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Abstract 

ISSN 01-00-7386 
Prin1ed io Brazll 

Thls paper is a cri ti cal review of lhe most recent advances in laser measurement tcdmíqucs and their diffrrcnt 
appUcations. lt is worth undcrllng tbat tbcse tcduliqucs are uscd both for measuring fluids motion characteristics 
and cooditions, and for measuring motion, vibrations in particular, ln solids. 
Thosc applications which, ~til today, had beco carried out in laboutories, are now being extended to tbe 
industrial ficld, cspecially in the control of processes and ptOducts. n is thereforc deslrable that assooiationsJ 
meetings and oonrerences will contribute to a more extensive use anêl knowledgo ofthese tecbniques. 
Kcywords: Laser Doppter, Dual Focus, PIV, Doppler Global Vclocimctry, Scalar Q~tities, LaserVlbrometry, 
Vibