:ydic register in the FOR was a scrious handicap in lhe pilor­
in-the-loop simulations, accelercltion leveis were quite consisrcnt with those recordcd. However, aircraft 
altitude could not be correclly simulated. This is illustrated in Fig. 11, when: aircraft pitch attitude as 
simulatcd for hypothesis no. 2, pilot-in-the-luop modc. is compared with FDR-rcgistered auitudes. This 
was duc to the fact that the lateral cyclic was held constant during these simuJations. Nevertheless. tbe 
tn;nd~ in aircraft responsc are consislcOL. Sincc aircraft motion was found not to affect substantially 
longitudinal and lateral accelerations. thcsc discrepancies are not rclcvaut with respect to 
charaueri7.ation of vibration leveis for the different hypotheses considere<! here. 

60 ' -r-._..~ 

Simulalion • • 
Ci • FOR • 
Ql 40 -
~ • 
Q) • i "O 
3 20 ·j 'i: • • <( • 
Q; • • 
ã. o • o • .. _. • • 

~ 
2 ... ---4· ,.., 
q; .. -· 
:r: • • 

-20 • • ~-
~ .. 

--L- . , __ . ___ , 
' 
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Fig. 11 Slmutated and reglstered aircraft altitudes for hypothesis no. 2 (blade fractured near the root}, 
pilot io lhe loop 

Ovcrall. thesc re~ulls indicated that the exccssivc accclcrations we~ cnnsil-.ICnt with the loss of a 
large rotating ma~s. as in hypothc~es no~ l and 2. Thcreforc, thc simulation providcd substanlial 
ground~ for tJ1c investigation board to establi~h lhese hypotheses as lhe must proh;.tb(c causes and to 
discard thc othcr hyputheses. 

Concluding Remarks 

Two applicalions of tlight sunu lalion to thc invcstigation of helicoptcr occJdcnts were presented. ln 
lhe first application, si.mulations of yaw tlyn;.tmics with and without 1ail rotor loss were carried out in 
order to determine if loss of pedal contrul due lo pilot's delay could be lhe cause of an accideot with 
los~ of dirccrional control. and if tl1e tail rutor c:ould still be spinning when it hit tbc ground i.n case of 
tail rotor shaft failure. Thc rcsults indicatcd that pedaJ control would still be a\>ailable cvcu witb a three 
st:c:ond pilot delny in applyiog lhe pcdaJs, t11ercfun: the hypothesis of Joss o f pedal control was 
discarded. Thc simulation also indicatc.d tbat thc rotor blade could havc hit the ground within a range of 
rotational spceds nfter tail rotor shaft failurc, which cuuld account for the marks on the ground, 
lhercfore maintaining the hypothesis o f ta ii rotor loss. 

)Jl tlte second application. a numerical simulation of helicopter night aftcr severa! blade fai lure 
bypotl1eses ha.~ bcen conduct.ed. Because in that case thc aircraft wrt:ck h~ul not been recovered, 
simulalion was essenti;.t( to the investigalion board in establishiug the must probablc cause of the 
accidcnt. Sitnulatiuns were conducted with and without thc pilot in the loop, anel for tht: latter. with and 
without :úrcraft movement in space. Longiwdinal and lateral accclcration leve i ~ for these diffcrent 
'imulation modes did not diiTer substantially, therefore simulat.ion without aircraft movemt:nl or ·pilot 
control was sufficiem for charactenzation of the effects of blade failurc. Simulated acceler.uions 
indicated that thc cxcessive accelemtiuns wcrc consistem wilh the loss of a largc rotating mass. either 
due to total bladc loss or blade fracture near the root. Simulated aircraft attitudc cbanges did not 
compare well with FDR-rccorded data, probahly dueto the unavailability o f lateral cydic positions. 

ln both applications, the simuJ;.ttion~ conducted here allowed clear charactcrization of the 
hypotheses undcr invcst.igalion. tl1erefure thc goal of providing the investigators with substantial 
grounds for establishing lhe ruost probable c;.•ust:s was attained. 
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Abstract 
fluilr.finfi t::nergy Mcllltl/if'lll<'nlmul Cm1trol systems lwt·e ,·,mfri/111/ed 111 tl1e nduc1ion of c•twrgy use " 'iliwut a,U'ecting 
lhe ,,..f·uprmf'., comjfm. however. the inahi/iry to provide early detection nnd compensation offaults in air­
lumdling tmits lws rwt pmvided ertra energy saving. Fnr further improvemem of reliability, safety and 
perfvrmance, an rarly detecflorl and diagnosis oj faalts is of grear imerest. A fault detection method 
which uses static neuro-Juzzy mudeis tn dcscribe tht correct operation of zhe plant ir proposed to derect 
faults in cnoling coils of air-lzandUng units. Ahnomwl operatinn <~f rhe planr is derecred when re.~iduals 
e.xceed a variabli' threshold va/ue which acc:nurrts for modelling errors. noisy measurements and 
unmodelled disturlxmces. Simu/atiun re.wlts are presenred for both wlwle nperatinR space and typical 
operation data vf air-lzandling unirs to demonstrale the capabilities nfthe proposed scheme. 
1\ey.,.ords: Fault 01'1~• ·""''· N<'Uro·r·u~:l' Mt>dfllinf(, ltu - Ht~ndling Unit~. 

lntroduction 

Over lhe pa.sl two decade~ modcl-based mclhods of Faull Dctection and Diagnosis (FDD) have 
a~.:hieved significant rcsults (Frank 1990. Patton. Frank and Clark llJR9 ). The melhods for modcl-based 
1-'DD are based on analytical redundancy which includcs method~ likc: pari ty equations. diagnostic 
uhscrvcrs and Kalman filtcring. Bccause very accurate matbcma.tical d~:scription of systems are rarely 
availab1e, these melhods must incorporate some fonn of robusmcss against uncertainties, i.e., lhey must 
be inscnsitive lo modelling crrors, unmodelled disturbances and measurement noise which in praclicc 
are :~lways present and could bc a sourcc: of falsc alnrms. Robust FDD melhod~ have been repo11ed 
(Ding and Frank 199 1 ). Howcvcr, these model -based methods can work only fur systems lhat are 
informatiun rich i.c.: these syMcm~ are linear or linearizable; approximate physical models or semi­
physical models can be obtained: sensor measurements are complete (all variables nece~sary for lhe 
modcl are rnea~ured). nccurate and rccorded at frequcncics much higher lhan lhe process fluctuntions; 
and unccttaiul.ics ean bc sornehow rnodclled. 

Hcrc, instcad of information nch systcms. thc focus is on FDD for a system that has high 
unccrtaínty: cooling coils of air-handling units. Rccen t1 y. there has becn a grcat intcrest on devcloping 
Fault Dctectiun and Diagnosis for Heating. Ventilating and Air-Conditioning syMems (HVAC) 
(Hyvavrincm and Karki 1996}. Analyl.ical modcll> are in practice hardly avaílable for lbis class of 
system. lhcreforc it might be more natural to considcr method~ based on either pallcrn reCO!,'llition 
(l-limmelblau 1978) or knowledge based approachcs (McDowell. Kramer and Davis 1991). ln recent 
years, Artificial Neural Networks (ANNs) have arisen as a method that can be used to pcrform paltem 
rccognition and thcrefore for J-"00 (Sorsa, Koivo and Koivisto 1991 ). Fuzzy models havc also been 
u5ed for fauh detcction and diagnosis in uncertain systcms. They have lhe advantage of more casily 
mcorporate the expcrt knowledge available aboutlhe ~>ystem. Fuzzy mudeis may assume many differcnt 
fonns and can be uscd in qualitativc mode1-based. paltern rccognition and knowledge-based methods 
( lJlicnt 1993. Dexter J 995 ). 

ln this work. a new fau ll dctcction method using ncuro-fuz:~.y mudcJs is proposed for cooling coil~ 
of air-handling units. Thc cooling coils of air-handling units and thc diffic u1ties with lhe modelling task 
of cooling coils are preseoted. The dcpendence on opcrating conditions for fauh delection in cooling 
cni1s which limits lhe pcrforman~.:c nf FDD methods are discusscd. Simulations rcsults are presented for 
both who1e operating ~pace and typical HV AC operation data. Some condusions <lbout the method are 
givcn. The companion articlc (Maruyama 1997a) discusses lhe practical problems which arise wilh thc 

Manuscripl recewed· Januery 1998.: revtston received· Apti/1998 Technical Editor: Paulo Eigi Mlyagi. 
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implemcntation of the mclhod and illustrates wilh ao examplc. Related results has been presented in 
(Maruyama, BenouareL~ and Dexter l996b, Maruyama. Benouarets and Dexter 1996a) and the method 
is extensively discussed in (Maruyama 1997b). 

The Cooling Coils of Air-Handling Units 

Figure I illusu·ates an schematic diag.ram of a cooling coil subsystem. The maio components are 
a combincd bcat cxchangcr and a thrce port valve with actuator. The physical characteristics of the 

T; 
IÍI 

Q) 

pump 

c:oolíDa coil 

1(, oudec &ir 

Fig. 1 Schematic diagram of a cooling coU sub-system. 

cooling coil depeneis on lhe material of lhe tubes and many geometric features. Tbe cooling coils 
studied here are one of lhe sub-systems of Heating, Ventilating and Air-Conditioning systems as 
illustratcd in Fig. 2. 

Fig. 2 Schemalic diagram of an HVAC system. 

The main variahles are: 

I. inlet air temperature T, ("C). 

2. outlet air temperature T., (°C), 

3. valve control signal u. 
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4 . ai r mass flow raie m (Kg/s). 

5. humidiry ratio ro (Kg of vapor/Kg of dry ai r), 

6. chilled water supply mass flow rate ,;, ... (Kg/s), 

7. çhilled water supply temperatuJ·c T ... 

Figure 3 illustrates a typicallocatíon of scnsors in a cooüng coil sub-system. 

"'""'' Tcw1 t 

INpply/M 

Fig. 3 Location of the sensors. 

The air entcrs thc coil itself at temper.llurc T, and is cooled by the chillcd watcr as it flows through 
thc heat exchanger. The air leavcs the coil with a lemperature given by T., TI1e input-output relatíonship 
of lhe coil can be expressed as: 

(I) 

The valvc control sígnal controls lhe chillcd water supply flow rate. lf the valve is closed (u, = 0) 
the air is nol cooled. lf thc valve is open (u, > 0) lhe air is cooled and the valuc of thc outlet temperalure 
T. depends not only on lhe statc of the cooling coil given by the valve control signal u.,, the chilled 
waler ~upply mass flow rate fiz ,,.., and thc chilled water supply temperature T.,.., but on the state of lhe 
inlet a ir given by the inlet air temperature T .. lhe air mass flow rate 1n , and the hunúdity ratio ro. 

Developing a modcl for the cooling coil in an air-handling unit is not an casy task. The sources of 
um:ertainty that are related to the modelüng and tesling of cooüng coils are: 

• thc chillcd water supply temperature T,~ .. and the chi llcd watcr supply flow rate m "'' are 
usually not mcasw-ed. Usually, hoth vari:~bles T ... and ,;, ,~,are assumcd to be conslant but io 
practice they can have some tluctuatinns. Thc outlet temperature T., is particularly sensitive tQ 
tluctuations of lhese variables; 

• mea.surcmcnts rcflects only Lhe statc vf thc ai r in the neighbourhood of the sensor and not for 
the whole section of lhe duct; 

• thc outlet air temperature T. is not usua.lly measured. The supplied air temperature T. is 
mcasw·cd instead. ln this çase. T. must be estimated from T, or one must design a model that 
includes thc olher subsystems; 

• thc humidity ratio ro is not usuaUy mca ured directly. the relative hunúdity RH is measured 
ÍJlStead. Using T. and RH il is possible lo calculate approximately Lhe dew poiot temperature 
T~cw that is correlated lo ro in addilion to the local pressurc; 
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• dw·ing normal operation. lhe dala collected is nol complete enough to build a parametric or 
non-parametric model; 

• during normal operation, the frequency contents of input signals of cooling coils are not 
complete enough to build a model that can be reliable at ali possible frequencies; 

• test signals for idcutification can not be easily generated as the state of the inlet air depends 
most on weather conditions. 

Some malhcmatical models of cooüng coíls have been developed (Ding. Eppe. Lebrun aud Wasacz 
1990} for si.mulation progra.mf> of HV AC systems. These are usually complex models that rely ou 
iterative solutions. Due to thci.r coruplexity, these models are only suitable for off-line simulation of 
HV AC systems. Less complex modcls musl bc dcveloped before on-line fault detection can be viable. 
Some physical models havc bceu dcve loped for FDD purposes (Salsbury, Haves and Wright 1995, 
Haves. Salsbury and Wright 1996}, howcvcr, thc nonlinear charactcristics of thesc physical models 
make them very sensitive to lhe training data and large estimation errors cau arise if training data is 
se are e. 

The Most Common Faults in Cooling Coils Are: 

I. leaky valve: for example. water leakage resulting from wear to the plug or seat of the valve; 

2. fouled coil: for example, water-side fouling as a result of thc build-up scalc inside the tubes of 
the coil; 

3. tempcraturc sensor offset.: for exan1ple. dueto drifting of parameters. 

These faults usually introduc.:e c.:hanges in Lhe ~tatic and dynamic behaviour of the cooling coil that 
can be detected as differences in lhe output variable T •. For fauh detection purposes. it is desirable to 
design an accuratc dynamic model for correct operation. Faults may be then detected by comparing the 
predicted output givcn by the modc.J against the measw·cd data from the actual plant. 

The Proposed Fault Detection Scheme 

Figure 4 shows a schematic diagram of the fault dctection scbemc. Tbe mc.asurements of input and 
output signals are first pre-processed using a moving average fi ltcr and a transient detector. Residual~ 
are lhen generated by comparing lhe output of the planl wilh the prcdicted output of a static neuro-fuzzy 
model of correct operation. Abnormal operation is detected when tbe residuais at steady-state points, 
exceed a threshold valuc which varies with the operating point, so as to take account of the modeUing 
crrors, measurement noisc and unmodelled disturbances. An alarm is generated if the rnodel indicatcs 
thc presence of a fault. 

Pre· 

~------------~~ p~~, 

y + 

" y 

lhr( jj) 

Fig. 4 Block diagram of the tault deteclion scheme. 

The pre-proccssor generatcs moving average v alues of lhe inputs 'fi.( l) and the outputs y( t) of the 

systcm. 
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The comparator block compares lhe avcragc mcasured output~ y( r) with the predicted output 

y( r ) nf thc l'tatic neuro-fuzzy model which uses the average valucs ~(r) as i IS inputs. The comparator 

seiS a fault t1ag whenever residuais exceed lhe corresponding tbreshold value: 

IWt )-y(t ~>thr( ffJ. (2) 

The Static Neuro-Fuzzy Model 

A ncuro- fuzzy system is a modelling apprnach that performs a X C <:R" ---?<:R . where X is the 
input domain. The model can be interpreted a.~ a ruleba-;e comprising of' Q fuzzy production rules of tbe 
following form: 

where 4 = 1.2 .... ,Q. x1 (I = I ,2, ... ,n) are lhe inputs variablcs, y is lhe output variable, Ar are linguisLic 

tenns dt:fined hy mcmbership functions 'I' A 
4 

,, 1, and w. is a scaJar valuc associated with the output 

variable. For each ! Lhe output y=h(~) can bc calculated as (Brown and Harris 1994): 

(3) 

where h: X c 'Xn~9l. :!_~( x1, .. . ,x1 . .. .. xn {eX,qJ,/ :!)=D/'-1qJ q( .r1 )ls 
mcmber~hip function. AI 

a mullidimensional 

A static neuro-fuzzy model is cboscn hcrc because the most commun faults change the steady-state 
behaviour of lhe cooling coils and significant steady-state infonnalion i~; availuble during operation of 
thc system as demonstrated in (Maruyama 1997b). Thc presence of steady-state information about the 
(1peration of a cooling coil occurs because lhe cxcitation signals has very low frequency when 
compared with the dominant time constanl of thc plant. The use of static models reduces signilicantly 
lhe complex.ity of the model and consequently lhe amounl of training data that is rcquired to estimate 
lhe paranlt!ters nf Lhe model. 

The Pre-Processor 

ln order to use stalic neuro-fuz.zy modcls for fault deteclioo, a Sll!a<.ly-~tatc detector must be 
designcd to sclcct the portions of the input-output signals that are quasi-stationary. i.e .. are sufftciently 
closc to steady-state. Thc procedure can be summarized by lhe following stcps: 

The raw data from each sensor is passcd tllfough a low-pass filter which pcrf(1rms a moving average 
calculation to remove high frequency noisc. For cach onc of the input and output variables. z. the 
moving averagc at time tis calculated as. 

I 

I Z( k) 

z( I )=1.. - t -, .. 'wt+l ' 

N,.., 

for r=N 11•1 
,2N,.,, , ... whcrc N,.,, is lhe number of samples in lhe window length Fig. 5. 

(4) 
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The filtered data is then processed to obtain a measure of the activity or functional variation. The 
average activity is calculated as, 

(5) 

where N w, is the size of the window. which may be dífferent from N,.., . and T is lhe sampling time 
interval. · 

The activíty measure is then compared with a threshold in order to decide whcther the systcm is iu 
steady-state or not. A threshold for the activity is defmed based on Lhe acceptablc error whcn a static 
model is used for predictions with non steady-state da.ta. The fulluwíng tbreshold is adoptcd (Maruyama 
1997b): 

whcre 

- J: k=r- N w
2 

• I ?.( R ) 
z( r J '----=---­

N ,..l 

(6) 

(7) 

and Ç is thc acceptable. relative prediction error for the static model and 't,-, is dominant lime constant of 

the system. lf a t. ( 1 )<f. z ( 1) for ali input and output variahles simultaneously then the system is 

considered to be in steady-state at time t. 

• • • • • • • • 

Threshold Evaluation 

- Nw/-

.-----r---------, 
• •• :• 

• • • 
• • •• .. : 
I 
I 

• 

Fig. 5 Moving window. 

-
• • • • 

• • 

The selection of suitable Lhresholds for the model is a key step iu any fault detection scheme. 
Thresholds must take into ccount modelling errors, unmodeUed disturbances and measurement noise. 
ln this particular scheme. some of the noise and unmodellcd disturbances is filtered out by the pre­
processor module. 

A common proccdure is to set a fixed threshold for lhe whole operatiug space. The occurrence of a 
fault is signified by a residual which surpasses the threshold value. A large thresbold reduces the 
sensitivity to faults, and only large faults can be detected. Ou the othcr hand, if the threshold is too 
small. the rate of false alarrns can be very high. Another approach is to select adaptive or variable 
thresholds (Frank 1992). The idea of variable thresbolds was iutroduced to compensate for the 
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uncenaintic~ of lhe model whiçh make thc residual vary even when lhere are no fau lts in lhe system. 
Thc change in the re!\itluals, especially for large variaúons in operating points. can he large eoough to 
cau~c fahe alarms if ti.-:etl threshold is used . A fi xed threshold could be use~ in Lhe case of static neuro­
fozzy models. Howcvcr the performançe of lhe fault detection scheme can be enhanccd by employing a 
variable threshold. Hencc, a new method of threshold cvaluation was designed, which altempts to take 
advantage o f thc structure of the moúel, and the data available during the learning proccss. 

The thrcshold in each part of lhe opcrating space is evaluated using lhe following cxpressioo: 

(8) 

where ~ is the input vector. Lhr, are local thrcsholds a~sociatetl with cach basis fu nction $ql :! ). 

1l1e f·unctions <l>q (:! ),q=l, .... N , are the ba. ... b funçtions used to define the neuro-fuzz.y modeL 

l-lere. thr. is calculatcd as: 

(9) 

where thra., is thc componcnt calculated u~ing thc ;wailable training da ta, and can be understood as an 
estimate of thc maximum approximation crror in each region (Lhough a ~igni ticant amount of data must 
be availablc for this estimate to he prcc i ~c). The other component. Lhra.,, is a fixcd valuc that retlects lhe 
unçertainty nri ~ ing in the esúmaúon of lhra,, from the Jack of dat<L. the noise and unmodelled 
disturbances that can corrupt the training data. and the noise and unmodelled di~turbances that can arisc 
during opcration of Lhe system. Here. the lilllo wing procedure is used to calculate the maxi.mwn 
approximation errors (Maruyama d aL 1996a): 

( lO) 

for the tmining data D = {(&, yi), i= I ..... N}. and where r; is Lhe prediçtetl value. l n this work. the 
maio fucu~ i~ the <~pproximation errors which arise dueto tbc fiu.itc complexity o f neuro-fuzzy models. 
l'oioise and unrnvdclled disturbances are considcred in Lhe companion ruticle (Maruyama I 997a). 

The Dependence on Operating Point Conditions for Fault Detection in 
Cooling Coils 

ln cooling coils , thc detection of faults depends on operaúng point conditions. ln Lhe case of 
lcakage. for exarnple, tlle percentage of the typical operating space in which thc fault can be detected 
t POSFDJ is limited to regions where the valve control signal u, is zero or elo e to zero. ln this case, the 
operating space in which Lhe fault can he dctcctcd is small and Lhis affecL~ Lhe performancc of any fault 
detection and diagnosis sclleme. 

The dependence on operating point conditions for deteclion of Lhe most common faults io cooliog 
coils can be analysed hy calculating the percentage of the typical operating poinL~ at which the fault can 
bc detected. i.c .. the percentage of thc typical operating points where lhe obscrvcd bchaviow·, when a 
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fault is present. is different from lhat of correct operation. The differences are detected by calculating 
the residuais between the data for correct operation and data for a faulty operation. Suppose that lhe set 
of points De = { (b, y,< I i = I , .... N} represents correct operation and the set D1 = { (b, y,' I i = l .... ,N} 
represents a faulty operation. The re.siduals r(!,,) are calculatt:d as: 

(11) 

lf lhe residual r(!,,) is larger lhan a thresbold õ, lhe data set~ are considcred to be different at lhat 
particular opcrating point /i .. The pcrccutagc of tbc opcrating space at wruch a particular fault can be 
detected is tben detemúned for the whole operating points ~ (i, ... ,N). ln lhe following, data are 
gcncratcd by simulation using thc HVACSIM+ program (Clark 1985), for the sarne cooling coil, for 
correct operation, and for differenl sizes of valve leakage and water-side fouling. The outlet air 
temperature T. is calculated for ali combinations of the input values. The data must be equally spaced 
for lhe statistics to retlect the percentage of the operating space. Table I surnrnarizes the results for two 
different sizes of valve leakage. for two different sizes of water-side fouling and four different v alues of 
the threshold õ. 

As expected, for valve leakage lhe pe.rcentage POSFD is small (only 15.23% for 3% leakage with 
o= O.SOC). For water-side fouling the POSFD is sigoilicantly larger when compared to valve leakage 
for any lhreshold o. lf lhe size of lhe fault increases, lhe POSFD also increases. Specially for valve 
leakage there is a significant increase in the POSFD when lhe size of leakage increases from 3% to 5% 
for both õ = 0.5°C and õ = I.O"C. lf the threshold õ increases the POSFD decreases. lf the modelling 
errors are large and the fault detector can only detect differences larger than 1.0°C there is a significant 
reduction of the POSFD specially for water-side fouling which can be as low as 25.66% for 0.5mm 
water-sidc fouling. For o = O. I oc. which is a realistic lower limit for a detectable residual. the 
probability of detecting tbe fault for 3% and 5% valve Jeakage are stiiJ below 50%. This emphasizes the 
fact that, when there is valve leakage. Lhe cooling coil bchaves correctly for mosl of the operaling 
poiuts. 

Table 1 Percentage of the operating space where taults can be detected for ditferent thresholds li. 

Fault ô:O.t"C õ = 0.2"C 1):0.59C 1\:: 1.09C 

3% valve leakage (%) 27.71 2389 15.23 8.85 
5% valve leakage (%) 42.54 27.67 21.84 14.68 
O.Smm water-side toullng (%) 88.59 82.49 60.13 25.66 
1 .Omm water-side foulíng (%) 91.93 89.10 78.13 58.72 

Measuring the Performance Over the Whole Operating Space 

ln order to measure the performance of a particular fault detector scheme over the whole operating 
space. a comparison with a perfect fault detector (PERFFD) is made. A perfect fault derector is defined 
here as lhe one which for a set of data points D = { (~. yi), i = I, .... N}, gives an answer based on the 
distance r~.) = I y,' - y, I where y.c (i = I , .... N) are perfect predictions of the correct operation of lhe 
plant. A perfect fault detector with a tbreshold o can be defined and a data set of correct operation 
D" = { (b. y.c I i = I ..... N} used for prediction purposes. as in Lhe earlier section. To cal cu late these 
stalistics for eacb operating point ~. the output from the fault dctection scbeme under tesl is compared 
wilh the perfect fault detector. The performance is measured by estimating and comparing the estimated 
probability of false alarms P,." and lhe eslimated probability of derect.ion P,., of both fault detectors. Tbe 
estimated probability of false alarms is deterrnined using the correct operation data set and is given by: 

c N, 
PrA=-xJOO%. 

N 
( 12) 
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wherc N f is the numbcr of poinL~ at wh.ich the fault detector seL~ the alarm when it is lesLcd with 
t:(lrrcct operation data. N is the total number of tcst points in the operating spaec. The estimaLed 
prnbability of detection is given by Lhe same equatioo bm it is cakulatcd for the faulty data sets: 

(l3) 

whcrc N; is the number of points at which the fault detector sets the a larm when it is tcstcd with faulty 
oper .. Hion data 

The fact that faults like valve leakage and water-side fouling are not obscrvable over Lhe whole 
opcrating space inuoduces not only thc possibility of a fault not being detected at some operating points 
hy Lhe designed fault detector (PDN!l. when the PERFFD can deLe<.:tcd it, but also a possibility of lhe 
fault bcing detected by thc FDNF at some operating points when Lhe PERFFD can not dctccted il. ln 
both cases. the cause is cither moddling crrors or inadcquacies in thc method used to cstimate Lhe 
thn::~hold . From this poinl of view it maybe usefulto calculatc other perfurmance índices thal rcflect the 
csummed probability of corrcct classificalion. The following classification índices are calculated for 
1his purpose: 

I . lhe estimated probability of npcrating points corrcctly classified as correct operation: 

N 
P()(i - 00 x1U0'7c. 

N 
( 14) 

wher~ Nr>r, is lhe number of operating points at which both fault detectors do not set their alamlS: and 
thcrc is no fault prcscnt. 

2. lhe es ti matcd probability of opcrating points incorrecUy dassified as faulty operation: 

.1..'oJ Pr)J-- - x/00%. 
N 

( 15) 

wherc Nu, is thc number of opcraung points ai which lhe PERFFD does not set thc alarm and thc 
FDNF does set the alam1: and there is no fault pre~ent. 

3. the estimated probabilily of operating points incorreclly classified as correct opcralion: 

(16) 

where N"1 is thc number of opera1ing points ai which Lhe PERFD $CIS lhe alarm and thc FDNF does 
not sct the alarm; m1d there is a fault present. 

4 . Lhe estimatcd probability o f opcrating poinls correctly c lassi fi cd as faulry: 

Nu P11----xl 00%, 
N 

( 17) 

whcrc the N11 is lhe nurnber of opcrating poinll> at which both thc PERFD and lhe FDNF set their 
alarm!;; and there is a fault present. 

The correctly ci::L~sified operating points of thc rDNF are re flected by P00 and P 11 and the 
incorreclly clas~iticd operating points are reflected by Po1 and P10 • From Equations 14-17 it can be secn 
thal P1.A but P1" = Pn1 + P 1 1 thereforc the estimated pcrformance can be misleading if P111 is large. 
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Test Results Over the Whole Operating Space 

ln this scctlon, test results obtained with thc HVACSIM+ (Clark 1985) simulalion program are 
prc:.cntcd. The examples in this section address lhe following issues: the capabilities of the fauh 
dctc~:tíon ~~.·heme in detecting diffen.:nt types of fauhs which can occur in the cooling ~.:oil: the 
scn.sit.ivity of the fault detection schemc tn Lhe sizes of the faults aod thc advantages of using variablc 
thresholds. 

Résults are pre~euted for thc case whcn the cooling coil is úry, i.e., when thc humidity ratio of the 

ir1lct aJI ro is vcry low. ln this situation. thc outlet air temperaturc T" dcpcnds on lhree variables: lhe 
valve contml signal u. lhe air mass tlow rate ,;, and the inlet ai r tempcrature T. The simulated 

humid1ty ratam (1), the chillcd watcr supply tempcrature T.~ and the chilled warer mass flow rate ,;,o-·ç 

are kcpt constam. Since the a.im of this work ~~ to demoustratc d1c capabilities of the fault detection 

l'Cheme. the hum1d1ty ratíun ro is held constant al 0.004kglkg lo reduce the complcxity of lhe models. A 

statio: neuro-fuuy model is gcucratcd to dcscribe the correct operation of the cooliug coil and the 

supply fau. ln this way, it is possible to avoid u~ing the oullet air tempcraturc T.,, which will not usunlly 

be measured tn pmcti~.:C (see Fig. 3), and to use LlK~ s upply air temperaturc T, inslead. This model is 

rcprc!icntcd hy the following equation: 

(ll:l) 

The fault dcte~.:tor I!· te,.ted using data collcctcd whcn lhe coil is work.ing wrrectly. when t11c valve is 

lcaky, whcn the coil 1s foulcd. aod when there is an offsct on Lhe output of thc supply air te mperatuie 

sensor. Thc neuro-fuzzy model. training data and li!M data are generaled as follows: 

• Training data is generated for thc following combination of input vulucs: 

u. = {0.0,0.02.0.05,0.1.0.15.0.2.0.3,0.4,0.5,0.6,0.7.0.8,0.9, 1.0). 

m = { 2.0.2.5.3.0 ,3.5.4.0.4.5,5.0.5 .5.6.0,6.5.7.0, 7 .5,8.0}, 

r, = { I6.0.l8.0.20.0,22.0.24.0,26.0,28.0,3o.o.:n.o}. 

Thc total number of data points is 163K. 

• Thc tcst data is generated equally spaccd as in lhe earlier seclion. 

• Thc structure of lhe modelts dcfincd by Lhe following input knots 1: 

u, = { 0.0.0.1.0.5.1.0}. 

m = { 2.0.4.0.6.0.8.0}. 

7~ ={ 16.0.21.33,26.67,32.0 }. 

Thc stati~.: model has 64 rulcs. Tbc basis functions for thc input vruiahles. are cbosen to be triangular 
(R-splinc ha.,i~ funcúons of ordcr 2t Thcy are prescnted in rig. 6. 

• the lhrcshold.~ are calculated us1ng Eqs. 8 and 9. thra,is calculatcd using Equation 10 and tbro~ 

is 'et to 1.ero for all of thc rules. 

For a latt1ce defoned by B-spline basis functions of order 2. lhe knots corresponds to poinls where lhe basis function 
assumes lts max1mum vnlue. 
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(a) basis functions for "c· 

(b) basis functions for m. 

(c) basis functions for T;. 

Fig. 6 Basls functlons. 

Thc cstimated probability of false alam1s and estimatcd probability of deteclion are cakulated for 
thc pcrfcct faul! detector (PERFFD) and the fault detector with neuro-fuz.zy model and variablc 

threshold (FDNFV). The threshold õ for the perfect fault detector is chosen as ô = 0.5"C which is a 
rcasonablc detcctable residual for the FDNFV. Table 2 summarizes thc results for correct data set and 
for diffcrcm typcs of faults: 3% and Y.i'h valve leakage, 0.5mm and l .Omm water-side fouling. Thc 
estimated probability of false alarms aud thc estimated probabiJity of detection for both PERFFD and 

FDNFV will he denominated respeclively as P;,~. P;~, P:,. , and Pf,~1 • The cstimated probability of 
false alarms of the PERFFD P/~ is 0.00%, as expected, but the FDNFV has a very small P;: . 
However, for faulty test data sets the FDNFV has a considcrably smaller Pm. For 3% valve leakage for 

ex.ample the P;, is 65.36% larger that P;~. From Table 2 is also possible to conclude that the 
cstimatcd probability of detec.:tion P PD increases with the increase of the size of the fault. 
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Tbc advantagc of using variablc tbrcsholds is sbown hcrc tbrougb a comparison between thc fault 
detector using a neuro-fuz.zy model and a varíable tbresbold (FDNFV) and rwo fault detectors using lhe 
same neuro-fuzzy modcl structurc but with a fixed thrcshold (FDNFF) one with o= OSC and the other 
with o= 1.5°C. The tesi data setS are. the same as in the earlier section. Table 3 summarizes lhe result. 

Table 2 Perfonnance indices for different types and sizes of faults- P,._, and P1-n 

__ M_o.E.~! ___ _ ~Y~.2e~ra . ..::.::.tio::.:n-'----..,...:.,PJ;i"·'• ___ _o.P.,.u 
correct 0.00% 
3% valva leaKage 

PERFFO 5% valve teakage 
õ "' 0.59C 0.5mm water-side fouling 

1.0mm water·side foufing 

FONFV 

correct 
3% valve leakage 
5% vatve teakage 
0.5mm water·side fouling 
1.0mm water·side fouling 

0.04% 

15.23% 
21 .80% 
60.13% 
78.39% 

9.21% 
15.62% 
44.94% 
67.73% 

/\s pointcd out in thc ea.rlicr section the probability of fault detcction Pro can be given by Pm = P~, + 
P, , so large P;, can give a false impression about the performance of the fault detector. ln Table 3 it is 
notcd that thc FDNFF with o = OSC bas larger values of Pm. whic.:h is undesirable, and P, when 
compared lo the FDNr"V, however. the FDNFF with o= l.:'i"C ha.~ smaller values of P.,but a]sn smaller 
values of Pn., indicaling a poor performance. Speóally for waler-side fouling the value of P, is very 
small whe::n compare::d to FDNFV. These observatíons prove the advantage of using variable tbreshold 
s...::hemcs. 

Model 

FDNFV 

FONFF 

o= o.s•c 

Tabte3 Comparlng variable and fixed thresholds schemes. 

Type of operalion P,., P,,J PI .. 
correct 9996% 0.04% 0.00% 
3% vatve teakage 84.45% 0.31% 6.34% 
5% valve teakage 76.94% 1.26% 7.44% 
0.5mm water-side foufing 35.42% 4.45~fc> 19.63% 
l .Omm water-side fouting 19.44% 2.16% 12.84% 
correct 94.21% 5.79% 0.00% 
3% vatve teakage 78.87% 5.90% 3.90% 
5% vatve leakage 70.60% 7.60% 1.97% 
0.5mm water-side touting 31.52% 8.34% 5.86% 
1.0mm water-side fouling 17.67% 3.94% 3.11% 
correct 99.96% 0.04% 0.00% 
3% valve teakage 84.77% 0.00% 9.29% 
5% valve leakage 78.12% 0.08% 12.91% 
o.smm water-side fouling 39.75% 0.12% 53.95% 
1_.0mm water·S•de fouhng 21 .5'1% 0.04% 38.76% 

P, 
0.00% 
8.89% 
14.36% 
40.50% 
65.56% 
0.00% 
11.33% 
19.83% 
54.27% 
75.29% 
0.00% 
5.94% 
8.89% 
6.18% 
39.63% 

Measuring the Performance Based on Typical HVAC Operation Data 

When calculating the perfonnance for typical HV AC operation data the cstímated probability of 
false alarms and Lhe stimatcd probability of detcction is a measure of thc cstimatcd probability of 
stcady-statc data points dctcctcd as faulty during thc opcration of thc HV AC system and 1101 the 
cstimatcd probability of points ovcr tl1c whole opcratíng spacc. ln this case, the estimated probabili1y of 
falsc alarms is givcn by: 

(19) 
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whcu: N; is the number of stcady -s~ate operating points classified as faulty, whc:n tcsted with correct 
ope ration data, and N._ is lhe total number of steady-state opcrating points. Similarly, Lhe estimated 
prohahility of deteclion is givcu by: 

(20) 

where N; is the number of stcady-state operating points classified as faulty when tested wit:h fauJty 
ope r:ttion data. 

Due to thc dcpcndence on operating point conditions both the estimated probability of false alanns 

P;A and the estimated probability uf detection P;0 do oot retlect lhe actual performance. Because 

~lt·ady-state points are not distributcd uniformly. Howcver, these statistics are the only ones which can 

be generated during nn-line operation. 

Test Results for Typical HVAC Operation Data 

ln Lhe following. the use of thc method is illustrated using siruulatíon results for typical HY AC 
opcr::..tion data. The test data are gcnerated by simulnting a detai lcd air-conditioning system (Fig. 2) 
u~mg the HV ACSIM+ simulatioo program (Clark 1985). The dynarrucs of sensor:; and actuators are 
mode Ued but m~asurement noise and unmodelled disturbances are not coosidered. 1-igurc 3 illustrates 
where the mcasurl!mcnts are taken. As a sensor fnr measuring tbe humidity ration w is usually not 
uvailable. a rclative humidity RH sensor is used instead. Both dry operation of the coil and wet 
opc ration of the coil ttrc cons idered . 

The modcl used for these resnlts is thc sarne as in Scction 6. Ali fault deteclion results consist of 
thn.'l' plots of lhe followi ng variables: 

I. A daw validation flag which assumes the value O when the input data is related ro an operating 
point wlm:h can be representcd by lhe model. and assumes the valuc I otherwise: 

2. A fault tlag that a.ssumcs ú1c valuc O when no fauh is dctected , and assumes the valuc 1 wben 3 

fault i~ dctected: 

1. The absolutc residual and the detection threshold. 

The tesl data uscd in the experiments, aod the con·csponding fauh detection rcsults are illustrated io 
Figs 7-8. l n all plots, steady-state cooditions are indicated by <:irdes. The tuning parameters of lhe 
stcady-state detector are lhe following: 

N..,. 1=0, 

N,>l =30, 

'<n=200s 

f,=l/.03. 

Nw, can bc set to zero because Lhe simulated test data are noise free. This selection of parameters 
a.IJ(IWS re;u;onablc amount of detcctcd steady-statc points whicb are truly in steady-state. 

• 3% lcaktng valve: Fig. 7(a) illustratcs the tcst tllita for 3% leaking valve and 7(b) illustrates the 
fault detection rcsuJts. Thc estimated probability of deteclion is l'f.o =I 0.1 i%. 
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• 0.5mm watcr-sidc fouling: Fig. 8(a) illusu-ates the test data for 0.5mm water-side fouJing and 
8(b) illustrates lhe fault detection results. The estimaled probability of deteclion is 
f'Fo =8t. 72o/c. 

The tests demonstrate the capabilities of lhe proposed fault detection scheme in detecting differenl 
typc ol' faults in cooling coils using test data wbich represenl typical operation data of air-handling 
units. 

=~· . :·····. : . t6LJI~I:;:~~"~· ~-- -~~·- ~t: .... ~: _ ;·~~ .. 
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(a) Test data. 

(b) Fault detection resulta. 

Flg. 7 3% leaklng valve operation. 
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(b) Fault detectlon resulta. 

Fig. 8 O.Smm water-side foullng. 

Conclusions 

A f:JUlt detcction method which use~ st.atic ncuro-fuzzy models LO describe Lhe correct opcration of 
the planl has becn pr~1posed to delecl faults in cooling coils of air-handling uni LS. Abnonnal opcration 
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of the plant is detected wbcn residuais at :, teady-statc points exceed a variabk t.hrcshold value wh.ich 
account for modcllin g crrors. noisy measurements and unmodelled disturbances. 

The capabilities of lhe fault detection scheme and lhe advantage of using a variable threshold 
instead of fixed thrcshold have been de monstrated. The resuJts of tests on a simulated cooling coil bave 
highl.ightcd lhe dependence of the results o n operating conditions. Such a dependcncc explains, why, 
for some test data. the fault dete<:Lion schemc can have a very smaJI valuc of lhe eslimated probability of 
delection. lt has been shown that the only cvnsistcnt performance índices are thosc that are based on 
comparisons wilh and ideal ruodel-based detector over the whole operating ~pacc. However, in praçtiçe, 
Lhe estimated probability of faJse alarms anel the estimated probability of dctection must be obtained 
from lypical operation data. These estimates ça.n bc misleading since they are highly dependent on lt:st 
conditions. 

It has becn dcmonstrated lhat the fuult detection scheme can dctect different typcs of faults which 
are common in cooling coils. An increa:.e 111 the si7.e of lhe faults resuhs in largcr residuaJs at many 
operating points and, in all cases, the larger residuais lead to an increase in tbe cstim atcd probability of 
detection. 

lt has been shown that neurufuz;r,y models wiLh low complexity can be used for fault detection. 
though the approximation errors and thresholds may become large as lhe models bccome less complex 
(Maruyama 1997b). ln such ca~es, lhe sensitivi ty is reduced and it may nol be possible to dete.~:t small 
faults . 
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Hwl<lmx ~;·,,·r.~:• Mmws:Pment cmd ('omml "'''""' 1 /mn• nmtnbUied tu the reducuo11 of t•nerxy UI I' u·tthoul ulTt•cting 
:ire <'<'l'llf'llfll'., r om{tfrl. hon ,.,.,.,._ tht· mu/n/111 to prondc t'llrl\ dt·tccriontmd l"""'f'fTIHIIwn of fau//1 in air-handling 
units ha.1 n(l/ prol'ided extra energv saving. For .further ímprovement of reliabiliry, safery and 
perjorma11ce. o11 earlv derection and dia~:nosis of faulrs is of greul infere sr. A fuulr deteuion method 
which uses sraric 11euro-ju::.zy nwdels to describe the rorrect nperation o.f the plant is proposed to de teci 
fauJt.,· itz cooling roils of air-handlinfi! 1111its. Abnormal operotion o.f rhe plane is detected when residuais 
exceed a vcmablc threshvld value whidt tiCL'VIIIIIs for modellin.f{ ermrs. noi.1-y measurcments and 
tmmodelled disturbances. This work. points mtt, the major issues when desiRning .fault de/ectors in 
cooling mil.r ofair-hondling units based 011 neuro-funy models. A methodvlogy is proposed which tries 
tn overcome the dmwback.s o.f !leuro-jia:.:.y models and the intrimic difficulries of modelling cooling 
t"rJils. An t'.tample is presented using an actual piai!/. Comments on lhe me/hod a11d its peiformance are 
l{ll'l'll. 

ke_v,.·nrd~ lc111/t I ktnti11n. Ne11m - Fu~::y Modt!lfm~. Atr 1/arullin~: Unit.v. 

lntroduction 

ln Lh~ companion paper (Maruyama I 997a), a ncw fault dctcction method for cooling coils of air­
handling unit~ which uses static neuro-fuzzy models has beco introduced. Thc cooling coils of air­
handling units can bc classified as information poor systems (Howell 1994) where an accuralc 
analytkal modt.:l is diflicult to produce. thc data available for training a blnck-box model are 
incomplelc, and measuremenL~ are sparse and of poor quality . Thcrcforc, thcsc systems are 
charactcri zcd by the presencc of high unccnainty. 

Thc companion paper has presented some simulatioo rcsults for both whule oper.iting space and 
typical operaliun data of air-handling uoits to demonstratc thc capabilites of lhe propol.ed faulL detectioo 
:.cheme. The major ftK:us of lhis paper. on lhe contrary. is to point out which are Lhe major issues which 
ari:.c:. in a practical tmplcmcntatioo. Firstly. lhe characteristics of neuro-fuzLy models and lheir major 
limitation:, are prcsented. The proposed fault dctection metbod is brietly reviewed. Then, a 
methodo logy is proposed which trics to overcome the drawbacks of ncw·o-fuzzy rnodels and Lhe 
intrinsic diffic ultics of modelling cooling coils. An example of t:he modclling process and some fault 
detection experimcnts using an actual pl;mt is prescntcd. Comments oo thc mctbod and its perfurmance 
are presented. 

Neuro-Fuzzy Modelling 

A neuro-fu1.1y systcm is a modelüog approacb lhat perform~ a mapping X c~"4~ , where X is 
tJ1c input domain. Thc model can be interprctcd as a rulcbase comprising of Q fuzzy production rules of 
Lhe followtng form: 

whcre q = 1.2 .... ,Q. x, {I = 1,2 ..... n) are lhe inputs variahlt:s. y is lhe output vruiable, A~ are Iinguisúc 

Manuscnpl receM3d: January 1998,: rev1S1on rece1ved: Apr/11998. Technicat Editor: Paulo Eigl Miyagi. 
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terms defined by membership functions oAq ( x1 ) and w~ is a scalar value assoctate{j with the output 
I 

variablc. For caeh ~- the output y "'h(~ can be calculated as: 

h( ~)= (1) 

where h: X c:'J\n --?~·:!""< x 1 ..... x1 ..... x, /e X. $"( ~:J=n/= 1 $ A• ( x1 ) is 
membership function. 1 

a mullidi mensi onal 

Equalion I can bc rewrittcn as: 

(2) 

where 

are normalised multidimensional function!>. The rl!suhant equation is lhe general forro for a dass of 
neural network~ known as Associative Memory Nctworks (AMNs) that includes neuro-fuzzy models, 
B-spline m:tworks. Ccrebellar Model Articulation ControUer {CMAC), which are lattice networks, and 
Radial Basis 1-'unctions (RBF) {Brown and Harris 1994). IJJ the context of as~ociativc mcmory networks 
~·<.~)are called basis functioos and parameters w. are called weights. The equivalem:e hetween neuro­
funy modeh and AMNs means Lhat Lhe leaming algorithms and thc mathcmatical analysis of the 
AMNs can also bc used for neuro-fu:r.zy models. This means also that lhey sbarc the sarne drawbacks. 
The main issuc is that the number of ba.sis functions and the assoeiated amount of training data required 
grow exponenlially as lhe number of input variables grows linearly. This property is known as curse of 
dimensionality (Bcllman 1961) and it limits the use of lhese rnodels to low dimensional problcms. 

Learnlng trom Examples: The Llmitations of Estimators Designed with Neuro­
Fuzzy Models 

Estimator.. dcsigncd with neuro-fuzzy modets havc intrinsic limitations duc to thcir finite 
rcprcseutational eapacity and the use of a fini te training data sct. These limitalions are responsible for 
lhe generalization errem; of lhe model. when it is used witb data that was not presented during tbe 
lcarning proces~. Geman et ai. (1992) use the biaslvariance error decomposition to analyse Lhe Jeaming 
process of fccdforward networks. This result is quite general and can bc cxtended to olher 
approximation tcchniques such as n~uro-fuzzy models. The main aspects of lbts result are sU01Jllarized 
here in ordcr lo highlight the importance nf modcl stmcture select-ion and reprcscntativc training data. 

Givcn a d~Jta set () = { (.!,. y,), i = J.. .. ,N)} , where ! is thc independcnt variable and y is the 
responsc. obtained by sampling N times the set X x Y aecording to a probabihty distribution P(!,Y). An 
estimator will be any func:Lion h: X --? Y where the parameters are estimated using D. 

The mean StJUared error of lhe estimator h is gi ven by lhe functional : 

(3) 

=i.\ XI' PI :!· y X y-h(::! >l d !fiy. (4) 

defi11ed as the expected risk . 

The expeclcd risk can be decomposed in two parts: 
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(5) 

where h() 1:!) is the regression fuoction b0 {!)=E~Ix ]. 

From Eq. 5, it is possible to conclude that 110 (!;) minimizes the expected risk and is therefore tbc 
best cstimator, si.nc.:e b.,(K) is an unbiased estimaLe. The second tenn of Eq. 5 is the variance of y and 
cannot bc influenced by tbe design of rhe cstimator h (Ü-

Jn practice. P ~. y) is unknown and l[h] cannot be evaluated. Because only tbc training data set D is 
providt:d, Lhe cxpected risk must be approximated by lhe empírica! risk: 

(6) 

The problem of finding a regressor h thaL mmrmrzes the empirical risk is iU-posed because an 

infinite number of solutions may e.xist To avoid lhis, we must con.~ider a family of parametric functions 

for Lhe esLimaLors. Neuro-fuzzy models wilh Q rules will be chosen and rcprcscotcd by ,; Q•N (K). The 

index N means that Lhe pararneters were esLimated using a set D with N elements. 

The crror bctween thc regression function ho~) and lhe cstimator ,; ')·~ (X). will be caJled the 
generalization crror: 

é{)~ h,(~ )-I;Q_:V, :! ))} j 

where E,, represenls expectatioo over tbe cnsemble of ali possible D. 

The generalizaLion error can be tlecomposed in lwo parts, named bias and variance (Geman et al. 
1992}: 

wherc n is Lhe number of estimators in lhe population <tnd hQ.:v( ~) is delined by: 

(7) 

Each estimaLor h6 .v (;O is supposcd to be designed with an independent training data set D'. The 
bias measures lhe exient to which lhe average (over ali sets) of lhe neuro-fu1.zy models differ from lhe 
dcsired function h"(J). and the variance mcasurcs the extent to which Lhe nelwork function 11(1 ...... (Jj is 
~cnsitivc to the particular choice of data seL 

The numbcr of ruks Q rcpresent the power uf approximatíon (or hypolhesis complexity) of the 
hypothes i~ c lass: if Q incrcascs. t11e power of approximation incrcases. The bias and variance, and 
thcrctixe the generali1..ation etTOr, dcpcnd on tbc complexíly. The fundamental trade-off, known as lhe 
hias/variance dilemma. is thal as complcxity inereases. bias decreases and variance increases: as 
complexil)' decreases, bias incrcascs and va.riance decre<~ses. Therefore, the empírica! risk can never be 
made zero. 
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Training Data lssues 

The first step for the Jeaming proces~ is to coiJ~t represenlative train.ing dnm. For many pattern 
recognition problems using neuraJ or fuz.z.y approaches. like fingerprint recogrution. collecring training 
data may be a straightforward task. For idcntification of a non-linear dynamic process, coUecting 
training data is usually a very diffícult task. 

The only way to identify a very accuratc neuro-fuzzy model is to collect training data lhat cove.rs, 
the whole input subspace, X c 9\" where lhe predictinn is desired. For this purpose, the ftrst step is to 
choose an appropriate input excitation signal !,!(t) for the plant or for the simulation that represents the 
behaviour of the system. 

ln the case of dynamic models. the vector of input. x. to the neuro-fuz.zy modcl, is rclated with the 
past time infonnatioo of the input !!{t) and the output y{t) of the system, for examplc. if a first-order 
model is used: 

To cover Lhe entire sub-space X c 9\", it is neccssary to drive the output y(t) in" range of the input 
space using just thc input y(t), The presence of past valucs of lhe output of Lhe system, y(t), as neuro­
fulZy modd inputs cunsLitutcs a major conccm because some values of y(!) cru1 be very diffieult to 
reach. ln practice, tmining data will be always incomplete so prior knowledge plays a major role. ln tbe 
case of static models. past v alues of inpt•ts and outputs are not used. ln general. the inputs of lhe systcm 
are used as modcl inputs: 

!_=i!_{ I ) 

ln lhis cas~. uniform training d<lta can bc generated in an open-loop configurat.on for the whole 
input sub-spacc. iJ inputs of the sysLem J:!Íl) can be arbitrarily selected. 

The Fault Detection Scheme 

Figure I shows a schematic diagram of Lhe fault detection scheme. The fault detector uses a stalic 
neuro-fuuy modcl of co!1'ect operalion to gencrate residuais. Abnormal operation is dctcctcd wheo lhe 
residuais. generated by compariog Lhe measured output of the actual plant with that predicted by the 
modcl. exceed a threshold vaJue which varies wi th the operaling poiot, so as to take account of thc 
modelling errors. 

Ja•ltfl4g 

Fig 1 The lault detectlon scheme. 

Threshold Evaluation 

The Lhreshuld in cu eh part of the operating spacc is cvaJuated using the following exprcssion. 
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r/ir( 1 (8) 

whcrc ~ is the input vector o f Lhe m(){ic l ( ~-!Z_ in Fig. I). The local threshold thra.. must be calculated 
adequatcly considcring uncenainties, modclling errors and umnodclled disturhanccs. 

Here, th.r~ is cakulatcd as: 

(9) 

where thraq is thc component cakulated using the available training data. and can be undcrstood a.~ an 
cstimatc of lhe maximum approximation error in cach rcgion. Significant amount of data must be 
available for this estimatc to be precise. The other componcnt. tJu·o~ . is a fixed value that refie.cts lhe 
unccrtainty aris ing in lhe estimativo of thraq from lhe Jack of data. thc noise and unmodclled 
disturbances lhat can corrupt the training data. and the noisc and unmoddled d isturbances that can arisc 
during operation 

The componcnt thra., is calculated as (Maruyama ct al. 1996a): 

( I O) 

for the training data D = {(!,. y.). i =l....,N}) and whcrc .v, is Lhe predicted value. 

Preprocessor 

Thc preprocessor cons ist:> of a moving average filtcr and a transicnt detector (see the companion 

papcr (Maruyama 1997a)). The ftltcr removes any high frequency mcasurcment noi~c and short-term 

variations caused by unmodelled disturbances. so tbat lh~ underlying lo nger term variations in Lhe stalc 

of Lhe system may bc observed. Thc transient detector calculates lhe avcrage activity of cach of tJ1e 

mcasured variables. over a rectangular windnw, to locate those seclions of the data whcrc lhe system is 

near enough to steady-s tate for a static model to be u~cd for prediction. y is the average measurcd 

output and ~ is lhe avcrage mea~ured input vector. 

Comparator 

Thi~t block compart:s the average measurcd outputs, j( t) with the prcdicted output y! t) given by 
each nc uro-fuzzy modcl with the average values as inpuL~. i.e .. _\·11 )- Ir( !!. 1. The comparator scts a fauh 

flag whenever residuais exceed the thrc1ohold value. 

I)·( t )- y( t )l>thr( ~ ) (tn 

The Proposed Methodology 

ln lhe following. a methodology to design fault detectors of cooling coils which uses neuro-fuuy 
models is proposed. As the modelling of cooling coils presents inu·insic difticulties duc to the strong 
dependcnce on training data these are lhe main issues addrcssed. 

Static Models of Cooling Coils 

As already pointed, during normal operation thc frcquency contents of input siguais of cooling coil!; 
are not complete enough to huild a model that can bc reliable at ali possible frequcncics. ln fact thc 
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frcquencies of input signals are vcry low und there is always a signiticant amount of points in near 
steady-state during operation. As t.be most common faults of cooling coils introducc changes in steady­
Mate bchaviuur, static neuro-fuz.zy mndels can be u:.cd to detect fauhs. This implies in ncuro-fuuy 
modds with lower t.:nmplexit}' and by t.:on~equence less tnuning data is required. Thc cffecl!> of any loss 
of accuracy dunng transients can be avoided by using a transicnt detector to eliminate Lhose portions of 
data which cannot be represented adequately by a static model. 

Normalised Models of Cooling Coils 

Most of the ruodeh nl cooling coib do nut u~c the chilled water supply tlow rate ,;,rws and 
tempcr.tture T, . .,., as thesc are not usually mcasured. Thcy are madc l'Onstant in the model. Thet'Cforc lhe 
tnouel in this case cau be rcprcscnted by: 

1;,= j ( T,, IÍI , U, ,(I)). (12) 

whcre; 1;, is thc outlet tcmpermure, m is the air muss flow rate. u, valve control signal aud w is the 
humidity ratio. 

An altemative model of lhe cooling coil. whkh rt:duces the number of inputs from four lo Lhree. 
mak~s use of variables uormalised wilh Lhe desigu parametcrs of tbc plant (Dexter and Benouarcts 
1995a ). This model can be rcprcsented by: 

Ct.=h( u,. 'w' ,;,, ), (13) 

whcrc: 

( T, ·-T,, j 
(l:;,----. 

( T, -1: .... J 
(14) 

i~ c:a lled lhe atr-side approach. T, is thc inlet air tempermurc. T,. is the outlct rur temperaLurc. T,.,, is Lhe 

chillcd water supply temperature and, 

w. (T,. - 1;1,., 

ó 
(l5) 

is calkd wetnc:~o; condition 1:~n. is Lhe uew-point temperaturc aud 6 is a user selected parameter whose 
value accoum~ for the uncertainty in as!.e:-.sing the wetness of the eoil: 

. r li1 - 1n111;, J m,. . . . 
( 111mat - m,;, ) 

( 16) 

is the nonnalised air mass flow rate whcrc ri1 is lhe air ma~s tluw rate. and m ""' aud m ""~ are 
respeclivcly the minimum and thc ruaximum design air mass flow rates. The use of the chiUed water 
supply tcmpcralure, T,·ws· in the normalisation aJiows Lhe modc!Lo bc used for different valucs of 1: .•.. 
The training data for thcsc models is gcneratc:d using the sarne mcthod a~ heforc, and convencd into 
normalised vartables using Eqs. 14-16. 1l1c use of a nonnalised modcl also t.:tmtributes to reducc tbe 
complexity of thc model and therefore the requirements of training data. 

Oue disadvantage is that lhe training d<ll<l is incomplete for some regions due to the use of Lhe 
outlet tcrupcraturc T., to generatc the input vari<~bles. 

The Modelling Process 

The paramctcrs of lhe ncuro-fuu.y modcls can only be estimatcd if represcntative training data 
covcring the whole operating space o f Lhe actual planl is nvailablc. RcpresenLative training data can 
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usualJy onJy be generated by simulations because the inputs to the simulations can be chosen arbitrarily. 
However. lhe training data generatcd by simulations is sensitive to model mismatch. For lhe cooling 
coil. representative training data from plant operation is particularly difficult to obtain under nonnal 
operating conditions because some of the inputs are rclatcd to wcatber conditions. Also, lhe data may be 
corrupted hy noise and unmodelled disturbanccs. 

The solution for this problem is to fuse the parti ai data from Lhe real plant with lhe prior knowledgc 
provided by a generic model. This is achieved by initialising the weights of a specific modcl wilh lhe 
values of the weights of the generic model and then updating them wilh partia! data from the conectly 
operating actual plant. Melhods ba~ed on Least Squares algorithms has been proposcd to combine prior 
knowlcdge anel partia! training data (Maruyama 1997). The resultam modcl is an cnhanccd model with 
characteristil:s close to lhe actual plant at operatiog conditions whcrc training data recorded from lhe 
actual plant is available. ln regions where no data from lhe actual plant is available, the model has 
characteristics inherited from lhe generic model. Using this mcthod, the model can be continuously 
updatcd and its behaviour wiU tend to that of the actual plant as more steady-state data representing 
correct operation are recorded. 

Gcneric fuzzy models are useful in situations where there is insufficient informatioo to design an 
accurate model of a particular piam (Maruyama et ai. 1996, Dcxtcr and Benouarets 1995a). The ideais 
to devt::lop a model whicb can represent lhe behaviour of not just one planl but a class of plants. This is 
achieved using training data generated by a set of diffcrent plants. lf a gencric model is used to 
.:haracterise a small class. then the design paramelcrs of tbc different plants used lo generate the 
training data must be very similar. Howcvcr, if a large class is required then design parameters of the 
different plants must be choseo that are diffcrcot coough to guarantee lhat lhe model is sufficiently 
generic. Sincc a least-squarcs algorithm is used for training. lhis type of genetic model can be viewed as 
an avcrage model of aU of the plants in lhe class. 

Since the detection threshold must take into account the prediction crrors associatcd with ali of lhe 
plants in the class, lhe value of the threshold must bc large enough to ensure that the prediction errors 
are within thc thresholds for ali of training data from each of lhe individual plants. A safety factor can 
be introduced if it is unclear whether the class includes the actual plant under test. The use of a 
neurofuzzy model lo represent an entire c lass of plants may result in larger approximation crrors and 
larger thresholds. The sensitivity of lhe associated fault detector will therefore be directly rclated to the 
size of lhe class. 

An Application of the Modelling Process to Cooling Coils 

ln this section. the modelling process is applied to a cooling coil in an air-conditioning evaluation 
rig. The air-conditioning evaluation rig is a full-scale test facility at the Building Research 
Establishmenl (HRE), Garston, U.K. The design of the ríg is typicaJ of a commercial air-conditioning 
plant and the rig was commissioned hy building services engineers to meet industrial standard.~. A 
schcmaúc diagram of the air-conditioning rig is given in Fig. 2. 

The available measurcments are: 

• T,: supply air temperature (0 C), 

• m : air m3$S flow rate (kg/s), 

• T,: fresh ai r temperaturc (0C), 

• RH,: supply air relative humidity (%). 

• u<: control signal, 

• RHm.,: mixed air relative humidity (%), 

• T .... ,: mixed air tempcrature (°C). 
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• uJ: dampcr control signal. 

• T, . .,., : chi lled water supply tcmperature (0
('). 

Exllaust 
Ai r 

Rccurn Air 

fresh 
Air . . 

: 'l : 
·-- .J Hall 

Ai r 

.(). Rec. Air 

:b·: 
I I 

1RHnsb.1 
... - .... -· 

I • • .. , 

Return F1111 :r,. : 
t-- - I 
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: -~-: 

:Tcw.r: 
·--- J 
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. , .... .. ... 
: fs ; . ' 
:RHs ; 
1 , I 
I m I 

"-- .. J 

Fig. 2 Schematlc dlagram or lhe BRE air-conditlonlng evaluatlon rlg. 

The air-conditioning rig was intcrfa~et.l to a building emulator proTram which simulates six 3m x 
4m rooms with internal gains of 25W/m- whcn unoccupied and 70W/m when occupicd . Th.e simulated 
suJar gains used in Lhe e mulator were rccurded on a September day wilh l>ignificant cloud cover (low 
load) and ()0 a cloudless July day (higb load). The retum air in the test facility ts rchcatcd to reftecl Lhe 
air temper<~turc in the simulated room. The tcst data used in Lhe following experiments werc rccorded by 
Lhe BRE ~Laff during the Summer of J 995. for gcneric neuro-fun.y modcls of cooling coils, lhe 
normalised modcl introduced in a !ater section i~ adopted. Tbe mea~ured variables are nonnalised by 
Lhe following úesign par..tmeters: chilled water supply temperature T,.,,. minimum air mass flow rate 
1i-1 "''" aud maximum air mass flow rate ,;, ,,,. Thcsc parameters are ~.:a lled nonnalisation parameters. 
For cooling coils, there are many other design paramelcrs likc Úle coil duty, waler mass tlow rate. valve 
capadty, etc. ú1al are chosen according to cutTcnt design practicc. 

The fi rst stcp is lo produce simulalions of suitable plant desigm. which gcnerates Lhe data for lhe 
gcncric modc l Thc plant designs must be chosen in order to try to guurantcc that lhe behaviour of the 
al'tual planl is within Lhe class of design chosen. Complete information about lhe design of the actual 
cooling coil wa., not available for Lhe plant con~idered here. Thc following infnnnation is known about 
Lhe actual piam: 

• Lhe:: c htlled water supply temperaturc T ••. ftucruates bt:tween approximately 7 .0°( and 9.0"C, 

• lhe maximum air llow rate 1i1 is approximatcly 2.5kg/s, 

• Lhe chlllcd water llow r:~te m, ,., is approximately l.Skg/s, 

• Lhe duct noss secuon is l .2m x I. 2m 

• thc dcsign specifícations are: inlct air temperature T. = 21.7"C, inlet humidity ralio ~ = 

0 .0078kg/kg. the outlet ir tcmpcr:nurc T.=X.9"C, outlet humidity ratio <U.=0.007lkg/s, chilled 

watcr .,upply tcmperature T,...,, = !tO"C. maxtmum air flow rate 1i-1 =l .5kg/s. 

Four plant~ are c hnsen to design lhe generic modcl. Ouc of Lhe plant~ is balocd on manufacturer1s 
dcstgo data. which mcans lhat ali parameters of thc plant are known. and Lhe others are based on design 
$pt:cilicalions. whtch means that only the mfonnation about a uorui11al condition which characterizes 
lhe behaviour of lhe coil is knnwn. The rmun design specifications of a eooling coil are Lhe following: 
the inlet air lcmpcratw·e T;, che inlet humidity racio (O,. che outlel air tcmpcrature 7;,. the outlel humidity 
ratio ~ .. the maximum air flow rate n1 , thc c hillcd water supply tempcraturc T. ,,. and Lhe face arca of 
Lhe coil A1• Usually, manufacwrcrs gcncratc dcsign data based on desit,.'11 spc.:cificatious. The design data 
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for lhe. plauts, for wluch only design ~pecifi,ations are known, are generated using software dcveloped 
at L<>ughborough University (Wright 1994). The chosen plants are the following : 

• piam I is a cooling coiJ based on lhe design specilkations for the actual plant. The design 
specitication cited above plus lhe coil dimensions = L2m x L2m are used to generate Lhe 
design pararnctcrs of lhe coil. 

• piam 2 is a coo.ling coil bascd on the manufacturer's design data for the cooling coil of a small 
scak experimental air-hnndling unit at Oxford University. 

• pla.ut 3 is a cooling cuil based on lhe design specifications of a cooling coil in the air-handling 
unit of a comrnercial office building. Tbe design specifications are: T,=23.7°C, 
ro,=0.0091 kg/kg, T,= I I.Ouc. <ú,=0.0075kg/s, ri1 =3.46kg!s, T, , . ..=5SC, coil dimensions = 
l.02m x I .Om. 

• plant 4 is a cooling coil based ou thc dcsign specifícations for a cooling coil in the air­
handling unit of a multi-storey building situated in the City of London. T;=24.SOC, 
(t~=O.OOS8kg/kg, T,= 12.0°C. <U,=0.0072kglkg, m ;4.2kg/s, 1;.,.,= 7 .O"C. coil dimensions = 
1.05m x I.Om. 

The main design parameters of the plants are summari.z.cd in Tablc L AJthough the coils are very 
drffen:nl in terms of coil duty. air flow rate, water 11ow rale and bcigbt, thcir behaviour when lhe air is 
dry, i.e. wilh lhe inlet humidity ratio ro = 0.004, is very similar. However, lheir bebaviow· differs when 
lhe air i~ saturdlcU becau.se they have very different design specifications for dehwnidification. This 
cusures more variahility for regions where lhe wetness condilion W is negative a.nd rcduccs tbe chances 
of Úle real plant of being ouLside the class of coils described by the generic modcL 

Table 1: Main deslgn parameters of lhe cooling coil sub-systems. 

Desi2n Plant 1 Plant2 Plant3 Plant 4 
Co•l <Juty (kW) 36.1 50 61.4 64.7 
Air flow rate (kg/s) 25 03 3.5 4.2 
Chtlled water supply temp. (PC) 8.0 50 5.5 7.0 
Water llow rate (kgis) 1.5 0.2 2.6 3.4 
N° of rows 11 10 7 8 
He1ght of coil (m) 1.2 03 1.02 1,05 
N° of circuits 9 2 17 20 
Valva capacity (m3 /h) 506 199 20.19 23.77 
Coil resistance (O 001 kg m) 50.59 266.97 3.25 2.31 

The normalisation parameters for the four plants a.nd lhe actual pla.nt are summarized in Table 2. 
m """ for ali plants cnrrespond to 14% of lhe design air mass flow rale and rir , 11.,.. corrcspond 10 110% 
of lhe dcsign air mass flow rate. The v alues of úr "''" and rn ""'-' are based on the observed v alues for the 
air-tlow rate during operation of lhe actual plant. The uncertainty factor, ó , used to calculate the 
wetness condition is chosen to be 5°C. Wilh these design parameters simulations are produced using the 
HVACSlM+ (Clark 1985) program. 

Table 2: Normalisatlon parameters. 

Plant1 Ptant2 Plant3 Plant 4 Actual [!lant 

m owoo (kg/s) 0350 0.042 0.588 0.490 0.350 

!i-1 "'"' (kg/s) 2.750 0.330 4620 3850 2.750 

T.ws !"C) 8.0 5.0 5.5 7.0 8.0 

To prodw:e lhe enhanced model a set of actual data recorded from lhe rig and corresponding to 
..:om!ct operalion are u~ed as training data. The correct data set corresponds lo 60 hours of operation. 
Mcasurements wen: recorded every 60s wh.ich resulted in a total of 3600 data points. Tbe rneasuremcnts 
are filtcred a.nd a transient detector is used to select the steady-state points. The variations in T rws are 
treated as urunodellcd disturhances. 

Figure 1(a) illustrates the variables after lhe correct data set is filtered with a moving average ft.lter 
wilh a wíndow length of N,.1=5 a.nd Fig. 3(b) íllustrates the correspoodent nonnalised variables. 
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(b) Test data· normallsed varlables. Filtered values with N.,_ : 30. (o) 

COIT8Spond to steacty-state values. 

Fig 3 Correct operatlon - Data Set 1. 

Steady-state points are indicaled by circles. The oullet ai r lemperature are cstimaled from lhe ~upply air 
I temp~rature T,: 

T0 =T_, (17) 

This is based on lbe assumption thal lhe heating coil is always off when the air is being cooled. The 
coolin coil inlet air tempcrature T1 is estimated from the measured mixed air tempcrature Tmr.1 using a 
linear model. lO approx..imate the ri se of temperature across the fan: 
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T; =T,nix +O 167 m+D.667, (18) 

where ti-1 is lhe air mass tlow rate. The paramelers of lhis equation were cstimatcd by simuJating a 
typil:al fan. The measurcments of lhe mixed air ternperature Tm" {see Fig. 2 ) are usually not very 
precise because the air. whose temperature is being measured, is a stratified mixlure of outside air and 
recirculated air from Lhe room&. Tbe dew point tempe.rature 1'.J,.,,. is estimatcd using the following 
equation (Croome and Roberts 198]): 

T,,,.,. 40JO.O(T;+235.0 J -ZJ.5.0. 
4030.0-{ 7j +235.0 )log( RH) 

( 19) 

wílh th~ estimate of i; and the estimate of the inlet air relative hum.idity R.H . The inlet air relative 
humidity RH is estimated from the mixed air relative humidity RH,u.r: 

(20) 

For the sarne reasons as r,,,.., lhe RH,u can also be unreliable. 

The steady-statc detector uses the following parametcrs (see the companion paper (Maruyama 
1997a)): 

.~'.,..,.;;:;.5, (2l) 

,'\1 ,~·2 =30, (22) 

t 0 =200s. (23) 

í;=(J.O/. (24) 

wherc N,.; is lhe window lc.ngth of lhe moving avcragc filtcr; N,,.1 is lhe wiodow lcngtb for the average 
act.ivity cakulatioo: t , is thc donúnant time coostant of lhe plant and Ç is the rc.lativc prediction crror. 

The measun:menl noise is reasonably small for ali measured variables therefore lhe value of the 
wiudow lengú1 N" 1 does not need to be very large. Because lhcre are clearly some measurcment errors 
p1oblcms thc use of a small rclative prcdictioo crror Ç (0.01) is chosco wh.ich guarantees that the 
dctected steady-state poiots are more likcly to be truly io steady-state. 

Tbe structure of the modcl is defincd by lhe foUowing input knoL~: 

11,.={0.0,0. 1,0.5,1.0 }. (25) 

w ={ -/ .0.~) 5,0,0.0.5.10 }. (26) 

,;,, =(0.0.05).0 }. (27) 

rcsulling in 60 mies. The basis functions for the input variables are chosen to be triangular. 

The steady-st.ale points are normalised and a modilied RLS algorithm (Yooo and Clarke 1994) is 
used to train the network. 

The improvement of the performancc when trained with Data Set I can be observed by OlOnitoring 
the prediction errors of the generic model and the enhanced model usiog lhe mean-squared error defined 
by: 
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(2!!) 

where ii; =h(:!) is lhe prcdicted air-sidc approach for the inpul ~ and a. i~ thc calculatcd air-side 
approach based on measured variables and Nss is lhe number of steady-state points. Table 3 summarizes 
lhe results. Jt should be noted lhat there is a significam improvement in lhe performance for the 
enhanced model traincd using Data Set I . 

Table 3 The mean squared error for tha ganeric and anhanced modais. 

Generlc Modal Enhanced Modal 
0.0320 0.0054 

Calculation of the Thresholds 

I lere the thresholds are calculated cons idcriug ali possihle factors whicb can gt:nerate false alanns 
in practice. Thc following assumptions are made whc n calculating the threshold for lhe experimems 
described hen.:: 

• lhe measurement errors due to noise and other sensor inaccuracies are significanúy minímized 
by the use of the pre-processor module; 

• thc only significant unmodelled disturbances are lhose due to variations in the chjJied watcr 
supply temperature T .•.. lt is considered that nuctuations on m~,.·J are not signiftcant. 

The thresholds are calculatcd as folluwl' : 

I . For the regions where thc weights of the enhanccd model are inherited from the generic model 

the lhresholds are calculated using Eq. 9 wtlh thr3q given by Eq. 10 and the additional 

uncertainty componcnt thro, is chosen to bc 0. 1. The datn uscd to estimate lhresholds is lhe 

same a~ thal used to train tbe gem:ric model. 

2. For lhe regions of lhe model where weights are estimated using steady-state data from lhe actual 

plant, lhresholds is calculated using Eq. 9 wilh thra,. given by Eq. 10 and the addi tional 

unccrtainty componenl thro. is chosen to bc 0.05. The component throq is chosen smaller 

because it is assumed that modelling errors are reduced after training. 

Fault Detection Experiments 

lt is intendcd in this ~eclion to demonstrate lha! the fauh detectiou schemc proposed can dctect 
faulL'i in a real piam without having a dctailcd knowledge about Lhe planl. ln urder to assess the 
performance of the fault detection melhod some experiments are conducted wid1 a fault detector based 
on Lhe cnhanced neuro-fuzzy model. The lest data for corr~l. and fauhy operations were recorded fTom 
the BRE rig (~ee Fig. 2). The following faults were introduced artificially: 

• leaky valve: lhe Building Energy Managemcnt System (BEMS) s~1ftware controUing Lhe 

valve action was modified so as to cause l1 2"C drop in lhe supply temperature T. when thc 

valvc is commandcd LO be fully closed and thc air mass tlow rate is at its maxjmum value. 

111Ís is equivalent to Lhe imposition of a minimum water now rate when Lhe contrai valve 

signal u, is beJow a pre-defined valuc u;• ; 
• supply a ir temperature sensor offset: the BF.MS software was modified to add an offset of 

2°C to lhe value rueasured hy thc supply ai r tcmperature sensor; 
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ln thc foUowing. tbe tests with rypical opcration data are presemed for correct operation, Jeaky 
vaJve and temperarurc sensor offseL 

Test 1 - Correct operation Fig. 4(a) illustrates the test data (Data Set 2) when lhe coil is operating 
correctly but coudüions are different 10 those observed in the Data Set I. The norrnaJised variablcs are 
plolted. Fig. 4(b) shows the fault detcction results. A data validation tlag indicates if ao operating point 
is covered by the model, and a fauJl dclection Oag indicates if there is a fault. flor this case. no false 
alanns are dctcctcd. 

a l-I W -.1 

I I 
I 

Wl ' .... 
_, 

o 10 .. • .. .. .. 
... H ... ,. J 

... ,,_,. . 

(a) Test dala- normaliled INiabtee. Fíltered value6 wíth H.., = 30. (o) 

Co~ to steady-atate values. --.. 
:[ : : : : ' l 
o 10 .. -r .. .. .. .. 

:[ : : ' : : l 
o 10 .. .. .. .. .. 

--(-)-(-J 

... . ... ·.·· 

... 

Fig. 4 Correc1 operatlon - Data Set 2. 

Test 2 • Leaky valve Jeaky valve Fig. 5(a) shows the test data when the coil has a leaky valve. Fig. 
5(b} illuslralcs lhe fault detection resulls. The va.lve in this experiment is closed for long periods of 
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lime. wh11.:h i~ the optimal condition to dctcct lcakage, and the fault is detected successfully during four 
different periods: 
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(b) Fault detection results. 

Fig. 5 Leaky valve. 

I. Around t = 2.0h when u, ~ 0.05, 

2. During Lhe intcrval [20.0h.25.0hj whcn u .. = 0.0. 

3. Around L= 35.0h when u,.= 0.0. 
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4. Arow1d t = 42.0h when u. = 0.0. 

The fault was set-up so as to provide a drop of 2.0"C when uc = 0.0 although the vaJues of the air­
side approach a when the fault is detected suggest that the drop of temperature is much larger. During 
the interval [t = 20.0h,t = 25h] the drop of temperature is around 8.0°C and around t = 35.0h is around 
5.o•c. These larger drops in temperature are more likely to be caused by the way the fault is designed. 
Also, it is known that during the last twelve hours the coil operates correctly and as eJtpected il is 
observed thatthe fault detector generates correct resulls even when u, "" 0.0. 

Test 3 - Temperature Sensor Offset Fig. 6(a) shows the test data when there is an offset in the 
output from the supply air temperature sensor. Figure 6(b) illustrates the fault detection results . 
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(a) Test data - normalised aí r mass flow rate. Filtered vaJues with Nw, = 
30. (o) Correspond to steady-state values. 
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(b) Fault detectlon results. 
Fig. 6 Sensor offset operation. 
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As thc offsct is presenl dunng the whole test, thc faull should be dete~:ted <tl aU of lhe steady-state 
points. However, lhe f<tult is only detected for t "' 37.0h. So. Lhe fau lt is only detected whcn the 
conditions aJe favuUJahle (i.c. with small values T, which gives larger differcnees for a). For thc olhcr 
steady-statc points, the scheme is not sensitive enough to detcct the fau !L. 

The main prohlem o f the tests witb typical operation data is the measuring of performanec. This 
difficully arises mainly due to dependcncc of lhe detection of' faults on operating point conditions. One 
,·ould tbink of calculating lhe probability of fault detcction using lhe numher of detected points divided 
by lhe total number of steady-state points. which might be the only stati),tics which can be generated io 
practicc. howcver. lhir. can bc rn1slcading because stcady-state points are not distributed uniformly. and 
large valucs of this prohahility could be due to a largc pcrcentage of particular operating points whcrc 
faults can bc dctccted easily. The bcst way to assess thc pcrfonnance of tJ1e fault detector would be to 
have scts of data for correct and fau lty operation whieh cover lhe wholt: opcrating space of the actual 
cooling eoil. ln this cas~. lhe dc),igncd fault detector could bc compared with a perfcct rault detector 
ove r the whole operating spacc. Whcn testing fo r rypieal HV AC opera tio o data it should be po~siblc to 
determine what is lhe cause (mudclling errors or unmoddled distUJbances :md mc:asurcment errors) of 
success or failure for each operating point by comparing wilh thc amwcr of the test w1th lhe pcrfect 
fault detector. However, this is not possible in pr..Lcticc. ln (Maruyama 1997) olbcr fault detedion test~ 
with 1ypical HV AC operation are prcsented togclher with a comparison wilh olhcr mct.hods. 

Concluding Remarks 

1\ no.:w modelling process has been described for use in situations wherc Lherc is insufficient Lraining 
dat;~ to gcncratc an accurate modcl of lhe actual plam. Firsl. a generic model is gencratcd based on 
simulations of a set of plants which defines a dass. Then. the gcneric model is updatc.d, usmg a 
modified RLS algorithm, wilh data recorded from lhe at:tual plant. Thc resultant model is an cnhanced 
model with t:haracteri.stics close to the actual plant in regions wherc real training data are availablc, and 
inhcrits characteristics from lhe gencric model in rcgions where there is no training data provided by the 
acwal plant. Thc enhanced model can be updated continuously and its behaviuur will tend to that of lhe 
actual plant as more data repn:senting correcl operation are rccorded. 

The experimcnts in this chapter have shown lhat lhe fault deteclioo scheme proposed can dctcct 
faults lll a rt!al plant without having a detailed knowlcdge about lhe plant. Evcn though the perfom1ancc 
is lcss Lhan ideal the proposed fault detection mcthod may be lhe only reali~tic alternative in man) real 
sy:.tcms since complete de.\ign data are rarely availablc and Lraíning data l'rom lhe plant uoder test are 
seldom complcle. 
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Abstract 
Thc tlriclvw.l.\ oj 11 rolll'd strip. li"hidr ""'·" rl'!lllllfl 1111/rm l'l'IJ" doxe limits. ;, one of thl' c mica/ parameters in the 
dwrur·u·n~"'""' of 1H qulllit•·. Tire pmceu t~( nmlrollmg tlus rhickness frequently reqU1rc.1 urtit1m ~<·hich may a.ffect 
tJiht'f inlf'tJTIII/1/ drum< teri.ltic.< of rhe strip. sue h 11.1 prt~filc and shape. Two romml JITO< tdur<"s are commonly used 
for lhi.\ purpt>S('. ont' on tire .fcrew.cfown m11clrwu.<m mrd the orher 011 rhe .11rip }i'ont or hock tensions. One or rhe 
orher may ht• mm·t· adl'tJIItlh', rl<'J•emlin~ un 1/w operurional conditions. These control aclwns lwve heerr 111117/UI//y 
dr•femrinetl umle.uocr;ted in correspondeJK<' wirh the variation nf only mw nf clw JHII't llnt!/<'r,ç ~~r the f'rtJcess. ln lhe 
pre.H•nl work. a merlrod is de,·e/opl.!d baJt•d on riu: tlJI/llimrirm of jk:.:.y loKic. w/rit'/1 allm•·s for lhe calcu{alion of 
suirabic' cmurol twtionv 10 adjusr tire }i nu/ rhi<'k.nn~ of the slrip. cunsidering the simultaneou.~ mrillfimr of any two 
"1"'1"11/ÍIIIItrlfltl<"flmeters o( the pm<'es.r. 
lú.>y..-cmú: Srrip Rol/inl(. Gage Comrol. F11::y Lt,J/11". 

Introdução 

O mercado consumidor de tiras laminadas vem se tomando cada vez ma1s exigente em relação à 
qualidade do produto. Um dos parâmetros que definem esta qualidade é a e~pcs~ura de saída da tira (h1). 

As ar,:ões de cnntrole desta espessura podem provocar alterações em outro~ a.~pectos importantes, tais 
como a pkmicidadc c a fom1a, já que a espessura de saída está diretamcntc associada ao valor da carga 
de lamin::u;5o. Em Hclman ( 1 9~8) são apresentados modelos teóricos para o cálculo dessa carga e 
analisados os famres que podem alterar a espessura de saída em uma dada operação. Ribeiro ( 1990) 
analisa as causas que podem comprometer a planicidade de tiras laminadas. Batisla (1994) apres~nta 
uma di~cussão dos aspectos que influenciam o coroamento e a planicidade das tiras Iaro.inadas a frio. 

V ária.'\ tét:ni.:a:. de projeto de controladores tém sido empregadas para solucionar o problema do 
controle da geometria das tira.~ laminadas u frio: Hasegawa e Taki (1991) desenvolveram um sistema de 
.::ontrolc de forma para a laminação a fri o de riras, baseado na lógica nebulosa; Hattori et ai. ( 1992) 
utilizam um algorimto de controle nebuloso aliado a uma rede neural para realizar o cont:role de 
planicidade no processo de laminação a frio: Denti e Helman (1995a e 1995b) e Denti et al. (1996) 
apresentam um método de controle da espessura de saída de tiras laminadas a frio, desenvolvido a partir 
de modelos teóricos. que permite a consideração da variação simul tânea de dois parâmetros; Feldmann 
( 191.}7) apresenta modelos matemáticos para a simulação e o controle de sistemas modernos de 
laminar,:ão de pianos. com o objelivo de estimar a maneira pela qual alterações no projeto podem 
influenciar a produtividade e a qualidade do produto. 

-- Nomenclatura 
A e B = coetrcientes da equação 

de Lüdwick, para o 
cálculo da tensão de 
escoamento (kgflmm') 

m (adrmensional) 
h, espessura de entrada 

(mm) 
hf espessura de saída (mm) 

g 

M 

p (li 
t 
I. 
.lh, 

abertura dos cilindros 
(mm) 

= módulo de rigidez do 
laminador (tlmm) 

= carga de lamrnação 
= tenSão a frente (kg'1'!m2 

) 
" tensão a ré (kgf/mm ) 
=- variação da espessura de 

entrada(%) 

= variação da tensão a ré(%) 
= variação do coeficiente de 

atrito(%) 
= variação da tensão de 

escoamento (%) 
= deformação verdadeira (%) 
= tensão ~e escoamento 

(kgflmm ) 

Manuscripl rece1ved: January 1998: rev1sion roceivod: June 1998. Technical Editor. P811lo Eigl Mlyagi 
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O processo de laminação 

A espessura de saída de tiras laminadas (hr) é maior do que a abertura dos cilindros (g), devido à 
ocorrência de deformações elásticas na própria tira, que são recuperadas após sua saída do laminador, e 
no laminador, que se deforma quando submetido às cargas de laminação (P). Como, em geral, os 
valores dessas cargas são elevados, a deformação do laminador é significativa e envolve todos os seus 
componentes, isto é, estrutura, cilindros, mancais, etc. Esta deformação se traduz em um acréscimo na 
abertura dos cilindros, e se relaciona com a carga de laminação através de um parãrnetro denominado 
"módulo de rigidez do laminador" (M). Para determinadas condições operacionais, é aceitável supor 
que este módulo de rigidez seja constante. Neste caso, representando graficamente a relação "carga­
deformação" do laminador. para uma dada abertura dos cilindros, obtém-se uma reta, hr = g+ P/M, 
normalmente conhecida como "reta de carga". 

O valor da carga de laminação é determinado por diversos parâmetros operacionais relacionados à 
tira, ao processo e ao laminador. Fixando todos os outros parâmetros, a carga de laminação dependerá 
apenas da espessura de saída. Pode-se representar esta relação por uma curva "carga-espessura fmal da 
tira". normalmente conhecida como "curva de operação". 

As duas linhas mencionadas acima, traçadas em um mesmo gráfico, formam o "diagrama de 
operação", representado na Fig. 1. No ponto de interseção das curvas tem-se o "ponto de operação", ou 
seja, o par de valores carga de laminação (P) e espessura de saída (h1) para wna determinada abertura 
dos cilindros (g). 

Carga de 
Laminação 

p 

Parte B 

c 

g 

Fig. 1 Diagrama de operação 

Reta de Carga 

Curva de Operação 

Parte A 

Espessura 

Outro aspecto a ser considerado no processo de produção está relacionado à forma da tira. Tanto a 
pressão desenvolvida na laminaç<"io como a dissipação do calor gerado na operação não são utúformes 
ao longo da largura da tira. Como resultado destas não-uniformidades, a tira é deformada 
diferentemente ao longo de sua largura, o que pode comprometer sua planicidade e gerar tensões 
residuais. 

Controle da espessura de saída 

Se acontecer uma variação de algum dos parâmetros de processo, a curva de operação será alterada. 
Nestas condições, se for mantido o posicionamento dos cilindros, a reta de carga não será modificada. 
Conseqüentemente, haverá wn novo ponto de operação e, portanto, uma nova espessura de saída. Para 
se manter as dimensões originais, é necessária a determinação da ação que deverá ser executada para a 
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corrcção da espessura. Na prática podem ser adotados dois procedimentos de eomro le: alterar a 
separação entre os ci lindros do laminador, dando origem a uma nova reta de carga (ajuste pela 
abertura). ou variar as tensões a que fica submetida a tira à entrada (tensão a ré) e/ou à saida do 
laminador (tensão a frente), introduzindo modificações na curva de operação, no sentido de recuperar o 
ponto de operação original (ajuste pelas tensões a frente e/ou a ré). 

O ajuste pela abertura provoca uma variação na carga de laminação. com consequentes alterações 
no pcrftl transversal da tira. É possível ainda que esta operação awnente a carga até valores 
inadmissíveis sob o ponto de vista do laminador, por exceder a capacidade dos motores de acionarnento 
ou o valor da carga de laminação máxima tolerável. Além do mais, há situações em que ajustes da 
abertura não serão s uficientes para a.lterar a deformação plástica sofrida pela tira, mas modificarão 
apenas sua deformação elástica. 

A modificação da curva de operação também apresenta limitações, pois as tensões não podem ser 
diminuídas ou aumentadas em qualquer proporçilo, devido à possibilidade de levar a condições 
impróprias de operação, tais como torquc negativo. ângulo neutro fora do arco de contato, ou até 
mesmo provocar o rompimento da tira. Além disto. como a relação entre as tensões a frente e a ré e a 
carga de laminação nãn são lineares. pode-se estar operando em condições nas quais a correção de 
espessura por meio de variações nas tensões não seja viável. 

Para se decidir entre uma ou outra fotma de correção, deve-se levar em conta, entre outros fatores, 
os efeitos sobre a geometria do produto. Denti et ai. ( 1996) mostraram que o controle por meio do 
aju~tc da abertura é o mais simples, por6n provoca alguns efeitos negativos sobre a k>rma da tira; o 
controle por meio do ajuste da tensão a frente apresenta algumas limitações c dificuldades adicionais 
em comparação ao primeiro. mas é o que menos compromete a forma do produto. O controle pela 
tensão a ré apr~enta as mesma~ limitações e dificuldades de implementação que o da tensão a frente. 
além de ser mais prejudiciaJ à forma do produto, não sendo, portanto, usualmente empregado. 

A determinação de uma ação de controle quanúfieada de modo a restabelecer o valor original da 
espessura de saída. após uma alteração da mesma. apresenta alguns complicadores, já que não há uma 
n:laçiío matemática simples entre as ações e os resultados obtidos. Por exemplo, no caso do ajuste pela 
tensão a frente. a determinação do valor de tensão que possibilita a correçào desejada requer 
compli~:ados cálculos, caso se deseje utiliz.ar modelos mais elaborados para o cálculo da carga. 

Descrição do método de controle proposto 

A solw,:ãu para o problema de correção da espessura de saída de tiras laminadas, frente a alteraçõe~ 
dos parâmetros de processo, consiste na determinação do novo valor necessário da abertura dos 
cilindros ou do novo valor de tensão a frente, conl~>rrnc o caso. A maioría dos métodos de controle 
encontrados na literatura apresenta a limitação de considerar a variação de apenas um dos parâmetros de 
processo de cada vez. 

Neste trabalho é apresentada uma gcneraliza~tão do método de ~olução proposto em Gonçalves e 
Helman t1996). iJ1duinc.lo a possibilidade de se eon~iderar a variação simuJtânea de dois parâmetros, 
desenvolvido com base na metodologia de projeto de controladores nebulosos apr~enUJda por Gomide 
c Gudwin (1994). 

O projeto pode ser esquemntit.ado nas seguintes etapas: construção dQ modelo nebuJoso, 
trans-formação dos valores numéricos das variáveis de entrada em valores lingüísticos. determinação do 
conjunto de regras de controle, avaliação das regra!., transformação da ação nebulosa de controle em 
uma açâo executável (valor numérico). 

Na construção do modelo nebuloso, cada variável do processo deve ser represenUJda em conjuntos 
nebulosos, dentro de seu domínio. No problema em questão. estas variáveis representam as variações 
dos seguintes parârnetrvs: espessura de entrada d::~ tira. condições de lubrifil.:ação do processo 
(traduzidas em termos de um coeficiente de atrito). l\.\HSâo de escoamento do material da tira à entrada 
do laminador e tensão a ré aplicada. A variação da tensão a frente não foi considerada como uma 
variável de entrada. apesar de ser também um fator q ue pode provocar alterações na espessura de saída, 
puryue será eventualmente utili:r.ada como ação de controle. 
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Em seguida. são escolhidas as leis de definição das funções de pertinência e criada uma variável 
nebulosa que represente semanticamente o conceito associado. Verifica-se que esta etapa é uma das 
mais criticas no que diz respeito ao sucesso do controlador. Um dos parâmetros de particular 
importância é o número de conjuntos nebulosos. O universo de discurso de cada variável foi definido 
com base em valores típicos apresentados em Bryam ( 1973). Foram escolhidos conjuntos nebulosos de 
fom1a triangular. em número impar. u1úfonnemente distribuídos em todo o universo de d.iscurso, para 
representar ~:ada variável. 

Na Figura 2 é apresentado um exemplo de representação da variação da espessura de entrada (~h;) 
em valor lingUístico: o universo de discurso curresponde à amplitude da raixa de variação esperada 
( -10% a +LO% de h,) e foram defmidas cincl) funçõe1> de pertinência triangulares e uniformemente 
espaçada.~. 

Grau de 
Pertinência 

o 
1 

-1 O% 

ConJuntos Nebulosos 
1 2 3 

-5% o +5% 

4 

+10% 
Valor numérico 

(~ hl) 

Fig. 2 Exemplo de representação de uma variável em conjuntos nebulosos 

Em ~eguida as variáveis de entrada são transformadas em variáveis nebulosas. O passo seguime 
consiste em lôe e~crever as regras que ligam os valores das entradas às propriedades de saída do modelo. 
Estas regras são escri tas em uma linguagem natural. com uma sintaxe do tipo: 

Se <Proposição nebulosa> então <Proposição nebulosa>· 

onde as proposições nebulosas são da forma "x é Y" ou "x nào é Y", sendo x uma variável escalar e 
Y um conjunto nebuloso associado à variável. Um grupo de regras deste tipo rom1a uma memória 
associativa nebulosa. 

Lnfclizmcnte, não há uma orientação geral que possa ser seguida em todas as aplicações, quando se 
trata da definição dos conjuntos nebulosos c da escolha das regras de controle. Uma das vantagens do 
método proposto é que necessita-se apena.-; escolher os números de funções de pertincncia para a 
representação das variáveis de entrada e das ações de controle, sendo a transformação das grandezas 
numéricas em valores lingüisticos e a escolha das regras executadas automaticamente. Podem ser 
experimentadas facilmente várias combinações desses números. para que se escolha a que mais se 
adapte ao problema e m questão. 

Quando é considerado um conjunto de valores de entrada, cada uma das regras cuja premissa seja 
pelo menos parcialmente verdadeira será executada. Os resultados das diversas regras devem ser 
wmbinados entre si segundo um critério previamente e~;colhido. Neste caso, foi adotada a composição 
max-mio apresentada em Klir e Folger ( 1988). 

O resultado da aplicação das regr-as é uma ação de controle representada por um conjunto nebuloso 
de saída, ou seja, um procedimento descrito em forma lingüística. Este deverá ser convertido em uma 
ação de contro le executável, representada por uma variável solução defmida. A pane final da criação do 
modelo nebuloso básico consiste na escolha do método de se realiz.ar esta conversão. Neste trabalho 
optou-se pelo método centróide de ''dcfuzzification'', apresentado em Klir e Folger ( 1988). 
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Uma vez que o projeto do conu·olador nebuloso e.~leja conslruido. começa o processo de simulação 
e o ciclo inicial de testes. Nesta etapa. o modelo é comparado com casos conhecidos, para validação de 
~eus resultados. Se os resultados não forem os desejados. são feitas moditicações, seja na descrição do 
sistema nebuloso ou nos mapeamentos codiftcados das regras. 

Seleção do procedimento de controle 

A curva de operação. apresentada na Fig. l. pode ser aproximada e qualitativamente dividida em 
duas partes: uma região quase linear (Parte A) e uma região não-lincru· (Parte B). Enquanto o ponto de 
operação se situa na parte A. é possível controlar a e~pessura de saída agindo-se sobre a abertura dos 
cilindros. Já na parte B, cm razão da curvatura. este mecanismo de conu·ok pode, cm alguns casos, 
tororu·-se ineficieme. A posição do ponto C, que separa ambas as partes, depende das características 
mecânicas do laminador e da sensibilidade dos instrumenios da opcra~~ão. 

No presente trabalho, a escolha de um dos procedimentos de. controle é feita em função da 
localização do ponto de operação: se o mesmo estiver na região quase linear da curva de operação, será 
escolhida a com~ção pelo ajuste da abertura dos cilindros. Caso contrário, será escolhida a correção pelo 
ajuste da ten~ão a frente. Esta escolha é baseada no fato de que, como o ajuste da abertura dos cilindros 
é muito mais simples que o ajuste da tensão a frente, esse procedimento de controle deverá .ser utilizado 
sempre que possível. 

Aplicação do método proposto 

O método desenvolvido foi instrumentado em microcomputador. para a variação simultânea de até 
dois parâ.tnetros. 

Foi elaborado um programa que analisa a variação da carga de laminação em relação à amplitude da 
perturbação detectada, a fim de encaminhar o controle para o ajuste da abertura dos cilindros ou da 
tensão a frente (Gonçalves t: Ht:lman. s. d.) . A partir dos números de conjuntos nebulosos, o programa 
representa os parâ.tnetros variáveis em valores lingüísticos. escolhe pontos para determinar correçôes na 
abertura dos cilindros ou no valor da tensão a frente, utilizando modelos teóricos, e. a seguir. com os 
valore~> obtidos propõe um conjunto de regra~ para o controlador. A partir daí. são simuladas variações 
dos parâmetros e determinadas as ações adequadas para corrigir a~ espessuras de saída. Na Fig. 3 é 
apresentado um fluxograma simpliticado do programa. 

No programa desenvolvido. os números de funções de pertinência est<io limitados a onze, para a 
representação dos parâmetros variáveis, e a 25, no caso da representação da ação de controle. 

Verifica-se que a correção pelo ajuste da tensão a frente apresenta limitações que dependem entre 
outros fatores do valor da tensão nominal a frente adotado. O progran1a permite que se escolha 
automaticruuentc a tensão nominal a frente que reduza ao máximo as limitações do método. Esta 
operação aumenta consideravelmente o tempo de proc.:essamento. 

Como uma maneira de validação do método proposto. cada procedimento de conlrolc foi testado 
sepru·adamente. A subrolina que determina as correçôes via ajuste da tensão a frente foi utili7.ada com os 
dados dos exemplos apresentados em Dcnti e Helman ( 1995a), tendo sido obtidos resultados 
satisfatórios. Por exemplo. na simulação da laminação de uma tira de aço, cuja tensão de escoamento 
em estado plano de deformações foi aproximada por uma equação de Lüdwick ( (j =A+ Bê"') com 
A= 9,634 kgf/mm2

, B = 75, 166 kgf/nun" em= 0,2967. foi considerada uma variação do coeficiente de 
atrito de 0.1 para O, I 12 combinada com uma vru·iação da tensão de escoamento na entrada de 9.634 para 
10.405 kgti'mm2

. A espessura de saída teve sua variação corrigida para 2,499 mm (sendo observado um 
.:rro de 0.016% da espessura nominal de saída) na citada referência e foi corrigida pelo método 
proposto para 2,501 mm (o que corresponde a um eno de 0,021%). Os mesmos dados foram uti lizados 
com a suhrotina que detemúna a correçào pelo ajuste da abertura, tendo sido obtidos resultados também 
satisfatórios (erro de 0.015% para esse mesmo exemplo). 

Ambas as subrotinas foram utilizados em vários outros exemplos. Em cada um deles foram 
aplicados os dois procedimentos de controle, independentemente da localização do ponto de operação. 
para que os métodos pudessem ser comparados com resultados cncouLrados na li!eratura. 
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Fig. 3 Fluxograma simplificado 

Análise dos resultados 

O programa apresenta os resultados indicando aíô variações dos parâmetros, a correção necessária 
(novo valor para a abertura dos cilindros ou para a tensão a frente, dependendo do procedimento de 
controk adotado). a espessura de safda e o erro que ocorreria se não fo~sc feita nenbuma correção, a 
espessura de ~da obtida após a correção e o erro associado. Inicialmente é gerada uma tabela com 121 
combinações de variações dos parâmetros. Após a tabela são informados: o erro máximo em valor 
ab~o1uto c a média dos valores absolutos dos erros associados. A seguir, pode-se entrar com outros 
valores de variações dos parâmetros. 

A título de exemplo, são apresentados os result:ldos correspondentes u uma tira de aço com 500 mm 
de largura, espessura inicial de 3 mm, espessura nominal de safda de 2 mm. sendo laminada com tensão 
a freme de 20 kg1Jmm1 e tensão a ré correspondente a 30% da ten~ão de escoamento à entrada do 
laminador. cujos cilindros de trabalho têm 100 mm de raio e módulo de rigidez de 500 t/mm. A 
velocidade de laminação considerada foi de 50 m/min e o weficiente de atrito adotado foi de 0,1. A 
tensão de escoamento do material da tira foi aproxtmada pela mesma equação de Ludwick utilizada no 
item • Aplicação do método proposto". 

Foi simulada a variação simultânea da espessura de entrada (dh;) e da tensão de escoament<.> (dcr). 
ambas c m uma faixa de -10% a +I 0% de seus valores nominais, tendo sido escolhidos os valores l.'i e 
25 para os números de conjuntos nebulosos. 
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Os resultados obudos estão apresentado:. cm fonna de gráficos. com o~ seguintes eixos: variação 
percentual da tensão de escoamento do material da tira em relação ao valor nominal de~ta tt:nsão (óo), 
variação percentual da espessura de cntmda em relação ao valor da espessura nominal de entrada (~) c 
erros observados, expressos em percentagem da espessura nominal de safda. 

Para ilustrar a maneira pela qual o programa fornece os resultados, são apresentadas duas tabelas, 
uma para cada subrotina. 

Na Figura 4 é mostrado o gráfico do erro na espessura de .sarda decorrente das alte.rações dos 
parâmetros. sem nenhuma corrcc;ão. Os erros fonnam um plano incltnadl). Reduc,:ões em relação ao 
\'alorcs nominais. tanto de h, como de o. têm como efeito uma diminuic,:ii.o da espessura de saída. 
Portanto, o~ maiores erros estão naturalmente associados às máximas variao;ões destes dois parâmetros: 
o maior erro positivo (5.779%) corresp<>ndc a óh, = +10% e uo = +10%: o erro negativo maior em 
valor absoluto (-6,295%) corresponde a ôh, = -10% e D.o = -10%. Há ~ituaçõcs em que o efeito da 
variação de um dos parâmetros tende a ser compensado pela variação do outro, reduz.indo o erro 
associado a valores insignificantes (pontos de mterscção do plano dos erros com o plano erro = 0). 
Pode-se observar que o efeito da espessura de entr.1da é mais marcante que o da tensão de escoamento. 

As espessuras de saída corrigidas e os erros associados estão apresentados na Tabela 1 e nos 
gráficos das Figs. 5 e 6. para a correção pelo ajuste da tensão a frente. e na Tabela 2 e grálieo da Fig. 7, 
para a correção pelo ajuste da abertura. 

Nas tabelas menc.: ionadas. as espessuras de emrada e as tensões de csc.:onmcnto estão expressas e.m 
lermos de s uas variações percentuais em relação aos valores nominais, as e~pcssuras de saída antes e 
após a corrcção estão dadas em milímetros c os erros respectivos estão expre~sos cm percentagem da 
espessura nominal de saída. 

Nas figuras nol<~ -sc que. com a correçào, os erro!> passam a fomtar superlkics que oscilam em tomo 
do plano de erro nulo. não apresentando tendências nítidas de cresctmcnto cm nenhuma direção, em 
toda a região de aplic.:abílit.lade de cada método. 

~ o -o ..... ..... 
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,..... 
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o -10 
o 
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Fig. 4 Erro na espessura de salda, sem correção 

A Ftgura 5 wrresponde a resuhados oblldos sem oúmização da tensão nominal a frente. Neste caso. 
a apJjcabilidad~ tlo método limita-se a variações da espessura de entr.1da na faixa de -3.5% a +lO% de 
seu valor oomülal. com a tensão de escoamento variando na faixa de - I %<~ +I Ol.!f, de seu valor nominal. 
O erro negativo máximo em valor absoluto verificado foi de -0,427%, que ocorreu par.1: óh, = 0,65% 
com óo = +5,28% c o maior em1 pn~itivo foi de 0,385%, para óh, = +(),65% com Ao = +6,67%. A 
média dos valores absolutos dos erros roi de O, I 02%. 
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A Figura 6 apresenta os resultados obtidos para a correção da espessura, já com a tensão nominal a 
frente otimizada: 40 kgtJmm~. Este valor foi dctcnninado automaticamente pelo programa e permite a 
correção da espessura de saída para variações dos parâmetros em toda a faixa pretendida, ou seja, de 
-10% a +I 0% dos valores nominais da espessura de entrada e da tensão de escoamento. Ne~"le caso, o 
erro negativo máximo em valor absoluto (-0.631 %) ocorreu para Llh, = 3% com Ao = 6% e o erro 
positivo máximo (0.869%) ocorreu para Ah, = 1% com Ao= O. A média dos valores absolutos dos 
erros foi 0,174'1o da espessurd nominal de saJda. 
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Fig. 5 Erro na espessura de saída corrigida pela tensão a frente, sem otimlzação da tensão nominal a frente 

Pode-se ohservar que. embora os erros sejam um pouco maiores que na situação anterior, nesta 
forma foi possível executar satisfatoriamente a ação de controle na totalidade do domínio de variação 
desejado. 
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Fig. 6 Erro na espessura de saida corrigida pela tensão a frente, com a otimização da tensão nominal a frente 
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Para otimizar a tensão a frente e gerar uma tabela de resultados coro 121 combinações de valores 
dos parâmetro~. o tempo de processamento foi de 475 s, contra um tempo de 59 s sem a otimização. 
Nestes tempos de processamento incluem-se as representações das variáveis cm conjuntos nebulosos e 
a determinação das regras de controle. Para ilustrar a saída da subrotina que calcula a correção pelo 
ajuste da tensão a frente, alguns resultados são apresentados na Tabela I . 

Tabela 1 Correção pelo ajuste da tensão a frente, com a otimização do valor nominal 

!.\h; l\cr t h, erro h, erro 
(%) (%) (kgf/mm2 ) (s/corr) (s/corr) (corrigida) (corrigido) 

(mm) (%) (mm) (%) 
-10,0 -10,0 8,7 1,871 -6,466 2.000 0,000 
-5.0 -5.0 29.6 1.937 -3.157 2.003 0.133 
0.0 0.0 40.0 2.000 0.000 2.000 0.000 
5.0 5.0 47.1 2.061 3025 1.997 -0.129 
10.0 10.0 52.2 2.119 5.931 2.000 0.001 

A Figura 7 mostra os resultados obtidos com a subrotina que detemúoa correções da espessura de 
safda pelo ajuste da abertura dos cilindros. Verifica-se que o erro negativo máximo em valor absoluto 
(- 0,678%) ocorreu para ô.h, = -7% com tio = -I% e o maior erro positivo (0.679%) ocorreu para 
üh, = 3% com .<10 = -9%. A média dos valores absolutos dos erros foi de 0.142%. Neste caso. o tempo 
de processamento foi de 15 s. incluindo-se o tempo para a representação das variáveis em conjuntos 
nebulosos. a determinação do conjunto de regras e o cálculo dos resultados de urna tabela com 121 
combinações de valores dos parâmetros. A redução do tempo de processamento em comparação com o 
tempo gasto na correção pela tensão a frente deve-se a uma redução significativa dos cálculos teóricos 
necessários i:\ obtenção dos conjuntos nebulosos e dos conjuntos de regras deste método em relação ao 
anteríor. 
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Fig. 7 Erro na espessura de saída corrigida pela abertura dos cilindros 
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Para ilustrar a saída de resultados da subrotina que calcula a correção pelo ajuste da abertura dos 
cilindros. são apresent·ado~ alguns resultados na Tabela 2. 

A utilização do programa cm vários outros exemplos mostrou que as superfícies de erro mantiveram 
sua forma oscilante em tomo do plano de erro nulo. Entretanto, a relação entre os números de funções 
de pertinência escolhidos para representar as variáveis de entrada e as ações de controle afeta 
significativamente a precisão dos resultados, aumentando ou reduzindo tanto a amplitude das oscilações 
quanto a média dos valores absolutos dos erros assodados. Por exemplo. houve um caso em que o erro 
na espessura de saída corrigida variou de I. 794% do valor esperado, com a adoção de 7 e li funções de 
pertinência para representar respectivamente os parâmetros variáveis e a.~ ações de controle, para 
0,256% desse mesmo valor, com a adoção de 11 e 25 funções. 
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Tabela 2 Correção pelo ajuste da abertura dos cilindros 

,~h. A<J Abertura h, erro h, erro 
(%) (%) (mm) (s/corr) (slcorr) (corrigida) (corrigido) 

(mm) (%) (mm) (%} 
·10.0 ·10.0 1.644 1.874 ·6.295 2.000 0.000 
-50 -5.0 1.581 1.938 -3.078 2.001 0.069 
0.0 0.0 1.519 2.000 0.000 2000 0.000 
5.0 5.0 1.461 2.059 2.950 2.001 0.060 

10.0 10.0 1.403 2.116 5.n9 2.000 0.000 

Conclusões 

O método proposto mostrou-se satisfatório para o controle do processo. 

Os resultado~ obtidos em vários exemplos mostraram a importância de uma escolha adequada dos 
conjuni'Os nebulosos. O programa toma esta escolha simples, uma vez que faci lita a experimentação de 
várias representações em busca da melhor dela~ . No caso da correção pelo ajuste da tensão a frente, a 
escolha do valor nominal para esta tensão é um fator decisivo na aplicabilidade do método. O programa 
pode detenninar automaticamente o melhor valor (do ponto de vista da correção da espessura de saída) 
para esta tensão. 

Os métodos de correção propostos reduziram em até dez vezes os erros percentuais associados à 
espessura de safda, em relação aos erros sem nenhuma corrcçâo, mostrando-se sempre inferiores às 
tolerâncias utilizadas na prática industrial (ver ACES!TA). Tais resultados permitem enfrentar com 
segur,mça ns crescentes níveis de exigência na qualidade dimensional dos produtos laminados. 

No exemp.lo apresentado, o método de correção pelo ajuste da abcttw·a conduziu a erros 
ligeiramente menores que o método de correção pelo ajuste da tensão a frente, com o valor nominal 
otimi1"1do desta tensão. Entretanto. esta conclusão não pode ser generalizada: há situações em que um 
dos métodos toma-se seru;ivelmentemais eficiente que o outro, podendo chegar até a casos em que 
apenas um deles seja viável. Deve-se, pois, analisar as condições de cada operação para se escolher o 
método mais apropriado. Esta escolha pode ser realizada automaticamente levando em conta também 
outros aspectos importantes relacionados à qualidade do produto, além do critério baseado unicamente 
na localização do ponto de operação ora proposto (Gonçalves e Helman, s. d.). 
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Abstract 
17u• 11wk prew•nt.• ws ulllfJ//WIIt: process for rhe self!t"lion of modc•s of .tub.W1l<"ltil"l'\ wirh the purpose <!f huidmx thR 
supe~el of a re.vidsml jlf!.uhiliry mndd 17u.< .wpN.\el sx oued in lhe modal .n"lllhe~-i.l mtrhod for rhe experimenlal 
ana{yJis vf far~e srn•rlttrer. Tlof! qtmlilali'·<' irulicarirm n.J mndet ro be t!limmaltd ma suh5fruclure play.' an impnnam 
rolt• in rhe prcci.fiOfl o.f 1h~ :rw11he.ris pmce.H. 1\clowl modt elimiumirm lt:Lhmq~tes are based nn urhirrary user 
decÍ.\11111.\ which could /em{ /o rlw I!Xfinction of nwdes ll'hid1 woufd have un 11/lflrlrlwlf nmtrihuirion w IIII! .rynlhesis 
of rhe complete structure. Tlw lttdmique ü app{i,•d lwn• jor sys1ems without damping. Sue h 11 /echniqtll ' rt>lit>s "" a 
rt·luti•·e "<'ÍShllng vf the m odes of"the .wbstmctures. hase<l "" l~udidiannorm · ·alculmions. 
Kt>yword~ : Modal Sym!tt'.rÍ.I". Modal Supersets , Nesidua/ Flexibility. ldmtijicathm. F:xperimenllll Am!lysis. 

lntroduction 

The mvdal synthesis mcthod is a coovenient procedure for Lhe modelling of large structures due to 
thc mudularily approach used. ln such a methodology, tbe complete system is divided in different 
subst.rucn1rcs wbose reduced modal models are groupcd and synthcsiz.ed in order to yicld thc 
eigenvalucs and eigcovectors of the la.rger systcm. 

From Hurthy's 1965 original work about modal synthesis many different substructuring methods 
bavc bcen dcvised: Hintz, l975; Craig. 1977: Craig and Chang, 1977; Hurty et ali, 1971; Craig. 1981 ; 
Macneal, 1971: Rubin, 1975: Arruda and Santos, 1993. Tbc work by Craig, 1987. which presents a 
rcvicw of the most important methods. shows that modal syolhesis methods can be singlcd l)Ut in the 
way they force compatibihty conditions in the ::~sscmbling of lhe equilibrium equativns and Lhe 
asscmbling of modal supersets whi~:h can include static and/or nonnal modes. 

ln recent experimental analysis works, Craig ( 1987) and Duarte ( 1994) slrc~s that the best modal 
supcrset is that of the residual llexihility. which is cornprised of the kept normal modes and normal 
residual nexibility modes whil:h are calculated from modes deleted from the system's original modal 
base. The reffercd authors round that Lhe inclusioo of residual tlcxibility modes in thc modal base 
brings as a consequence an improvcment to thc prccision of the numerical results obtained. One of the 
problems associated with this pruccdure bowcver i ~> Lhe correct choicc nf Lhe modes to bc delctcd from 
the modal base of each sub~tructurc. lf Lhe choice is not correctly perfonned. Lhe modal base obtained 
for the extcndcd structure might oot bc in good agreement with the expected rcsults. This is due to the 
fact that the deletcd mode mighl bavc bad a higher levei of det1ection encrgy in its boundary than in its 
internal coordinates. Thís fact may yield a fi nal synthesis with reduced scnsitivi ty which wi ll have an 
undesircd inlluence to the prccision of Lhe model obtained. 

The prcsent work dcvelops a process for automatic eliminalion of thc modes of substcucturcs in 
0rder to yield an optimired residual flex ibility modal base. A modal base weighting factor is introduccd 
which is ba.~ed on the L2 norm (Kreyszig, 1993). 

Component Mode Synthesis 
Modal 1\yntbesis mcthods can be classified a~:cordíng lo the cho~>en modal supersets as wcll as Lhe 

diffcrem substrucntre coupling techniques used. The analysis presented hcrc ~:onsiders. for thc sake of 
simplicity, a frelly vibrating undamped systcm. The method developed in this work is simi la.r to Craig 
and Ch:lllg's, 1977 which also considers freel y vibrating undamped substruçtures. 

Manuscnpt received: Apn/ 1996. revised July 1998. Techntcal Edotor: Agenor de Toledo Fleury. 
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Two components (a) and (b} are coupled lllgcther via a common interface, fonning a global 
slruc:ture. according to Fig. I. The rigid body modes of the frec-free condilion of each componcnt are 
considert:d lo be imbeded in thcir uonnal modal matrices. 

(a) (b) 

Fig. 1 Substructures (a) and (b) : I - Internal coordlnates , C - Boundary coordinates. 

The equation of movemcnt of each substruclurc can he wrilten considering its internal a11d coupling 
degrces of freedorn: 

( I) 

Normal modcs are obtaint:d from the solutioo of lhe cigenproblem associated to (I): 

(2) 

Normal modes form a vector base matrix <J> which has the ti)Jiowing orthogonality properties: 

q/ { M }<ti= I 

<Jl I K }cJ)= A. 

wherc 

-- Nomenclature 
C,Jti Submatrix of dependent 

restriction 

CctJ.. Submatrix ol independent 
restri<:1ion 

f Relativa nodes force vector 
r Force vector 
G Flexibility matrix 

«r Residual flexibility matrix 

f ldentity matrix 
K Substructure stiHness 

malrix 

A Synthesized system 
stiHness 

M Substructure mass matrix 

M Synlhesized system·s 
mass matrix 

p Modal coordinates 
~nthesized 

q = odal coordinates 

R 
~ubstructure) 

eneral restnctions matrix 
s Equilibrium matrix 

u 

{ú 

Physlcal coordinates 
Boundary residual flexibility 

Natural Frequencies 
Subst. generalized mass 
matrlx 
Subst. generalized mass 
matrix 
Normal modes 
Deleted modes relativa to 
boundary 

Kept modes 

Residual flexibilitie modos 

Residual flexibility 
superset. 

'I' lnverse residual flexibllity 
superset. 

P Relativa weight matrix 
cl>rJ Exlracted normal medes 
11 Eigenvalues matríx 
Subscrlpt 

(3) 

(4) 

Relativa to the internal 
nodes 

c Relativa to the boundary 
nodes 
Relativa to the rígid body 
modes 

n Relatíve to lhe normal 
modes 
Relativa to the residual 
tlex. modes 

k Relative to the kept normal 
modes 

d Relativa to lhe deleled 
normal modes 
Relativa to ij) mode 

Superscript 

T 
-1 

a 
b 
+ 

Transpose matrix 
lnverse matrix 
First ordem derlvate 
Second ordem derivate 
Substructure llrst 
Substructure second 
Pseudo ínverse matrix 
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Thc normal modes can be separated imo lhe categories of flex.ible and rigid. Rigid modes are lhose 
a.ssociated 10 null eigenvalues. Equation (3) can be rewritten in tenns of lhe flcxible and rigid partitions 
of matrix (!) : 

(5) 

where subscripls ''r" and ·'n" represenl associalion lo rigid and non-rigid modcs. 
The Flexibility matrix is defined as: 

(6) 

where 

A selcclion of "d" modes from <I> n and d clements from lhe diagonal matrix A, fonn lhe residual 
flexibility matrix: 

(7) 

where subscript "ú' denotes lhe submatrices extracted from <!>11 and ,\, 
The residual flex.ibilty matrix might be mulliplied by a restriction matrix f< dcfwcd as: 

!,. = [!}_] 
I c 

(8) 

where I, tS an idcnlity matrix associated to thc coupling degrees of frecdom yielding the residual 
flcxibility matrix 

(9) 

A residual flexibility superseL is thus defined from lhe residual flexibility matrix. rigid modes and 
kept 11exible modes: 

( lO} 

where <P k are IJ1e complementary mode~ to €/> d with rcgards to cp,, and 4J k are thc combination that 
kept flexiblc modcs and lhe rigid bodies rnodes. 

The modal residual flexibility superset defined in lhe previous equation may bc used to define the 
modal modcl of each componem substructure: 

p. q +a q:: 'Pr F 

p. ::'P ·r M'P 

a::'P 1 K'P 

(li) 



659 J. ol the Braz. Soe. Mechanical Sciencas · Vol. 20. June 1998 

where. 

z 1 =<r> 1' K <P.r = <P,1,. ( 1\d r 1 <P,~. 

Jlr =<P/ M <P 1 = <Pd,· t AJ (l <PI 

( 12) 

Ob:-.ervalion of the previous equations s how that thc mass and stiffness matrices can be ohtained 
from the modal residual nexibiüty and Lhe kept normal modcs. Such a particular behaviour make this 
modal superset allractive for e xperimental analysis purposes. A sulJcture' s modal base can bc idcntified 
through time (Oomes. 1996) or frequency (Santos. 1993) domali1 modal analys is. The connection of 
substructures is nbtained from compatibility restrictions and interface force conditions: 

u.~ -ut = O 

.!.'' + J/ = o 

Tbe equations of motion can bc cxpressed in modal coordinatcs as: 

(13) 

(14) 

The modal coordinates response, relative to thc residual nexibility modes. can be approximated by 
3 pscudo-static rcsponsc. Such a rcsponse can be writtcn, ignoring the acceleratíon tcrms, as: 

( 15) 

whcrc. 

with r~ = [1 I ... I]. Manipulation of Eqs. ( 12) and ( 15) leads to: 

(16) 

The fLrst term of equation ( 16) is non-singular. implying tha.l: 

C/l =e,. ( 17) 

Thc comp;~tihility conditions can then be written as: 
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u: - 11~ = o 
q~ + q~ = o 

660 

(18) 

Thc modal coordinates vector for each substn1cture can be separated in re~idual nexibility and kept 
normal modcs: 

( 19) 

Equations ( 18) and ( 19} lead to: 

li , [ "' u u, -u, = 'I" J 
(20) 

o o]q=O 

1ltc rcstriction matrix [RJ can thus he written as: 

[

cp u 

R= [c(u C(u ]= : (21) 

li can bc ~aid from thc previou.~ equations that lhe general restrictions matrix [S] can be written as: 

(22) 

Thc displacements equation can be writtcn i o tcrms of lhe general rcstricúons matrix: 

Mp+Kp=O (23) 

where. K=ST aS 

The t!Ígenvalues associated to Eq. (23) are the modal base of the original system. 

Selection of the Residual Flexibility Modes 

Modal synlhcsis methods that use the residual nexibility modal supen;et have the user to defme 
which modcs are to be removed from the modal base. ln this case, even when sufficient number of 
modes are kept for lhe base representation there is always the risk lhat important modes would be 
deleted. that otherwise would have been important in the construcúon of thc original system. lt can be 
seen from cquation (2) that the modal base coordinates vector is related to the pbysical coordinates 
vector of each substructure, through thc inverse of the modal matrix. lt is tbus possible to observe that 
the inversc modal matrix provides a weighting nf the intemal and boundary phisical coordinates in the 
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cx.pres~ton of lhe dcgrccs or freedom of Lhe modal coordinatcs. A scleclion crilcrion for lhe modcs Lo be 
delett:d could be thu~ based on the inOucncc of thc boundary physical coordina1es on earh individual 
mude. Strong candidates for elimination will bc thosc modes wbích receive lhe grcatcst intluence from 
thc bouodary phy,tcal coordinates. This IS due w the fac1 that, i.n asscmb!Jng the superstructure, lhe 
boundary dcgrees of fn:etlom of cach substructure are oecessary and dirc.ctly subjectc.d w new 
condiüons unpo,t!d hy lhe coupling. Thc interior degrees of freedom. by Lheir time, will suffer the 
effects of ~·oupling unly in an indircct way. Kceping the modcs which posscss a greater intluence frnm 
thc internal dcgrccs of freedom rcpre~cnls thc mainlcnance of lhe least uncertainty information of tl1e 
modal base which will bclong lo Lhe supcrstntclllrc. 

Oefining a Criteria for Mode Eliminatlon 
A crileria has beco dcfined for \'t:rilymg lhe innuence of the boundary dq:rccs of frccdom iu the 

modal base. The phyl>ical coordiuatcs of a ~u lhtruclurc can bc written as: 

(24) 

The modal coordinate~ can be rewriucu as: 

'I' . -T ; J 11 : l 
' J lu , (25) 

whcrc ii: and 'P; are parti tíons of lhe inven,c of ['~'; J. Sucb partiúons refcr lu Lhe inLcmal 
'1',. 

JJld boundary regions of the physical coordinates. Thc second pareei of equal.Jon (25) weights the 
v alue~ of thc boundary u,. in Lhe compnsition of lhe modal coordinates q,,. Thc rc lalivt: weighL bctwccn 
the two parccb of Ule mudai ha.~e can hc ~pcci lied using. Lhe Euclid.ian norm (K.reysz.ig, 1993). Such a 
weight can bc dcftncd fo r a particular modc ;ts: 

(26) _., _., 
'I' i 1 + 'I' ~~ + · .. · + 'f' 1 

_ , -: 
where 'f' ;1 c 'f' •i are genenc clt:menls of row ·'j" of par1i1ions 1ha1 invcrscs modal matrice:. 
rclatives the boundary cordioatcs JJld tJte internal cordmatcs. rcspectively. A search along m modcs will 
lhus indicale Lho!;e which havc a h•ghcr intluence from boundary conditions. Those are candidate 
mudes for deletion. according to Lhe propo~cd critcrion. The numbcr of modes to be deleted on thc 
nmdal base nf each subs1ructure is a u~cr dccisiou. The modes to he dcletcd. according to such a 
deci!>iun. are thosc with the largesl weighl:. dclí ncd according to equalion (26). 

Numerical Results 

A Foru-an l'ode (Program STRUC'T) has been wrilten for pcrforming modal synthesis, according to 
lhe thcory dcscrihed. Eigenproblcms nrc solved from Eispack ( 1976) routines and d.:~ta input is made 
from ASCll data file:-.. Tht: pmgram allow~ for auiomatic mode eümination accordi.og to tlle user given 
number of modc:. to be dt:leted. A numerical cxamplc bas been used 10 illustralc thc pcrformance of the 
code and the modc climination criteriun. Such an cx.ample is similar Lo lhe onc prcscnted by Santos 
(1993 ), without considcri.og damping effccL~. Thc d1scretized system is shown in Pig. 2, wbícb is 
comprised of two liJ1kcd subsu-uctures. Thc lirsl substructure has two internal and one boundary 
coordina1e. The sccond subsu·ucturc has three intemal and one boundnry coordinale. 
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k8 

Fig. 2 Oiscret system 
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u 
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u 
B 
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Each station has one degree of freedom and lhe physical parameters are: 

rol= 10kg , m2=10kg.m3= 10kg,m4::: 10kg.m5= lOkg. m6= lO kg 

k I = I 0000 N/m, k2 = I 0000 Nlm, k3 = 20000 N/m. k4 = 20000 N/m, k5 = 12000 N/m, 

k6 = 10000 N/m, k7 = 15000 N/m, k8 = 20000 N/m 

Thc physicaJ coordinate vector for the substructures are: 

~~ :? 1!/r 
115 u6lu3r 

(27) 
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Tables I and 2 show, respeclively, eigenvalues and eigenvectors for substructures 1 and 2. ln those 
tables are also displayed the calculated relative weights for each mode. If two modes are to be kept in 
substructure I and three modes in substmcture 2, then the program indicates that the second mode of 
substructure I and the fourth mode of substructure 2 should be extracted. Such ao indication is based 
on thcir 

Table 1 Elgenvalues and elgenvectors of substructure 1 

Mode 
Eigenvalue(rdls) 

Eigenvector 

Weight 

208.71 
- 0.11042 
- 0 .19777 
-0.22066 

0.97 

2 
200000 
028288 
000002 

-0.14136 
0.50 

3 
479129 

-0.08843 
0.24686 

. 0.17655 
0.67 

Table 2 Elgenvalues and Eigenvectors of substructure 2 
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Mode 1 2 3 4 
Eigenvaluo(rd.is) 317.67 2540.43 4261 .04 6280.83 

o 15621 . 0.23506 . 0.55675 -013162 
Eigenvector 0.17615 o 16925 0 .13333 -0.15034 

009784 . 0.09368 0.20859 O. 19496 
0.18707 0.08560 - 0.18871 0.14855 

Weight 0 .73 0.28 0.74 0.53 

calculated relative weights. Table 3 shows the eigen infonnation of the complete structure withoul 
Table 3 Eigenvalues and mass-normallzed elgenvectors of the global system. 

Mode 1 2 3 4 5 6 
Etgenvatue(rd.is) 270.9 1453.7 2398.0 3153.1 4561 .7 59625 

0.0769 -0.2354 -0.1326 -0.1216 -0.0780 o 0148 
0.1329 ·0.1286 0.0528 0.1402 0.1998 -0.0585 
0.1430 0.0183 00822 00501 -0.1170 0.0792 

Eigenvector 0.1149 0.1190 -0.2140 00872 -0.0431 -o 1318 
0.1311 0.0781 0.0922 -0.2203 00556 -0 1288 
0.0718 0.0843 -0.1088 -0.0664 0.1472 02233 

using cornponeots modal symhcsis. Tablcs 4 to 7 prcsent cigen information of synthesized systems, for 
comhinations which yield the four highesl MAC values. 

Table 4 Eigenvatues and Elgenvectors of the syntheaized system - criterion selected 
elimination ol the 2nd mode of substructure 1 and 4th mode of substructure 2. 

ldentified Mode 1 2 4 5 6--
-----

Eigenvalue (rd.is) 2709 14650 3105.0 4562.0 59620 
0.0741 -0.6308 -0.1423 -0-0790 0.0142 
0.1282 ·03737 0.1366 o 1988 -0.0630 
0.1378 0.0285 0.0640 -0. 1156 0.0861 

Eigenvector 0.1109 0.4057 0.0300 -00462 ·0.1452 
0.1264 0.1836 -0.1753 0.0577 ·0.1363 
0.0690 0.2690 -0.0831 0.1453 0.2388 

MAC 1.000 0.9889 0.9393 0.9998 0.9998 

Table 5 Eigenvalues and Elgenvectors of the syntheslzed system - eliminatlon of the 1st 
mode of substructure 1 and 1st mode of substructure 2 

ldentified Mode 2 3 4 5 6 
Eigenvalue (rd.is) 1425 o 2394.0 3137.0 4561 .0 5961.0 

-06159 -0.2827 -01566 -0.0789 ·0.0138 
-0.3797 0.1214 o 1926 02055 0.0493 
-0.0137 o 1869 0.0780 -0.1179 -0.0708 

Eígenvector 0.2557 -0.4368 0 .1309 ·0.0423 0.1117 
0.1467 0.2039 -0.2767 00593 0.1088 
o 1854 -0.2220 -0.0758 o 1521 -0.1948 

MAC 0.9808 0.9984 0.9953 09998 09997 

Table 6 Elgenvalues and Elgenvectors of the synthesized system- elimination of lhe 2nd 
mode of substructure 1 and 2nd mode ot substructure 2 

ldentified Mode 1 2 3 4 5 
Eigenvalue (rd/s) 2732 14940 24100 3241.0 4575.0 

05662 ·0.2961 ·O 1267 -0.0999 -0.0190 
0.9797 -0.1511 0.0524 0.1251 0.0489 
1.0539 0.0331 0.0793 0.0358 -0.0289 

Eigenvector 08860 o 1258 -0.2205 0.0856 -0.0070 
1.0089 0.0717 0.1114 -0.1650 0.0151 
0.5118 0.1209 -0.1251 -0 0987 00288 

MAC 0.9994 0.9900 0.9945 0.9650 0.9887 
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Table7 Eigenvalues and Eigenvectors of the synthesized system · ellmlnation of lhe 3rd 
mode of substructure 1 and 4th mode of substructure 2. 

ldentitied Mode 1 2 3 4 5 
Eigenvalue (rd/s) 270.9 1454.0 23980 3162.0 4728.0 

0.0691 ·02348 ·0.1151 ·0.2007 ·0.2057 
0.1195 ·O 1268 00444 0.2205 0.4979 
0.1285 0.0173 0.0729 0.1001 ·0.2384 

Eigenvector 0.1034 0.1192 ·O 1881 0.1387 -0.2486 
0.1178 0.0786 0.0798 -0.3893 0.0110 
0.0644 0.0828 -0.0940 -0.1029 0.6242 

MAC 1.000 0.9999 0.9999 0.9965 0.8824 

Table 8 displays MAC. valucs for the synlhesizcd systcms, considering different combinations uf 
deleted modcs. 

Table 8 Correlation between lhe original modal base and synthesized system's modal base for ali 
combinations of extracted modas. 

Extracted 
Modes 

sub1 .sub2 

,, 
MA C 

1,1 

.995 

1.2 1,3 1,4 

.942 .869 .988 

MAC' • Mu.Jnl /\,.urunce Crueriun. íl::wins. 1\ll\4) 

2, 1 

.837 

2,2 2.3 2,4 3.1 3,2 3,3 3,4 

.986 .892 .931 .783 .600 976 

The value of MAC describes the correlation between synlhesized and modal base vectors. lf lhe 
value MAC is near unity. then beller lhe correlalion o f lhe values. Thc MAC ownber can be defined as: 

(28) 

III 

'LMI\Cj(s.x) 

MAC = .!..j..:.:· '----
m 

Tenns with x in equation (28) rcprescnt vaJues from the original system and terms with p reprcsent 
synlhesi1.ed values. 

Discussion of Results and Conclusion 
Thc work proposcs a component modal synthesis procedure to be uscd in e.xperimental rnodelling. 

The simulation sbows iliat a good approximation to the system's eigcnbasc can he obtaioed through lhe 
synthesis process (tablc 4 to 7). 

The number of kept modes is within thc recomended (Duarte, 1994) least 70 %. for cach 
substructure. The modal ebnúnation criterion yields good resulLs as Lo the syothesis of the systcm's 
modal base. MAC values obtained using lhe cri terion are amongst Lhe besL possiblc combinatioo results. 
Such an infonnation can be compared to othcr comhination resullS in Table 8. Tbc modal eliminat.ion 
sclection criterion is but ao indicator nf cfficient synthesis possibility. Jt may not lead always to lhe 
synthesis with lhe smallest relalivc errnr amung ali the syothesiz.cd modcs. 

Further validation of lhe technique requires extensivc tcsts. including experimental measurements 
where lht: idenlilied modal base comes from lcss thao ideal system infonnation and is heavily 
contaminated by noise. Thc proposcd method is to be intcgrated with time domain modal base 
identificalion aJgorithms (Kurka and Bazán, 1992). 
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Abstract 
A pmw.-rfil/language named VI.Ca BB was de1•eloped lo automate ali the IIU'thotL~ traditimUILiy u.~l·d in meclumit:al 
desi11n 10 culculme tlte fatigue Jmnagt> raused h} c'imlplt>x loadill[l.' SN. 1/W (for welded structures land fJV to predict 
aack inirinrion. and daldN fi•r studying {Jiam• and 20 crack propa8ation based on Fracture Mechanics conceprs. 
con,idcring Iom/ sequence e.ffects. Ilhas a Jriendly !iraphical intl!iface mui runs in a Window.ç envirrmmenl. Among a 
number of ,çimi/ar !<•atures. c·an he highlighted: severa L illlt>lligem data hrmks. tw(l rain-jlow counters anda race­
trad jllwr. }?enerawrs of correc1ed histeresys loor1s mui 2/J crack fmnls. importation and adjustment of experimemal 
daw. un equalion inletpreier and 11 complete help file. whidr includes an online advanced course t!n jlllifilll'. 
Moreover, its damage mvdels introdtJCl' various nrm-tril·ia/ innoFations. and riu: imerfare languagl' t 'OJI be Fnglish 
or l'onuguese. 
Keywords: Fatixue. L~le Prediction. Complex Loading. 

Resumo 
Uma podem.w lirl}?uagem charmula VI.Ca ss.foi desenvol•·ida para uutommiurr todos os m étodos tradicionalmeme 
usados 1w prr~jeto mecânico à fadiga sob carregamento.ç complexos: SN, 1/W (para eslruturas soldada., I e E.:N para 
prever a iniciação da trinc:a, e daldN para esrudar a pt·opag<tÇÕQ d<1S trincas planas e 2U usando conceitos da 
Merânica da Frawra. ransideram/o OJ efeito.\· de seqiiéncia do carrexamento. Emre outras ferrtlmentas similares, 
toda., com uma interfare grc!fic:a amigá1:el que roda num ambiente Windows, destacam-se: vários bwwos de dado,r 
iml'ligentes. dois contadores rain~flow e wn .fillm rat:e-trar'k. geradnrn dr laços de histerese pfa.\'lo{Jiá:stim 
corrigidos e de fr.:nu:s de trint·as 20. imponaçtio e ajt~ste de dados e;;perimenlais. um interpretador de equct(Ões e 
um completo arqui•·o de ajuda. que inclui um curso a •·nnçodo em .fadiga. Além di.I'IO, .l't'tL~ modelo.r de dano 
immduzem diver.<t/S inova('àes núo·lriviais, e <lllÍtgua da imeJ.fan: pode s.-r português ou inglh. 
Palavras-Chal•es: Fadiga, Carregamento.< Cmnplexo.f. Previsiio de Vidu. 

Introdução 
Fadiga é o tipo de falha mecânica caracterizada pela geração e/ou propagação paulatina de uma 

trinca, causada primariamente pela aplicação repetida de can·egamcntos variáveis. Estes fenômenos são 
progressivos, cumulativos c localizados. 

A geração das lrincas geralmente ocorre a partir de entalhes, e depende p1imariarneute. da gama das 
tensões Llcr ou defonnaçôes ó.f locais, atuantes nos pontos mais solicitados da peça. Para efeito de 
dimensionamento, ó.cr e M . são quantificados num volume grande em relação aos parâmetros 
núcroestruturais do material (e.g .. o tamanho de grão em metais). Quando as solicitações cíclicas são 
pequenas (ó.cr macroscopica.meote e lástica), o fenômeno é muito influenciado pelos detalhes do 
material. do acabamento suped'icial. do gradiente das tensões c do estado de tensões residuais atuantes 
na raiz do entalhe. A resistência à iniciação de uma lrinca por fadiga tende a aumentar com a resistência 
à mprura 5 0 • com a melhoria do acaban1cnto superficial, com o aumento do gradiente de tensões e com 
a presença de tensões residuais compressivas. Estes detalhes são menos importantes quando as cargas 

1 
Atualmente no Mech Eng.Dept.. M.I.T 
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alternada~ são grandes, e a componente plá$tica de fl t:: mio é desprezível frente à elástica. Neste caso, é 
a ductil.idade do material o pri.ncipal parâmetro controlador da resistência à fadiga. 

Trincas gmnde.s (maiores que alguns tamanhos de grão) têm a s ua taxa de propagação por fadiga, 
da/dN. controlada primariamente pela gama do fator de intensidade de tensões ô.K. Entretanto. es1a taxa 
é muito influen..:iada por outros parâmetros (e.g .. pela microcstrutura e pelas cargas médias) quando t>K 
é baixo (próximo do li.miar de propagação t>K1h) ou alto (com Kmax próximo da tenacidade do material 
~·). 

Os métodos tradicionais de dimensionamento mecânico à iniciação de uma trinca por fadiga são o 
SN e o EN. Estruturas soldadas são em geral dimensionadas por uma variação do método SN. segundo 
procedimentos de institutos de soldagem como o IJW ou a A WS. Para quantificar a propagação das 
trincas usa-se normalmente o chamado método daldN. baseado e m conceitos da Mecânica da Fratura. 

Para automatizar as rotinas de projeto de todos estes métodos. foi desenvolvida uma poderosa 
linguagem chamada V1Da 8&. de Danômetro Visual, versão 98. Ela roda em ambiente Windows. possui 
uma interface gráfica intui tiva e amigável c é panicularmente útil para tratar o ca.~o de carregamentos 
complexos. considerando efei1os de seqUência entre os eventos do carregamento, tanto na iniciação 
wmo na propagação de trincas I D e 2D. De interesse para este trabalho são as diversas inovações que 
tivuam que ser desenvolvidas e implementadas nos vários métodos de dimcnsiouamento à fadiga, para 
que se pudesse garantir a confiabi lidadc e aumentar a velocidade dos cálculos. e as diversas melhorias 
cm relação às versões iniciais do programa. descritas em Meggiolaro e Castro 95 e 96. Dentre elas, 
dc1.t.acam-se: 

• a introdução do conceito da contagem rain.-llow ordenada; 
• a consideração do efeito de sobrecargas elasltlplásticas no m~todo SN; 
• uma série de corrcçõe.~ na metodologia EN tradicional. para garantir a previsão de laços de 

histere~e fis icamcme admissíveis nos entalhes; 
• modelos de propagação de trincas planas e 2D de velocidade e precisão ajustável , pela divisão 

do fator de intensidade de tensões em duas partes. carregamento e geometria. que podem ser 
atua(jzadas a taxas diferentes: 

• modelo~ para descrever efeitos de seqUência na propagat,:ão de trincas, como retardos após 
sobrecargas; 

• banco de dados inteligente com propriedades de materiais hi~rarguizadas (o prog:rruna r.ftima 
valores cverentes na ausência de propriedades medidas, reconhecendo-os como diferentes dos 
valure~ experimentais); 

• a forma das diversas telas gráficas. que usam informações visuais claras c notações tradicionais 
e intuitivas. para eliminar do processo de projeto qualquer programação. 

Filosofia da Linguagem 

O VIDe 8& inclui lodo~ os métodos do projeto tradiciOnal à fadiga (Anderson 95, Bannantinc ct ai. 
90. 13arson e Rolfc 87. Brock 88. Dowling 93, Fara.hmand 97. Fuchs c Stephens 80, Hertzberg 89, 
Juvinall 67. Rice 88. Sh.igley e Mischke 89, por exemplo). O seu objetivo primário é tomar o projeto à 
fadiga um processo equivalcme a editar um texto num processador moderno de alto nfvel (c é por isto 
que as ve7.es prefere-se chama-lo de linRtwgem e não de programa). Todos os métodos de projeto 
requerem informações em scas áreas complementares de igual importilncia (Fig. I): 

• Dimensões Geométricas (incluindo principalmente a dos entalhes e das trincas, caso 
presentes). 

• Car~as de Serviço (devem ~;er medidas não estimada~. pois influenciam diretamente as 
previsões). 

• Propriedades dos Material'> (também devem ser preferencialmente medidas. pela mesma 
razão). 

• Análise de Tensões tnos pontos críticos. para prever a iniciação das trincas). 
• Análise das Trincas (para prever a sua propagat,:ão). 
• AnáHse do Acúmulo de Dano (p.cx. modelo de Wõhler-Goodman-Miner no método SN). 
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Corrente do Projeto à Fadiga 
Opara otirnizar o projeto à fadiga, 
todos os elos devem ter precisão e 
confiabilidade similares: o pior 
deles controla a qualidade 
Oas iJúormações experimentais 
indispensáveis aos 3 primeiros não 
são supridas sofisticando-se (pela 
erudição acadêmica) os 3 últimos 
elos da corrente 
Opor outro lado, só modelos de 
cálculo que descrevam a física do 
problema de forma correta e 
apropriada podem gerar boas 
previsões de vida à fadiga! 

Fig. 1 A corrente do projeto à fadiga, e os diversos elos nos quais o processo pode ser dividido. 
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Note-se que a precisão das previsões é controlada pelo elo menos preciso desta corrente, logo não 
adianta sofisticar os modelos de análise de tensões. de trincas e de acúmulo de dano (que dependem de 
erudição acadêmica), se os outros elos (que dependem de informações experimentais) não forem 
igualmente bem conhecidos. A qualidade dos modelos de cálculo não substitui as informações 
experimentais indispensáveis nas aplil:açôes práticas. Por outro lado, deve-se também reconhecer que 
modelos de cálculos incorrctos simplesmente não geram previsões adequadas sobre a vida da peça, 
mesmo que se disponha de dados experimentais confiáveis sobre os três primeiros elos. 

Por isto. os objetivos deste programa foram especificados tanlO sob o ponto de vista do projetista 
mecânico quanto do pesquisador acadêmico, de forma a obter-se uma ferramenta precisa, atualizada e 
fácil de usar. visando: 

Apresentar uma interface gráfica clara. amigável e intuitiva. 
• Calcular correlamente o dano à fadiga por todos os métodos tradicionais de projeto, incluindo 

todas as sofisticações necessária.~ para maximizar a acurácia dos cálculos. 
• Dar ao usuário total controle sobre todas as opções de cálculo 
• Incluir um completo arquivo de ajuda com todas as infonnações necessárias sobre o 

funcionamento. desempenho numérico e embasamento teórico de todos os modelos de cálculo. 
• Minimizar o tempo de cálculo, usando opções de filtragem e algoritmos numéricos eficientes. 
• Incluir todos os bancos de dados necessários às rotinas de projeto. 
• Permitir a fácil expansibilidade de todos os bancos de dados. 
• Gerar relatórios gráficos e numéricos facilmente imprimíveis e exportáveis. 

Entrada de Dados 

A te.la de entrada do programa é ilustrada na Fig. 2. Sua aparência é a usual no ambiente Windows, 
e na sua parte superior apresenta cinco opçi'íes geradoras de menus. A opção Arq uivo serve para 
carregar ou ativa.r: 
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lwm n:suhodo~ de um dílculo rN'J 

Fig. 2 Tela principal do VDe se no modo de saída, com a planilha mostrando os resultados de um cálculo 
~N. Notar a complexidade dos carregamentos, os diversos modelos de cálculo disponíveis e o gráfico 
dos laços de histerese corrigidos. 

• as histórias do carregamento. 
• o cálculo de tensões cquivalentt:& ou de rosetas, 
• a filtragem do carregamento, 
• a contagem rain-j1ow. 
• o cadasu·o de propriedades de materiais, c 

• os cadastros dos fatores de concentração de tensão Kt. dos fatores de intensidade de tensão Kt. 
ou das equações de propagação de trincas. 

As carga~> podem ser especificadas em tensão ou em deformação, e o usuário pode escolher o S I ou 
o sistema inglês para as unidades. A história do carregamento pode ser dada (i) por sua seqüência 
ordenada de picos e vales. (ii) pela sequancia equivalente de cargas médias, alternadas e número de 
reversões (ou 1/2 ciclos ), ou (iii) por um histograma. A informação pode ser manualmente digitada ou 
importada de listas ordenada~ com extensão .csv, inclusive as geradas experimentalmente ou numa 
planilha tipo Excel. A ordem dos carregamentos seqüenciais é preservada. No caso das cargas médias e 
alternadas. é claro que a amplitude <1a ou e-3 tem que ser um número positivo, enquanto que a média crm 
ou Em pode ser comprcssiva ou trativa. já que nos cálculos são reconhecidas as diferenças entre seus 
efeitos na vida à fadiga. 

Há opções de filtragem do carregamento em amplitude segundo um patamar ajustável. seguindo a 
idéia do método rar:e-trw:k (Nelson e Fuchs 77). e de contagem de ciclos. segundo os métodos rainjlow 
tradicional (Dowling 93, p.ex.) e seqüenciado. explicado abaixo. Pant que se possa visualizar a história 
do carregamento, o programa desenha a seqüência dos picos e vales, e também os carregamentos 
filtrados. 

A filtragem cm amplitude é muito útil para diminuir o esforço computacional nos cálculos de dano 
à fadiga, mas deve ser usada com cuidado porque despreza carregamentos, o que é um procedimento 
intrinsecamente não conservativo. Uma boa regra é limitar o patamar de corte ao valor do limite de 
fadiga na carga média em questão, já que solicitações menores que este valor não causam dano à peça 
(Castro et ai. 94). 

Para evitar que a contagem rain-jlow seja liatada como qualquer estatística. perdendo as 
informações de seqUência, há lambém a opção de ordena-la mantendo a localização de seus picos, uma 
nov;s idéia explicada na Fig. 3. A contagem rain~flow seqtienciada contabiliza o efeito dos 
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carregamentos no momento em que eles ocorrem (e não antes de sua ocorrência, como no método 
tradicional). sem acrescentar qualquer dificuldade de monta ao algoritmo de contagem. 
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Fig. 3 Contagem raln·flow seqüenclal. Notar que, ao contrário da contagem tradicional, este método não 
antecipa os carregamentos, minimizando assim os efeitos de seqüéncia. Notar também que, como 
o VIDa as permite a escolha da lingua da interface, esta tela está em Inglês. 

Todos os cadastros são facilmente e-ditáveis c expansíveis. Os cadastros de K1• K1 e de curvas da/dN 
podem ser editados através de um interpretador de fórmul as matemáticas com sintaxe padrão Basic, 
sendo fácil amplia-los, por exemplo, com infonnações contidas nas referências tradicionais (Pctcrson 
74, llardy e Malik 92 ou Tada et ai. RS). 

É na opção Arqui1•o que também se escolhe qual o material da peça. O programa fornece um banco 
de dados inteligente e hierarquizado (que já conta com propriedades de centenas de materiais 
diferentes), o qual pode ser facilmente expandido sem limi tes de armazenamento. Com este banco de 
dados pode-se: 

• Selecionar materiais ordenando-os por uma ou mais propriedades (e.g., pode-se listar os 
materiais com resistência ao escoamento S, entre 500 e 700MPa ! tenacidade Kc maior que 
LOOMPav'm). 

• Gerar os gráficos SN. fN, da/dN vs. 6K. c O'E real (monotônico c cíclico). com zoom e eixos 
ajustáveis (basta clicar sobre os gráficos para expandi-los, e pode-se imprimi-los diretamente). 

• Ajustar tabelas de pontos experimentais, com geração dos gráficos e cálculo das propriedades 
correspondentes. 

• Completar as tabelas de propriedades, estimando as não fornecidas (os números estimados 
aparecem em vermelho. para diferencia-los dos valores medidos). As regras usadas nesta 
estimativa podem ser modificadas pelo usuário. 

• Ajus tar manualmente qualq1rer das propriedades. para verificar sua influência nos cálculos. 
• Remeter as propriedades para os modelos de cálculo. 
A opção seguinte da tela inicial do programa chama-se Vida, e é sua parte mais importante, pois 

inclui todas as metodologias tradicionais de projeto à fadiga, em toda a sua complexidade. Estes 
métodos são: 
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Método SN 

O método SN corrclacwna o u·incamcnto por fadiga de qualquer peça complexa com o de pequenos 
corpos de prova (CP), que tenham a mesma resistência que o ponto crítico da peça (em geral a raiz de 
um entalhe). e que sejam submetidos à mesma história de tensões Ao que o solicita em serviço. Desta 
fonna, a rotina de projeto é: 

1. A v aliar a resistência à fadiga do ponto crílic.o da peo;~a 
2. Calcular a história de tensões nele induzida pelo carregamento real. 
3. Quantificar o dano acumulado pelos diversos eventos do carregamento. 
Este método só deve ser aplicado aos t.cr macroscopicamcntc elásticos, logo às longas vidas de 

iniciação (ao conrrário do l::N, o SN não considera de forma explicita os efeitos elastoplásticos cíclicos 
eventualmeme presentes nas raízes dos eutaU1cs e, como aquele, não reconhece a presença de trincas). 
Entretanto. o SN é computacionahnente muito mais rápido que o f.N, conta com um vasto banco de 
dados e muita experiência acumulada. e pode ser usado contiavelmente talvez na maioria dos casos 
práti~·os de dimensionamento mecânico. 

No VIDa as o cálculo do número de ciclos necessários para iniciação de uma trinca segundo o 
método SN segue as idéias consagradas pelo uso em projeto mecânico, e inclui algumas melhorias não­
usuais interessantes. como o reconhecimento do efeito das tensões residuais causadas por sobrecargas 
clastoplásticas, confom1e explicado abaixo. A tela deste método está ilustrada na Fig. 4. 

Gráfico 1: Curva SN. incluindo 
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nwuilicac;ito da H~,;,.··;.::..:;:;..::'=:--­
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Fig. 4 Tela SN do VIDa 98, mostrando as principais opções de cálculo disponlveis. 

Notar o gráfico dos diversos diagramas SaSm, e a opção de cálculo dos efeitos elastoplásticos 
causados por sobrecargas. 

Como a histótia do~ carregamentos disponível pode incluir ou não o efeito dos entalhes (neste caso 
os carregamentos são chamados nonúnais). há um banco de dados com fatores de concentração de 
tensões K1 para diversas geometrias (Fig. 5). que o usuário pode expandir usando o interprelador de 
equações do programa. O valor de K1 pode ser modificado pela sensibilidade ao entalhe q e 
transfom1ado em Kr "' I + q(K 1-I ), para multiplicar os carregamentos nominais e calcular as tensões 
causadoms do trincamcnto por fadiga VI também é calculável pelo programa, em função da resistência à 
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ruptura do material e do raio do entalhe). Pode-se optar por aplicar ou não o efeito da concentração de 
tensões sobre a componente média do carregamento. 

Para prever a resistência da peça à fadiga, primeiro a curva de Wohler padrão do material (estimada 
pelo programa, caso não haja um conjunto de resultados experimentais confiáveis) é modificada pelos 
fatores de acabamento superficial, tamanho, forma de carregamento, et<: .. cantcterhticos do ponto mais 
solicitado da peça, seguindo especificamente as equações propostas por Shigley (89). Todos os fatore$ 
são calculados automaticamente. mas podem ser moditlcados pelo usuário, que também pode 
desconsiderar o limite de fadiga Se para os at;os, mantendo ou modificando a inclinação da cw·va SN a 
parlir de uma vida de referência. 

Gráficos do 
Kr da peça 
escolhida :~11BH311 

I. O O 03 06 ~~ ll IS 18 Z I 2~ 21 3 

I W/d=l os 

/ w/d•ll 

I wtd•1 2 

/ wM=I S 

Kt. q e Kf calculados para 
o tipo e as dimensões de 

escolhido~ 
Tela de Cálculo dos Kt 

Fig. 5 Tela de cálculo dos fatores de concentração de tensões Kt de entalhes tipicos. 

O efeito das cargas médias é quantificado por diversas regras ou "diagramas SaSm" (que são o lugar 
geométrico das combinações <ia<im que causam o mesmo dano à fadiga), como Goodman, Gerber. 
Soderberg e elíptica (da qual as outras três são casos particulares): 

(1) 

O usuário pode especifi t:ar os parâmetros da regra elíptica, definindo a resistência à carga média S 111 

e os expoentes r e s (Castro 79). A resistência à carga alternada S11(N) é calculada di.retamente da curva 
de Wi:ihler da peça, se Sa > Se: Sa = (c 1 ,v l' . A parte correspondente à carga média compressi va pode 
ser considerada de duas fom1as nos diversos diagramas SaSm: ou desprezando seu efeito (fazendo crm = 
O quando <im for negativo), ou usando uma percentagem ajustável da inclinação da curva de Goodman, 
par-a quantificar seu benefício. 

O dano à fadiga d é definido pela razão entre os mímeros de ciclos aplicado, n. e o que causaria 
falha, N: d = n!N. No caso de carregamentos complexos, o i-ésimo 112 ciclo (contado pelo método rain­
flmv) pode ter componentes alternadas e médias ou· .o m· , e o dano causado por este evento é di = l/2Nj. 

I I 
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(Nj é a v1da à fadiga que a peça teria sob um carregamento simp le~,, onde estas componentes não 
variassem). Para calcular dj. o programa calcula primeiro a tensão totalmente alternada o lli equivalente 
ao carregamento o-u; .um; por cada uma das regra~ SaSm. e depois a vida Ni correspondente. usando 
Wohlcr: 

c <o:,./' 
N; =---~ d; =--'-

(o' )h 2 c 
Oj. 

(2) 

O dano é acumulado a cada evento do carregamentn, e falha é definida pelo seu somatório: l:d;"'a.. 
onde Cl é espccificável pt:lo usuário. 

Além destas rotinas de cálculo. que podem ser cbamadas de tradicionai:,, o programa inclui uma 
opção não-usual nn método SN: a consideração das tensões n:siduais devidas a gradientes de 
deformação pl:istica. causados por sobrecargas esporádicas superpost.as a um carregamento de outra 
forma e lástico, aproveitando a infonnação da ordem dos carregamentos. Ao reconhecer algum evento 
que provoque tensões maiores que a resistê nc ia ao escoamento Sy (localmente na raiz do entalhe), o 
prog rama pode aplicar apena~ neste 1/2 c iclo a metodologia EN (detalhada mais abaixo) para calcular a 
tensão residual resultante do des<.:arn:gamento desta sobrecarga, e passar a som:i-la à componente média 
dos ciclos subscqüentcs. 

A grande vantagem desta opção é acumular o dano reconhecendo o principal e feito de seqüência do 
carregamento, el iminando assim (pelo menos parcialmente) a principal desvantagem da regra de Miuer. 
Também não se perde muito da vantagem computacional. pois o método SN é aplicado a todos os ciclos 
elá.~ti cos do carregamento antes e após a sobrecarga. 

A safda numérica é na forma de uma plrutilha que inclui o dano por evento, segundo cada uma das 
regras SaSm. o dano acumulado e a vida residual prevista. Além disto, o programa gera gráficos de dano 
versus evento para cada uma das curvas SaSm. e também desenha os laços de histerese e lastoplástica 
correspondentes aos eventos de sobrecarga. quando esta opção é especificada. 

A função de cada um dos botões da diversas telas do programa é descrita num completo arquivo de 
ajuda, e todos o.~ detalhes dos vários modelos de cálculo são explicados nurn curso avançado de fadiga 
incluído no manual visual do programa. Por fim. os usuários menos experientes podem optar por usar a 
versão simplificada do método SN, onde o dano é calculado sem que seja necessário especificar as 
várias opções de modelagem discutidas acima. 

Projeto de Estruturas Soldadas 
O projeto à fadiga de estruturas soldadas é um sub-conjunto do método SN particularmente simples. 

e baseia-1>e em testes feitos e m estruturas e não cm pequenos CPs soldados (devido principalmente às 
tensões residuais de soldagem e às características geométricas dos filetes mais longos. como tamanho e 
distribuição dos poros e inclusões). 

A metodologia normalizada por órgãos como o llW - lntemational lnstitutc of Welding, a A WS • 
American Wclding Society. etc., é baseada em apenas duas premissas simples, assumindo que a 
resistência de uma jw1ta estrutural soldada (executada segundo padrões de controle de qualidade 
industriais em aço estrutural ao C ou C-Mn) depende apenas de dois fatores (Moura Branco et al., 87): 

• da geometria ou do tipo da junta, que é classificada em djversas dasses wmo as ilustradas na 
fig. 6 (que são as normalizadas pelo IIW); c 

• da gruna do carregamento nominal too. 
Note-se que es ta metodologia tem duas diferenças importantes em relação ao método SN, pois ela 

não depende: 
• do material de base (pard as normas não importa, do ponto de vista de resistência à fadiga. se a 

chapa ~oldada é de aço A36 ou de SAR-60, mesmo que o Sv deste seja mais que o dobro 
daquele), c 

• da carga média aplicada na estrutura. 
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Descrição 
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selecíonada 

Tela das Classes de Juntas Soldadas 
Fig. 6 Tela do cálculo da vida à fadiga de juntas soldadas, segundo o método do IIW. 
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Os diversos detalhes de soldagem são divididos em classes de resistência cuja notação varia entre as 
diversas organizações nonnalizadoras. No IIW esLas classes são denominadas pelo valor da gama de 
tensões óa em MPa que o detalhe de soldagem pode suportar com uma vida mínima à fadiga de 2·106 

ciclos. dentro de uma confiabilidade de 95%. 
O VJee as reconhece todas as classes de juntas normalizadas pelo nw, e permite que o usuário 

escolha entre as diversas opções da norma (como o expoente da curva de Wohler 3.0 ou 3.5, e a 
existência ou não de um limite de. fadiga em 5106 ciclos). Do ponto de vista compulacional, o pr(~jeto à 
fadiga de estruturas soldadas é bem mais simples que o SN tradicional, pois não é necessário calcular a 
tensão a a; equivalente à combinação 1 o a; .<1,,. , do i-és imo carregamento aplicado à peça. A 
insensibilidade à carga média arn; também facilita muito a identificação do patamar de filtragem de 
amplitude mais adequado ao problema. Uma interessante aplicação prática desta simplificação é 
discutida em Castro et ai. (94), onde se estuda um caso real de pre-..isão da vida residual de reparos 
soldados em pontes rolantes. 

Vale a pena comentar esta aparente insensibilidade das estruturas soldadas à carga média, o que a 
primeira vista parece um contra-senso, já que as tensões residuais de soldagem são tão altas que 
freqücntemente ultrapassam as resistências ao escoamento ranto do material de base quanto do 
depositado. Mas, exatacnente por isto. a superposição do carregamenlO extemo às já muito altas tensões 
residuais só pode induzir uma pequena variação das cargas médias atuantes nos cordões de solda. Na 
realidade. o efeito das grandes tensões residuais reflete-se na baixa resistência à fadiga intr1nseca das 
juntas soldadas: os piores detalhes · os da classe 45 · só toleram uma an1plitude de carregamento que é 
cerca de 5% da resistência à ruptura dos aços meno.l' resistentes. enquanto que os melhores- as juntas de 
topo esmerilhadas da classe I 25 · tem uma resistência à fadiga só 2.8 vezes maior do que isto. 

Método eN: 

O método eN correlaciona o trinca111ento por fadiga de qualquer peça com o de pequenos CPs, que 
sejam submetidos à mesma história de deformações t.c e que tenham a mesma resi.l'tência que o ponto 
crítico da peça. Eventos elastoplásticos induzidos pelo carregamento no ponto crítico são quantificados. 
Desta fonna. a rotina de projeto, similar à do método SN. é: 
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I. Avaliar a resistência à fadiga do ponto crítico da peça. 
2. Calcular a história de deformações nele induzida pelo carregamento real. 
3. Quantificar o dano acumulado pelos divcr::-os eventos do carregamento. 
Como no caso do método SN. o EN La.Olbém só se aplica ao dimensionamcnln à fadiga de peças não 

trincadas mas. por quantiticar explicitamente a.~ deformações plásticas c íclicas macroscópicas, pode ser 
usado para prever qualquer vida (o EN tem que ~er usado em vez. do SN quando o problema for o 
dimensionamento à fadiga oligocíclica ou de baixa ciclagem, isto é, q uando a gama das deformações 
plásticas D.Ep atuantes na raiz do enta lhe for da mesma ordem ou maior que as dásticas ófe. mas este 
método também pode ser usado para o dimensionamento às vidas longas). Esta modt:lagem requer 
quntro tipos de informação: 

• uma relação D.cr &. para descrever o laço de histerese elastoplástica na raiz do entalhe, 
• uma regra de concentração de deformações (como a de Neuber ou a Linear), para correlacionar 

as tensões nominais D.cr11 aplicadas sobre a peça com as deformações ó€ por e las induzidas na 
raiz do enLalhe. 

• uma relação entre a gama ue deformações D.E c a vida à fadi ga N. como a regra de Coffin· 
Manson, e 

• uma regra de aeúmuJo de dano. como a regra de Miner. 
A tela de entrada do método EN é mostrada na Fig. 7. 
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Fig. 7 Tela f.N do vtD • aa, mostrando as diversas opções de cálculo disponíveis. Notar os botões de 
correção dos laços e de contagem rain-flow das deformações calculadas, propostas que são 
discutidas no texto e que são Indispensáveis para que se possa obter previsões fisicamente 
corretas. 

Este é um método modemo. corroborado por instituições tradicionais como a SAE (R ice ll8), mas 
que tem certas idiossincrasias relativnmente pouco conhecidas, e que devem ser respeitadas sob pena de 
graves insucessos. Por isto foi necessário desenvolver uma série uc procedimentos al ternativos para que 
o vto. ea efetuassc adequadamente os cáJculos EN, conforme resumido a seguir. 

A metodologia EN clássica trdbalha com tensões e deformações reais. usa relações <H Lipo 
Ramberg-Osgood e considera o amolecimento ou endurecimento dc.:lico do material, mas não o seu 
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uansieme a parttr do comportamento monotônico, assumindo uma equação única para o laço de 
hi:>terese expressa por: 

(3) 

onde E é o módulo de Young, enquanto K' e n' são o coeficiente e o expoente de encmamento da curva 
<H' cfclica estabi lizada. No caso onde as tensões nominais sejam elá:>tica~. pode-se escrever a regra de 
conccnlfação de defonna\=Ões de Neubcr como: 

, tla · Lle ·E 
K· ----=--

' - L1a2 
n 

(4) 

onde ó.cr c ór são as gamas de tensão e defonnaçãn atuantes na raiz. do entalhe, c ôan a tensão nominal 
atuante (em relação à qual é defuúdo o valor de Ktl· A relação entre a amplitude das deformações 
atuantes na rat7 do entalhe e a vida à fadi ga é geralmente dada pela regra de Coftin-Manson, expressa 
por: 

Llt' aj ( V> , ... 
-=- 2N1 +er(2NJ 

2 E · 
(5) 

onde cr't , €'f. b e c são constantes do material. 
Há vasto suporte experimental para justificar o uso das simplificações do método €N no caso do 

dimensionamento à fadiga sob carregame ntos simples. mas em geral a literatura não reconhece 
explicitamente a fundamental importância do estado inicial da peça e da ordem do carregamento no 
caso de carregamentos complexos. 

A fom1a tradicional de se projetar pelo método EN nestes casos tem sido calcular o dano di 
provocado pe la& lli reversões do i-ésimo carregamento nominal .1a, (contadas pelo método rain-flow. 
como se os diversos ciclos do carregamento fossem independentés), e usar a regra de Miner para 
acumular o dano di= ni/2Nj. sendo Ni o número de ciclos que a pe.,;a duraria se ~omente o carregamento 
::J(rn; estivesse aturu1do. Para carreg;amentos nominais elásticos, este método tradicíonal pode ~er 

res umido por: 

(i)Oado o i-ésimo evento do carregamento ~cr0 . • calcula-se a tensão ó.cri induzida na raiz do 
I 

entalhe: 

(6) 

(ii) t\ seguir calcula-se a deformação Â€i causada por Aai, e os correspondentes Ni e di: 

Ll (.1 )/ln' 2a' ~+2 · ~ =Lle =-1-('lN VJ +2e1' . (2N · "~< ~d E 2 K' I E I J I I I 

n; 
(7) 

2N; 

Estas equações não são inversfveis. logo o uso do método tN é computacionalmente trabalhoso, o 
que explica (mas não justifica) a pouca divulgação dos problemas que o seu uso não criterioso pode 
acarretar: 

A aplicação destas equações à contagem rain-now do carregamento não gera 
previsões de laços de histerese fisicament·e admissfveis! 



677 J . of the Braz. Soe. Mechanicat Sclences • Vol. 20, December 1998 

De fato, para garanur a qualidade das previsões é indispensável assegurar primeiro que o modelo de 
cálculo reproduza os laços de hi~t ercse que atuam na raiz do cntallie, para só cotão calcular o dano por 
eles provocado. Como os incrementos de defomlação plástica são dependentes da história. mesmo que 
a peçn seja virgem, que o estado de tensôes e deformações residuais seja zero, c que se possa desprezar 
o~ Lransientes de amolecimento ou endurecimento cfclico, ainda assim é necessário distinguir enLre o 
primeiro 1/2 ciciÇl_do carregamento e os subseqUentes. O primeiro l/2 ciclo segue a relação ae cfclica 
e= alE+ (a/K') 1

'" e não as equações do laço: 

(8) 

(9) 

Mas este cuidado indispensável ainda não é suficiente. Como ilustrado na Fig. 8. 6 também 
necessário garantir que todos ()~eventos subseqUentes não ultrapassem (i) a curva a e cfclica, ocm (ii) o 
envollório dos laços de histerese. Para isto, deve-se verificar se e quando as deformações previstas pela 
equação do laço de histerese para cada evento Llan, cruz3fll a curva a·e cíclica ou um laço previamente 
induzido na raiz. do entalhe. No caso de cruzamento. deve-se Lrocar a equação do i-ésimo laço a partir 
da intt:r).cção. e passar a seguir a curva a E (uu a do laço anterior de maior amplitude) att': o fim do 
carregamento 1l11 n; . 

Picos e Vales de Deformação 
5000-r--------------- -

Fig. 8a Carregamento imposto sobre um CP de tração de aço 1020. 
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Laços de Histerese- S (MPa) x e (e) 

Fig. 8b Laços previstos pelo método tN tradicional. 
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Laços de Histerese - S (JvfPa) x e (e) 

Fig. 8c Laços obtidos após Incluir nos cálculos as corrações necessárias. 

Este passo é complicado, mas é absolutamente indispensável sob pena de gerar p revi~ões (i) 
fisicamente inadmissfveis. !t (ii) possivelmente não conservacivas. De fato, conforme mostrado na Fig. 
8, só se efetuando a troca das equações chega-se ao óe; correto. que pode ser maior do que aquele que 
seria previsto pela equação do laço. 

Para garantir a precisão dos cálculos, no programa seguem-se todos os procedimentos discutidos 
acima. além de uma série de outros igualmente importantes que, por limitações de espaço, são 
detalhados nwn trabalho complementar especflico (Castro c Meggiolaro 98). Além disto o progran1a: 

• desenha a curva EN. plota sobre ela a curva SN tradicional, e permite que se force a componente 
elástica da deformação a atingir a curva SN no limi te, 

• permite que se troque a regra de Ncuber pela regra linear de concentração de deformações. 
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• desenha os laços de histerese devidamente corn'gidos (e também os previstos pelo método 
tradicional), 

• calcula a vida à fadiga não só por Cofflli-Manson e pelo método das inclinações universais de 
Manson. que não consideram a carga média. como também wnsidera os efeitos da componente 
média do carregamento pelas regras de Morrow, Morrow modificada e Sm.ith-Toppcr-Watson. 

• gera gráJicos de dano versus evento para cada um dos modelos de cálculo. 
Como no ca~o SN. também há uma versão simplificada do método eN para os usuários menos 

experientes. E. da mesma forma. a função de cada um dos botões da tela deste método, bem como o 
embasamento teórico de todas as opções de cálculo. são detalhadamente descritos nos arquivos de ajuda 
do programa. 

Método da/dN: 

Este método assume que: 
• A trinca é o ponto critico da peça. c pode ser modelada pelos conceitos tradicionais da 

Mecànica da Fratura. 
• A taXa de propagação de trincas da/dN (c tan1bém dc/dN. no caso das trincas 20) depende 

primariamente da faixa ou gama de variação do fator de intensidade de tensões f:.K . 
A tela usada no cálculo do crescimento de trincas 20 por fadiga é mostrada na Fig. 9. A tela do 

crescimento I D é simi lar. Trint:as 2D são trincas internas, superficiais ou de canto yue se propagam em 
duas direções, digamos :1 c c. mudando de forma a cada ciclo do carregamento. Desta forma, es tas 
trincas têm duas taxas de propagação diferente~ mas acopladas (isto é. da/dN e dc/dN dependem de a e 
de c ). 

Valor ele K, . 
de ôK,. e das 
constames das 

nm a equação 
de propag~çãu 

de trincas 

Tabela da~ 

sem i-elíptica. 
ou interna 

'I amnnhn~ tníc tais e finais lia Curvas da/dN de Pari~. de Elber c de wna ll'n:eíra 
equação espccilicada, usando os valores nuonc:>ri<.:m 

lislados na !~bela de variávets 

Nome da 
tcn:ctm 

equação tla/dK 

Considera efeito, de re1ardo na prupagaçiiu de uinc:1 
(Wheelcr para com gtr dnldN ou Whe.eln Modificado 

Especifica o u~o dn modelo 
l!.Krms para os c.ilcu lo~. e 

Tela 
daldN 2D tiK 'ii(l do cálculo numérico 

Fig. 9 Tela da propagação de trincas 20. Notar (I) os vários tipos de trincas; (li) as opções de cáfculo 
t.Knns e seqOenclal (no texto chamado de modelo ccc), esta incluindo os efeitos de retardo; (III) o 
editor de equações; (iv) as diversas opções dos gráficos de saída; e (v) o gráfico das curvas 
da/dN, que é alterado quando se mudam as constantes da tabela de variáveis, permit indo assim 
um fác il ajuste visual das diversas equações. 
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O méLOdo da/dN teve início quando Paris demonstrou convincentemente que é a gama do futor de 
intensidade de tensões 6 K e não a da tensão 6cr o parâmetro que controla a propagação das trincas por 
fadiga. e propôs a famosa regra da/dN = A·6Km. onde A em são constantes que dependem do material. 
Entretanto. a~ curvas da/dN vs. 6K típicas não são parabólicas, mas têm uma fonna sigmoidal 
c.:aracterfstica em log-log, com três fases bem distintas: a fase I, com um limiar de propagação 6Kth e 
derivada decre.~cente, a fase li, de derivada constante, e a fase IJ(, de derivada crescente até a fratura. 
que ocorre quando Krnnx = Kc. A regra de Paris só descreve bem a fase 11, e pode gerar erros 
significativos nas previsões de vida. pois (i) não reconhece os efeito~ da carga média, de 6Kth nem de 
Kc na taxa da/dN, (ü) ~ muito con~ervativa em pequenos 6K. c (iii) é não-conscrvativa em altos 6K e 
em altas cargas médias. Além disto, a maior parte da vida pode .ter consumida ou para propagar 
trincas pequenas, ou após sobrecargas que retardem a trinca. reduzindo os valores de 6K até a ordem 
de .ó.Kth. 

Por isto. nos cálculos mais precisos. é neces~ário u1-ar regras mais completas que a de Paris. Dentre 
estas, a mais simples é " de Elber. daldN : A·(6K-6Kth)m, que modela as fases I e ll, mas não 
reconhece os efei tos da carga média (o progmma ajus.ta dados experimentais de propagação de trincas 
por Paris e por Elber. usando-se mínimos quadrados). Inúmeras outras regras foram e podem ser 
propostas para descrever mais precisamente n curva da/dN vs. 6K. como detalhado num trabalho 
complementar (Castro c Meggiolaro, 97a). Muitas delas estão incluídas num banco de dados, que pode 
!;Cr expandido através do interpretador de equações. Uma facilidade particularmente útil é o gráfico de 
propagação mostrado na Fig. 9. no qual se plota. além de Paris e Elber, qualquer regra de propagação 
escolhida pelo usuário (para ~e expandi.r o gráfico. basta clicar sobre ele). Desta forma se tem uma 
informação visual imediata sobre a concordância entre as diversas regras (o que permite um rápido 
ajuste de suas constantes). c pode-se facilmente estudar a sensibilidade das previsões de vida à fadiga 
aos diversos modelos de propagação. 

Pode-se calcular o crescimcmo da trinca correspondente a um dado carregamento especificado 
ltensão .ó.cri atuando durame Di ciclos). ou especificar as dimensões inic1ais e finais da uinca. caso se 
queira calcular a vida correspondente. Em todos os ca~os. o programa auwmaticamcntc pára os cálculos 
c indica o instante da ocorrência se durante o carregamt:nto acontecer {i) fratura por Knux = Kç. ou (ii) a 
trinca alingir o tamanho máximo especificado para a trinca final, ou (iii) a peça atingir a resistência à 
ruptura no ligamento residual, ou (i v) da!dN igualar J nun/cidn ou o CTOD por ciclo, ou (v) no caso 
das trincas 2D, quando uma das fronteiJas da peça é atingida pela frente da trinca. Desta fonna. pode-se 
usar os valores calculados com a garantia de que o limite de validade dos modelo~ matemáticos nunca é 
excedido. Além disto, o progr.lma avisa quando atingir o escoamento do ligamento residual antes que o 
valor especificado para nj ou para o tamanho máximo da uinca seja atingido. 

No caso das trincas 2D. o programa pode desenhar as frentes de trinca a cada evento especificado 
pelo usuário. para que se possa acompanhar as mudanças de geometria que ocorrem durante a sua 
propagação. E também pode plotar gráficos que env~1lvam qualquer das variáveis calculadas, como 
variação da forma de trinca ale, K1(a). K1(c), etc., paro que se possa estudar todas as nuâncias do 
comportamento daquelas trincas, que eenamente não é nem simples nem intuitivo. A Figura lO ilustra o 
crescimento de uma uinca superficial semi-elfptica. mostrando claramente a mudança de forma 
observada durante a propagação de trincas 2D. Como todos os gráficos gerados pelo programa são 
facilmente plot:íveis, esta é uma poderosa ft:rramenta para visuali7.ar e ilustrar o,, problemas de fadiga. 

Hall 
Fig. 10a Previsão do crescimento de uma trinca superficial seml-elíptica, mostrando a mudança da 

forma da frente da trinca, uma característica do problema 20. 
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Fig. 10b Trinca superficial mostrando mudanças de forma como as simuladas acima (Broek 89). 

Prever o crescimento de trincas sob carregamentos de amphtudc wnst.antc usando regras mais 
completas do que a de Paris é uma tarefa (conceilualmenlej trivial. No caso geral, a regra de propagação 
pode depender de ~K. de ~Kth, de Kc. da carga média (em geral dada por R = Kmin/Kmax). e de outros 
parâmetros: d:VdN = F(~K. ~Kth, Kc. R .... ). Para calcular o número de ciclos que a trinca leva para 
crescer de um comprimento init.:ial a.J até um linal af, pode-se usar qualquer algoritmo de integração 
numérica. como Simpson. e.g., para obter: 

( 10) 

Mas o problema do crescimento de lrincas sob carregamentos complexos não é nada trivial. Mesmo 
quando se desprezam os efeitos da interação entre os ciclos. como ret.ardos na taxa de propagação 
indut.idos por sobrecargas, implementar um algoritmo numericamente eficiente exige cuidados não 
despra.fvcis. No VIDa aa foram implementados dois métodos para tratar este problema: os métodos do 
crescimento rido a ciclo (ccc) e da carga de amplitude constante equivalente (~Krms). Barson e Rolfc 
(87). Este é o mais simples, e substitui o carregamento complexo por um outro de amplitude ~Onns 
constante equivalente. no sentido de causar o mesmo crescimento da lrint:a. O algoritmo de Hudson 
(8 1) 

LlK =(cr - cr · >&·!ta) 
"''" m(Urm.f lnlffrms 

q 
(j . = 

NJinniJ,\ q 

( II ) 

O' · R = mm,.m.v 

nu~ (J miUrm" 
(12) 

pemlite que o carrcgamcmo complexo seja tratado como se fosse de amplitude constante (e igual a 
~On:ns). Este procedimento foi generaliLUdo parn o casn das trincas 20, seguindo as mesmas idéias 
det.alhadas acima. Como 6J<..m, se comporta como uma carga simples. o número de ciclos N que a trinca 
leva para crescer do comprimento inicial ao até o final ar é dado por: 

N = J"f da =J:/ _:!!..._ 
"0 F( LlK ,111,. Rnn.v •LlKtJ, . K, ..... ) "0 F( a) 

(13) 
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Na prática, um carregamento complexo é dado por uma se4üêndu de picos e vales { O",, •. w Om101 }. ou 
pela seqüência equivalente { 0 11 • atru. n, }. Para se usar o método ÃKrm~ deve-se primeiro zerar osrr,uu· e 
o111111 < O. para depois calcular L\arm~· Rrms Entretanto, há uma 'érie de detaJhes que tornam o Jso 
desté modelo menos simples do que aparentam as equações acima. Deve-se notar que: 

• O método L\Krms deveria ser chamado de L\O"rms. pois ele nao contabiliza o crescimento da 

trinca em L\Krms· 

• L\Orrn~ não é o vaJor médio quadrático de o (se o vaJor rms de a fosse usado. cargas de 

amplitude constante não convergiriam para L\Orm~= L\o, e se os picos e vales negalivos não 
fossem z.erados. cargas com 0 01= O não causariam crescimento da trinca). 

• O valor L\K11,., de um carregamento comple11o é similar mas não idêntico a um carregamento 
simples pois, como toda estatística, llK,., não reconhece ordem temporal, e não pode perceber 
problemas como (i) fratura súbita (basta que num único evento o vaJor de K, ... ,= Kc). (ii) 
qualquer cfci10 de intcração entre os ciclos do carregamento (como retardas induzidos por 
sobrecargas) 

• Não se pode garantir a inatividadc da trinca se .6Knns(<lo) < L\K1h( Rnns) 
Estes problemas acentuam-se na implementação do modelo de crescimento 20. Os detalhes estão 

discutidos em trabalhos complementares (Castro c Meggiolaro, 97b e Castro et aJ., 98). 
O método ccc quantifica o crescimento da trinca a cada ciclo do carregamento, e é, de~ta forma, 

conceitualmente similar ao acúmulo de dano usado na modelagem da geração das trincas pvr fadiga. 
Como no caso L\K0115, a parte negativa dos carregamentus é desconsiderada, já que a trinca não cresce 
enquanto fechada. Desprezando efeitos de interação entre os diversos eventos de um carregamento 
comple11o. é fácil escrever uma expressão geraJ para o crescimento da trinca a cada ciclo. segundo 
qualquer regra de propagação. Sendo da/dN = F(L\K , R. L\Kth· Kc ... ). ent.'io no i-ésimo 112 ciclo ÕCJi a 
trinca cresce de Ôai dado por: 

(14) 

As trincas 2D também podem crescer na profundidade e na largura, e tanto L\K(a,) quanto .1K(ci) 
dependem de ai e de Ci ao mesmo tempo. Logo. o crescimento ôa, c &:, nas dua~ direções é acoplado. 
Ver os trabalhos complementares já citados acima para detalhes. 

Para se efetuar o cálculo do crescimento ciclo a ciclo de um carregamento comple11o, deve-se 
reconhecer primeiro todos os eventos do carregamento. Mas para isto é particularmente importante 
utilizar a contagem rain-flow seqüenciada, wmo indicado na Fig. 3. pois os efeitos de ordem do 
carregan1ento na propagação das trincas !tão de duas namrezas disúntas: 

• os de retardo no crescimento subscqüeme da trinca (efeitos prolong:ldo!>), e que podem ser 
causados, e.g., por alteração do fechamento tipo Elber ou por bifurcações da ponta da trinca 

• os relacionados com eventos de fratura, que são ínstantâm:ns c dependem da relação entre a 

tenacidade à fratura do material Kç e K m<L< = a ,.11.., . r;;:/( a, ) em cada evento. , ,v'w, 
Estes últimos são muito mais dmmáticos. pois significam a quehra da peça e tem que ser pn::vistos 

com cxatidão. A modificação introdUL.ida na contagem rain-flow (que na sua versão original amecipa os 
grandes picos do carregamento cru relação ao momento de sua oc01Tência) evita que o programa não 
reconheça um evento de quebra quando os picos de carga ocorrem com a trinca já grande, poi:. estes só 
são contabiliUldos no instante de sua ocorrência e o programa sempre verifica se ~~'m.u < Ac. (A · 
contagem rain-flow seqüencial não elimina rodos os problemas de ordenamento causados pelo método 
tradicionaJ. mas é certamente uma opção recomendável pois apresenta vantagens sohre c não acrescenta 
dificuldades ao algoritmo de contagem original). 

O algoritmo ccc não é eficiente sob carregamento complexo. Por isto, na sua implementação 
numérica foram inuoduzidas opções para diminuir o tempo de computação, como wna ~pt:4uena e 
e~pecilicável) percentagem de variação na ..Ja para só então mudar o valor do fator geométrico de .6K 
usado nos cálculos. 

Como no caso geral L\K = t.a·~(1ta)'f(n). onde f(a) é um fator 4uc só depende da geometria. pode-se 
dizer que a gama do fator de intensidade de tensões a cada ciclo do carregameuto óKi depende: (ii da 
variação da tensão naquele ciclo ó<Jj. e (1i) do comprimento da trinca ai naquele insrame. Ora. desta 
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fonna óK depende de duas variáveis de naturezas diferentes. É claro que L\cri pode em geral variar 
bastante a cada c iclo quando o carregamento é complexo, mas as trincas sempre se propagam muito 
devagar por fadtga, pois as maiores taxas de crescimento estável ob.o.ervadas na prática são da ordem de 
!Jm/ciclo. sendo que durante a maioria da vida as taxas !iãO melhor medidas em nm/ciclo. Como em 
geral as expressões pam f(a) podem ser muito complexas mas não apresentam descontinuidades, pode­
se tirar proveito da pequena mudança no produto ...Ja·f(a) para pequenos incrementos no comprimento da 
trinca. Desta fonna. em vez de se calcular a cada ciclo óK, "' Llcri --./(1ta;) f(ai). o que demandaria grande 
esforço compmacionaJ, pode-se manter o produto \1a f(a) constante enquanto a ..Ja não variar da 
(pequena) percentagem especificada pelo usuário do programa. 

Efeitos de seqliência podem ser muiw significati vos na propagação das trincas de fadiga (podem 
pamr o crescimento da trinca!). Este é um problema complexo, com vários mecanismos envolvidos 
corno, e.g.: (i) alteração do fec/wmento da trinca; (Ü) cegamento e/ou bifurcação da ponta da trinca; (üi) 
tcn~õe~ eJou defonnações residuais; (iv) rugosidcule das superfícies da trinca; e (v) O.\idação das faces 
dn trinca (Suresh. 91 ). A importância relativa dos diversos mecanismos pode variar dependendo de 
fato res como tamanho da trinca. microestrutura do material, estado de tensões dominante, meio 
ambiente. etc. Entretanto, as modelagens tradicionais deste prohlerna baseiam-se apena~ na idéia do 
fechamento induzido por plasticidade. segundo a qual: 

• Trincas de fadiga se propagam cortando um material que já foi ciclicamente deformado pela 
LOna plástica que acompanha suas pontas. 

• As faces da trinca ficam embutidas num envelope de deformações (plá~ticas) residuais trativas. 
• t\s trincas de fadiga comprimnn as suas faces quando completamente descarregadas, e só se 

abrem alivinndo-as de forma progres~iva. 
• Quanto maior a carga de abertura da trinca, menor o valor efelivo de dl<: ól<ef"' KIJUI!(· Kab 
• L\Ker seria o principal controlador da taxa da/dN. 
• ~Ker diminui se a carga de ahertura aumentar quando a trinca penetrar na zona plástica 

hipertrofiada pela sohrecarga. retardando ou até parando o crescimento da trinca. 
O programa dispõe de dois modelos para quantificar a intcração entre cidos. O primeiro é o modelo 

de Wheeler (Broek. XR). segundo o qual se a z()na plástica do carregamento eslivcr embutida na de uma 
,.obrrcarga (ver rig. I J), o retardo depende ua distância da fronteir.t plá.~tica da sobrecarga à p()nla da 
trincn. isto é, ~e a1 + ZPí <ase + ZPsc· e vale: 

rE'"~'m' ;o =~~o de "S~' 
~-~- I 

lnstante d3 •obr«ll)tll: trio<'a do compriruefltt) •se 

R~ dt rdardo: li .. ZP1 "- •se -+ Z.Psc 

_ •; ___ ZPtl 
, ..... - .-":~ 

' ;.-:··,· 
1--.::00.--+ ---~---- . 

Fim d<> rdordo: a;+ 7..P; • •s( • Zl'sç 

Fig. 11 Esquema da zona de Influência dos modelos de retardo tipo Wheeter. No VIDe liiB pode-se 
especificar o expoente dos modelos e um ltmlar de filtragem, abaixo do qual não se 
consideram os efeitos das sobrecargas (ver detalhes em Castro e Megglolaro 97b). 
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(15) 

Este modelo não pode prever a parada das trincas após uma sobrecarga de amplitude 
suikientemente grande. Por isto. também foi introduzida e implementada uma modificação que aplica o 
efeito do retardo em óK e não em da/dN: 

AI' K( ( ZP; .:..tr>m(a1 j=L1 .a,)· 

"''" + ZP" -a; r ( 16) 

Os detalhes destes modelos, bem como de sua implementação numérica, tanto no caso lO como no 
2D. são bastante longos, e estão discutidos num trabalho complementar (Castro e Meggiolaro 97b). 
Como nos <.:asos SN c r.N. também há uma versão simplificada do método da/dN para os usuários 
menos {~Xperientes. E. da mesma forma. :1 função de cada um dos botões dn tela deste método. bem 
como o embasamento teórico de todas a~ opções de cálculo, são detalhadamente descritos nos arquivos 
de ajuda do programa. 

Conclusões 

llm programa chamado V1Da foi concebido e desenvolvido para calcular vida à fadiga sob 
carregamentos complexos por todos os métodos usuais de projeto meçânico, incluindo todas as 
facilidades que pudessem ser úteis ao projetista. como bancos de dados, inúmeras opções de cálculo. 
interface amigável. etc. Este programa tem sido compartilhado com pessoal qualificado que queira 
contribuir para o seu desenvolvimento. e que participe do mini-curso intensivo "Avanços na Automação 
do Projeto à Fadiga". ofere.cido pelo Centro de Estudos em Integridade Estmtural- CEIE- da PUC-Rio. 
A versão 98 deste programa inclui, além das características resumidas no texto, rotinas de cálculo 
depuradas por três anos de testes imcnsivos. Por isto, a distribuição do programa para uso acadêmico 
cm Universidades já pode ser discutida diretanlente com os autores. 
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Biage, M., 1998, "Analysls of lmpedance Probes Behavior Applled to Llquid Film 
Thickness Measurements", J _ of the Braz. Soe. Meehanieal Sciences, Vol. 20, No. 4, pp. 
486-505. 
;\ .vtwl\' of impedance pmhes hehavior (nmdtlf'tiw· 0111/ capaciril,e). uimed ttl liquid jilm lhickness measuremen/, is 
preset~Jed. Tltt!ory pmH'it)/e of opemliort. calihrutio11 anJ errar sources are discusst'll. Tlris study was enrouraKed by 
rire mted 111 find lmi' -COSI solllliOfiS for fJrabh•rtM rn voll'in!l local atul instammwous )1uid m.easuremenls. Tire 
equi{Jmenr in qunlion cem b~ used 111 swdy th<' lictuid-gn.\ itlletjàce behavior and rehtl<·d.flow instability. Also, results 
<'IIII be 11.11•d for tlw t/,••·dnpment of dmure nmdition' i•r /wu-.flrtid flow mode/ing. Analysis oj tire pmbes dy11amic 
bt•Jun"'t ""' t'arned 0111 emploving the expenmental re.mlt.v obtamed for til<' /iquid film j luw rm a ~·ertical 
re<'IHn.~lllar <·hannel. eApOSt'd 10 a cotullt>r rt~rretll .~m flnh'. Tltis Hudy confirmf'{l that the pmhes presenred good 
respniiS<' "' fn·qtll'llc '.'· <11ul spatidl rewlu/1{111. ln }llt 1. they charm:terhe ejJicil'nlly tlrt' tra11Si1/on proresJ nf a 
« OJU'Urttlll TO ( tiUitll'T·CUTrenl {10\-C 

Key~t·ord\ Two-plruu Flow. Liquid{ilm Tlucl.ni".\1, ("nndurtll'r Pmbl'. Capacilil'l' Probe, 

Sodré, J.R. and Yates, O. A., 1998, "A Parametrle Study on the lnfluenee of the Spark 
Plug Posltlon on Combustion, Emlsslons and Performanee of an Engine", J. of the 
Braz. Soe. Meehanieal Seienees, Vol. 20, No. 4, pp. 506·517. 
!\n arwlytlcolmotld lza.1 h.:.:n dn·rlop~J M •·a/cu/ate the }lume ;:eometry paramelers of a spark ignilion <•ngine. The 
moJ, I '·' /lu\l'd •m 11 disc IYJ'I! comhuslimr chamhu. The flcmte geometry mode/ is rwrl nf a c·nmplllt!t' profiram tlwt 
.\Ímulate.• the nd<' nf SP<Itk iKnition engin<'·'· Thc mntkl rt'<tuire.~ lhP spark. plug to be lru:atetl in the cylinder head. 
and it.r pMttitm mn hr wrywhere jl'llttt tlw 1 <'fllrr rn rire comer wilh the c_vlindu liner. The effects of the spark plus 
IJO.\Ifum "" c ""''"""1111, emiuion; nnd {tt•rfomwnce ha1·e heen im·estigated. A paramelrtc tmulysü IULç sho-..n that 
c·mn/tu.•·t,m tlll.t•' •horter paiods as lhe spar/.. pf11~ i.• do~er to tllt' cenlt'r. ]i1r 11'111< h luJ!Iter c_~liruler pressures are 
ullmned. Tht• perfnmwnce pa ramcta.f ,.,.,.. m.tl'tl\1/ll't' to lhe p/ug t>os11ion. hut lower emiuimt lt>~e/s wae •·erijied 
~>hrn '"" t>lll~ .,.,,_, loratt•tl i11 the <orne r. EtfJI'riment.' carri~d out on a resl'a rdr l'tl/lllll' hat·e prtwided tltR hasic 
"'fvntullltJn 10 tht~ prn.s.:ratn lo Jlelfonn lhl' ,imr~lallons. 

Kty words lntt>r•wl Coml>ustion Enf(ines, Comhu.\lltJil, MoJc/., 

leite, A. P. F., 1998, "Thermodynamic Analysls and Modellng of an Adsorptlon-Cyele 
System for Refrlgeration from low-Grade Energy Sourees", J. of the Braz. Soe. 
Mechanieal Selenees, Vol. 20, No. 4, pp. 518-531 . 
.-\ theorl!rical attalysis of an ad.tmptimr-•·ydt>. l'fll!lioyinJ.: h11v-grade themwl .wurces, for app/ication 10 a cooling 
·'.''·'/''"' ;, fll'<'-'t'lllt'c/ '/'lu· l•asic furult~mentul~ of ad.,!•rption processes and some • on.vitli•mtwns about tire mm/ 
rmmnorrl\' uwú tld.wrl>enl·adsorbate p(llr in r<'/rtJ.:t'rttlllm, tire ul'li•·ated ,·arhon-metlumol 1111ir. ttre de.vcrihed. l t is 
eswhlnhed from tÍie cln<tly.,is uj tlu· IIWitl i.<t~tlw11m of ad,,orption that the Duhinin-A.\Iokhm• eq11ation as the mo.\/ 
.lull<tblt• t''/tiLIIIIm o} .11111..- 111 ,.,.,,,.,._,ent thl' adwrJ>flon of melhmrol in activared carbott. An expn•.uio11 to ralrulmt' tire 
W~·wtrd h<'tll Jwm ,,.,.. adsorplum prtK·ess. or lhe tsostertc hettt of adsorpunn, i.1 deducnl oml awects relaled to the 
l.metin uj adftlrf'l/tln <tre aiS<> COtL\IÚered. A th<·tmad)•ttnmll' mwlysi.< of the ndM>rf>liofl C)de has been carried 0111 ifl 
ordu to ohtullt 1.1 .\ilnplc• rutw hnwt't'tl t'mtdt·"·''"""' lt'mf'l'ralure aml re.~enera/Üm temperarure and lo enlluate lhe 
co<'ffi< 1<·111 ~~1 JJ,,., rtl<ll Jlt'iformance (COP 1 of tm idt!ol quadrirhennal maclrme. Finally, lhe em.:rgy equation for an 
ud.'mJI/IVt' l>t!<l tlllt'rat"ting ,,·irlr urlra compmll'tiiS of 1.1 stmpl,.. f'fJPc·t ronling machifle tlwt opera1e.1· ai moderare 
tt·mpaature~ 1.1 ~:n·rn. und somt• riftheir l<'tttl.f au· ,/rtuiled. Thh rheoreliml analysi.,· can he applied 10 an adequare 
mudc•l11t~ rurd dn1xn ~~la rl!frigc'll>tim• ' Y-' Iem. lm.wtd 1111 an ad.wrption cycle operarm.~ .from u low-gracle energy 
SOIII'C('. 

Kep••ords: Mirmpnmus Media, Adsorption f'llll'ltlittf. /").fft•ric Hl!m. Adsoq 1tion Coolill!;: Cycle. 

Silva Neto, A. J ., Fordham, M. J., Klether, W. J. and Sorrel , F. V., 1998, "Rapld Thermal 
Proeesslng Fumace With Three Heating Zones", J . of the Braz. Soe. Meehanleal 
Selenees, Vol. 20, No. 4, pp. 532-541 . 
A new Jdf'td rh,•mwl pr.w.·.<.wrg é H I'P) fiotwte nm/iguratiun is tlescribed. and tht' mmhemalrca/ model. mndel 
,,,.,[J, llml\ 111111 t' •JII!rtmentul rr<ull> are presellttd. Tht· ultimare des1sn ohjectin• t.\ 111 a('hlt'Vt' uniform wufer 
ll!lllftt'rtllurt' dt,trílmtion througlwat the tomplett· lu·utmg c_rrle. lt i< an·mttplislu•{/ "' tlemon.\lruted hy the tmifonnity 
of th<' llll'<l$1/rt'J film r/ud.ne.1s 11,{1er [Jolynlllallint• tiltt'O<l deJ'o.<itinn. The three-~o11e RTP sntem was also desiKfled 
Jitr "/J<'nllmn 1v11lt tlim lfW/11::. H'lllllmn .. frtr mmimt<m "indow hearing. 
Keywords: Ro('ul Tllennal Prc•reuing, Mode/m~. 7hemwl Radialinn, Tntlpt'mture Umfnrmity. 
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Pinottl, M. and Braile, O. M., 1998, "Shear Stresses and Turbulent Eddies: The Causes 
of Mechanlcal Hemolysis ln a Centrifugai Blood Pump", J. of the Braz. Soe. Mechanical 
Sciences, Vol. 20, No. 4, pp. 542-552 (ln Portuguese). 
The luck of basic i11{ormation ubour rhe perfnrmam·r oj medumical hemolysis uverely a.ffecrs centrifugai 1>/ood 
pump lwndlin,g. The prt!SPIII work faced rhis prublem by studying the flow structures and the way hemolytlc putential 
is inj1uenct'd by rhem. Two distincr approaches were app/ied: numerical simularion ufa sing/e channel of the pump. 
in tlrder tu understand the interaction of inertial, ••isrous tmd pressure forct's in dijfuenr operational situaltons. and 
non-invasive measurements nf til<! vtdoâry jieúl tu pwvide a general picture of thl' flow field as we/1 u.1· the 
interac:tinn bl'rwun rhe jlow l(enerated by each channel. Solving tire ltiQmentum equations. that were wntten in 
general1ud orthagonal courdmates, using the srres.~-flw. fonnularimr. was the cluzl/enge of the nwnerical mnhod. 
The computallanal pmgram was deviud by employing the finite volume methnd and ir WllS implemented ;, 
FORTRAN language. The •·elocity mea,,·uremems were perfonned by a laser Doppler anenwmeter Jystem capable a.f 
at·quiring ll!ut prucessing fwo .1imultaneous orthogona/ velodry ('Omponeirls. The muin contribution of the presem 
sludy c:u11cems the de1•elopml'llt cif a specific ml!thotlology "'hich pro vides the link bnwe.en rhe jlow strucrures and 
the pmemial daltUlge to the red blt.md cel/s. 
Keyword.ç: /.,.(ISI!r Dot•pler Anemnmt'ter. Turbulent Flow. Hemoly.•is. Centrifugai 8/ootl Pump. 8ioengineeri11g. 

Nohara, B. T., 1998, "An Absorptlon Algorithm and lts lmplementatlon for Irregular 
Ocean Waves ln a Test Tank", J. ot the Braz. Soe. Mechanlcal Sciences, VoL 20, No. 4, 
pp. 553-563. 
This paper de.l'l:ribes a newly cle•·e./oped ab.l'orbing algorilhm and its implen~<.mllllion for irregular ucean waves in a 
rest twtk. ln a tank tesl. wlrile ruing a 1\'ll\'C ma/.:.er for dl'lt•nnining ocean wave lolemn,·e nf jloaring body strllt'ILires, 
as wl'll 11.v ,,hip.~. there is a problcm: rl'}lecrive wai'I!S from the te.~/ body or a tank termi!Ultion di.wurh tlu• target 
.,·m·es. Tlrese reflectil•e '"'"'es make test perforrrumce wrdependable. because riu• test body is nposed to reflec·tive 
wa•·eJ a/ong h'itlr wr.r.:et \\'l/1'1!.!. An clt'curate tesl must J.eep the test body 0111 of rt'jlecti••e wave.<. Past studies Jun•e 
nwdt• tlrt' comliticms fc•r t'c>mpll'tl' absorption of regular Mlllt'.l dear. Ho.,e•·er the conduions for ab.mrptimr of 
irregular waves rs only parrial/.'1- obtmnPd using h.wmdymunic.force acting 011 a wa1·e board_ Tire autlwr.t 1•ropo.1e a 
complere ab.mrptio11 algorithm ... ·hi< h urilize.~ sensing o.f il'ater .wrface i'levation inSII!ad of hydmdynamic force, a11d 
its ilnJilfmelllalion for irre11ular •wn•es. Tire f.JUflwrs havp nbtmned good experimental results from tlris algorithm. 
Al.w in thi.•· paper. the authors imrod11ce time-frequency wwlysi.,, using a short-time Fouria transform technique, for 
visu<~liúng rhe state of absnrpti1111. 
Keyword.(: Wavf' Maker. Ah~orptiun. Irregular Wa1•e, Short-Time Fourier Tmnsj'orm 

Souza Jr., J. R. and Bishop, S. R., 1998, "Boundarles of Safe Motlon Through a Coarse 
Grld-of-Starts", J. of the Braz .. Soe. Mechanlcal Sciences, Vol. 20, No. 4, pp. 564-575. 
Tltis papn tfpsaibes c:omputolional merlrods for rire emluatio11 of safe limirs of operation of drit·en mechanicol 
.I',V.,tt•ms. We define lhe prohlm1 o.f emluwing lhe .mfet) of transil'llf and ,,lutdy-slllle motions in temu nf the I'Scape 
.fmm a potential u·el/. We tllen ilt'SI'Yih<• a simple. robu.11 method of determi11in;: howularies of .m}i' apaarion in 
COII/rol Sptlce, and we crmrludt? hy "l'f'lying tire metltod lo a flumber of extmrple.•. 
Keywords: Nortlinear Dynamics. f:.;cape f'he11omella, POiential Wells. Nunlirwar O.;cil/ators 

Savl, M. A. and Pacheco, P. M. C. L , 1998, "On the Effect of Temperature in Non-llnear 
Dynamics of an Elasto-Piastic Oscillator Wlth lsotropic Hardening", J. of the Braz. Soe. 
Mechanical Sciences, Vol. 20, No. 4, pp. 576-586. 
771is conrriburion prest•nts a dynamiml ana/ysü c~f cm elasto-plaslic oscillator ..-Itere tlw thermom~·chanical cmtpling 
is conJiderc:d. 1\ f'O/L,tiltlti•·e mucld. used lo describe tlw re.rtiwtion fon·e of the oscillctfor, i.v presenteei. lsotropic 
hardening is comidaed. Tire operator split tedutitfUl' is uud 10 develop a numerical procedure. 1\n intPgmtor 
schemt! as.wciated with tire re/llm mappin,f! algorithm i.r cw:d lo soll'e tht' equations of llt{ltion. Numuical 
simularions .1hm, tluu tfw Pfject oj thermomechanical coupling may pmduce an un.1lllble respome. 
Keyword.t: Ntm-lineur l>ynamil's. Elasto-plasriciry, Modeling and SimuÚltiun. 

Elmer, K. H. and Natke, H. G., 1998, "A Time Dependent Adaptlve Flnite Element 
Method", J. of the Braz. Soe. Mechanlcal Sclences, Vol. 20, No. 4, pp. 587-595. 
111e complt'Xity ofnumy realislk t!rofJ!ems in transiem dynamirs requires t•ery large .~y.~tem.1·. Reliable IIUmerical FE­
wlwiurts "'ith lrigh ac·c•trac'' need mm/eis ll'ith mwry de!VU.t c~f'fret'dum and many time steps. So time dependem 
adaptive FE-metlrods are de~eh1ped I<~ oplimhe rhe rne.~h anel minimize tire cumpufCIIimral ('OS IS. 
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Gonçalves, R. F. G. and Helman, H., 1998, "Control of Rolled Strlps Thlekness Using 
Fuzzy Logle", J. of the Braz .. Soe. Mechanleal Selenees, Vol. 20, No. 4, pp. 645-655 (in 
Portuguese). 
The lhir/urt's~ of a rol/ed slrip, which mlHI remain 1.rthrn very close Jimit<. is mre nf 1/w criticai pammeters in the 
clwrcu.'lerrwtion cl its qualil)·. The procus of cmrtmlling this thickne.ss.frequmtly reqrlires actions which may a.ffec/ 
other important l'iwrarterisrio afrhe strip, sue/r as projile and shape. Two conlrol pm1·edurcs are commonly used 
for this J'U17lrJS<'. one "" lhe screw-down mechamsm and the mher on the strip jro111 or hc1ck tensions. One or the 
11ther m<I_Y be more adequa/e, depending 011 tire opermitmal conditiuns. The.1·e contm/a('tions lwve been nomwlly 
delerrníned and t•xecuted in rorrespontic•nce wilh tire variaticm of only one of the parametcn of the process. ln rire 
presem work. a metlwd is developed based 011 the app/ícatíon of fuzz.y logic. which allows Ji•r tire calculation of 
.witoble crmtrol actÍOilS 10 adjust 1he final lhicknns of rhe .\'lrip. consídering lhe simultaneous variation of any two 
operarlonal paramcler.t nf rhe process. 
Keyward.s: Slt'lfl Ht~llinJI. Guge Cem/mi, Fu<::)' Lo[.lic. 

Kurka, P. R. G., and Araújo, C. A., 1998, "Automatle Process for the Determlnatlon of 
Modal Supersets of Residual Flexlbllltles Used in The Modal Synthesls Methodn, J. of 
the Braz. Soe. Mechanieal Seienees, Vol. 20, No. 4, pp. 656-665. 
The work prescn1.1 an aurnmarlc proasl for thl' .w:lec·1íon r!f modes of substructures wirir the purpn.te nf huiding lhe 
.wper.<et nf 11 rnidrwl j1exibilíly model. This supusel is r;scd in the nwdal .rymhe~ú mellrc>d for tire e.fperimenlal 
analysi.1' of/urge srrrlclllres. 111e qualitativc indirmirm r!fmodes to be eliminatecl in" .mbs/ructure plays an importa/li 
role 111 tire precisirm of tire synrhesis pruce.)s. Ac·tuul mode elímlnalion rcclmiques are based mr arhirrary user 
decision.r whir·lr cou/d /eud lo the extínçtícm C!{ modes wlrich would have an imponam ('(Jirtríbuirion to the synthesis 
of rhe cwnplete ,1'/ruC'Iure. The rech11ique is applied lrerc for sysrems withour ciamt>in~. Sud1 u tec·hníque refies on a 
relative weítdlliflR of rire mflde.< of the substrucrures. bus e ti un Euclidiun nom1 calculatíons. 
Keywords : Modal Syrrrhrsis, Modal Supersets. Residual Flt'xibíliry. ldenlification. E.xperimemal Analysis. 

Meggiolaro, M. A. and Castro, J. T. P., 1998, "VIDa 98- Visual Damagemeter To 
Automatize the Fatigue Deslgn Under Complex Loading", J. of the Braz. Soe. 
Meehanlcal Selences, Vol. 20, No. 4, pp. 666-685 (ln Portuguese). 
A powrrful lunJIIWJit' named VElllt IIB was de11eloped 10 autonwte nll the m~rhods /rGllirionally used in mechanical 
desígn to mlrulale tlrefatí,~lll' damag1' f·aus.-d by comph-1 loadinx: SN. 1/W (for welded stmctures) and EN ro predicr 
crad iniriarion, and daldN for sludying plane and ZD rrack propagmion based on Fracture Medumics COIIC<'(IIS. 

ccmsidering load sequence effects. li has a friendly ,qraphícal imerface and rumina WifldtH•'.l' l'IIVironmenl. Anwng a 
numher oj' .vímila_r features. can be hí!(h!igilred: Sl'VIIml inrl'i/ige/11 dara bcmkv. two mín ~/low cmmters anda race· 
trackfilter. gc11el'lltor.v rifcorrected histaesys loop.v urrd 21) crackfrollls, imporrmion and adjusrmenl rif experimento/ 
dara, an l:'quaríon ínterrm•ler cmd a complete help .file, which íncludes un onlitw adwuwed course on farif(ul'. 
Moreover. its damage models introduce varítws rum-trivial itmm•mions. and the lnrerfu,·e language can be English 
or f'ortllfiiiC'Sl'. 
Keywords: Fmigue. Ufe Prediclion. Cmnplex LoadínJól. 
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The rtw•·mg wa1·e (ront is r.ved.for a hroad time depellllent m(·xil rdint'lltellf. hased m1 imemitv t·ector.~ untlllre spnaJ 
nf l..UH' pmpuJillllnll rmtt•mitv indu·mor). SI'W.'rtJI mne steps 111 a~l•·ance. The u posterion Ziellkif'll'icz.Zlw ermr 
indu"'"' <:tllllrol• lhe ad"f'''' 1' mt•.<ll rdinl'ment. tln ""fllirif-t•tplr< it n/gorl/hm jor dtH'I'I /IIII(' mle!Jrtllum i.< hu,cJ 
ur11m opna111r wl111ing and mnh pal'liliUIJ.I. 71u• al!(orithm tll'tlld.• .n.bcrc/mg wul 11.11'.• lhe S<UIIe 11111e .vlef' .fvr tJ 
coan<' mesh ontlthe locul r~jined me,/r, 
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tire grotmd 11111/ delay .. J applving pedal• 11.< nN·tleú. A simulutimr n1H ronJucted '"'"X .•implt' models of -""" 
tlpwmics and lttil m1111 lll'mdynamics. mui rl!.rlll/1 indu ated tlrat pnlnl corurol ..-nultl SI/I/ he avwlahle ,.,·en with a 
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pcrfonnance, an early detection und diagnosis of faulrs is of great inlerest. A fau/c derection method 
whicll uses static neurojuz..-ry models ln describe the correcl opera1io11 of the plant is proposed to dezect 
faulls in cooling coils of air-handling units. i\hrwrmul operarion of tlte plunt is detected when residuais 
<'Xceed a variab/e threshold value which accounts for modelling errors. noisy measurements and 
tmmodelled disturbances. Simulotirm resul1s are presemed for both whole operating space and typical 
opuarion data of air-lwndling units to demorwrute rhe capabi/iti<'s of lhe proposed scheme. 
Ktywords: Fau/1 Detee1in11. Nt•um-Fu:l.\' Modelling. Air- fhmdllftll Uni/s. 
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Classical mechanics plays an importam ru1d fundamental role in pmcticolly ali the engineering 
cunicula. Since classical mechanics is IJ1c oldcst field of physics and thc íir:;t one to be completely 
amenable to a mathematical treaunem. it i~ an idcal topic to exercise thc stuúent 's mind in formulating 
and exploring mnthematical models of the pbysicaJ reality. using physical c.;oncepts familiar -to a large 
extent- from cveryday experience. Tradi tionally. the first and basü: mec.;hanics courses in Lhe 
engineering cunicula are simultaneous to thc calculus courses. This is ;m e xcellent chance -but also a 
challengc- tv the mechanics and in particular to t11e dynarnics instructnr to cx.ercise ncw mathematical 
conccpL~. at the ~ame Lime wbcn they are first introduced to thc stuúent. 

Often ~tudents may tllough feel overwhelmed by calculus and dynanuc&. Hence for many srudents 
lhere is a need for an intermediate dynamics coursc. particularly for tllosc in mechanical and civil 
engineering, who wiU have to prac tice dynamic~ in lhe cnntext of cngincering problems in their 
profe1>SIO!Ial carecr. 

"Dinânúca" by Roberto A. Tenenboum i:; an intem1ediate le vei texl on Lhe Newtonian dynamit:s of 
particlcs anel ri3id bodies. devoted mainly to engim:cring students, but also to students of mathematics 
or physics. 1t assumes as prerequisiles a lir~t courst: of applied or ·rational' mechanics. and abo -to a 
Limíted extent- some familiarity with analysis and vector algcbra. The book con1ains seven chapters and 
ÚU"Cc appendices. Chapter I is formcd by an introduclion to Newtonian mechanics with hístorical notes. 
formulating the bnsic principies and <::xplaining the nolation used throughout the book. The sccond 
chapler is devotcd to systems of free and axial vcctors, introducing the concepl of central O.(is and 
defining the equivalence of vector systcms. Chapter 3 deals with thc kinemati~.:s of points and of rigid 
bodics. First. the author defines lhe diffen:miallo n o f a vector with rcspeçt to time in a givcn refcrential. 
The existence of lhe angular 1·elocit)• l't'Ctor of a rigid body is lhe wntt:nt of Theorcm O. which IS 
pmved m an elegam manncr. Grcat care is taken here and in the other parts of lhe book in always 
dearly defming me referente systems; the notation is s uch lhat Lhe refcrcncc systems are always put in 
cvidence. whenever tllcy are not absolutcly clear. Thc theorems on kincmatics, needed in the sequei are 
ali givcn in this chapter. 

Chaptcr 4 b devotcd to the dynamics of a single particle. Momentum, angular momentum. work 
ru1d potcntial cncrgy are detined here. ln thi.~ t:hapter the author also proves lhe energy thcorem aml 
discusses conservation principies. Next, ~.:hapter S treaL~ systems of partic les and discu~ses contínuous 
systems as a límit case. Some rcmarks on tht: dynanlics of fluids ar~ also eontaincd at lhe end of this 
chapter. 

The rigid body is trcateú in chaptt!r:; 6 and 7. First, in chapter 6, thc incrtial propt!rties of rigid 
bodies are examined m detail and lhe e igcuvalue problem leading to principal axes of inertia is solved. 
Next, in chaptcr 7 lhe theorem of momcntum is given and Euler·s cquatíons for tJ1e rigid body are 
derived. 1\gain. Lhe thcorem of encrgy is dcrivcd for lhe rigid body. and conscrvalion principies as well 
as impat:ts are di:.cusscd. Sorne particular ca~e~ of motion of Lhe rigid body w11h a fi xed point are also 
s Ludied. 

A l> htlrt revievv· of vector ru1d matrix algebm. a discussinn of lhe most unportant types of constraints 
and tablcs with tJ1e cenu·oíds and inertia propcrties of Lhe most frcqucmJy cncountered bodies and 
figures are givcn in lhe three appendiccs. ln atlditiun, .. Dinânlica" also ~:o ntains a large number of 
examplcs trcated in great detail in the lcxt, as well as a huge uumbcr of cxcellent problerns left to solve 
for Lhe student. The fina l results for mmt of these problems are also given ntthe e nd of tbe book. 

Thc book deals strictly with Newtonian dynrunics, more abslract formulations such as D' Aiembcrt's 
principie, the principie of virtual vclocitíe~>. Laugrangc· s eyualioM. etc. are not wucheú. With view to 
this fac t. the size of lhe book (more Lhru\ 750 pages} seems astonishing at fir:;t. It bccomes 
undersrandnble rf onc takes into account thc comprchcnsive way in which lhe material is presented. Thc 
author takclõ great pains to t:arefully cxanunc ali lhe points touched upnn, nut leaving ally chance lo 
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possible misundcrstandings. No references are given on more advanced topics or on other dynamics 
books, which onc migbt expect from a gmduate text. 

The material is presented in a very systemaric way, almost always going from the general lO tbe 
more particular. The text is cxtremely clear and consistent, and all the figures are of excellent quality. 
Tbis makes the book easy to use both for the instructor as well ~ ror the student. The careful, 
authoritative and comprehensive way in which the material is presented, reflects the long experience of 
the author in teaching dynamics to generations of students. The reviewcr feels that the book is 
particularly well suited for teaching groups of engineering students coming from a great variety of 
different undergraduate backgrounds 

''Dinílmica" by Roberto A. Tenenbaum wil l fill an important gap in the landscape of engineering 
mccbanics textbooks in Brazil and in Latin America. The reviewer does also not know of a comparable 
dynamics bonk of the sarne intennediate levei and with similar goals on thc Amcrican or European 
textbook market. 

Peter Hagedorn 
Institui I. Mechamk, TU Dannstadt 
64328 Darmstadt, Germany 
hagedom@ mechanik.tu-darmstadt.de 
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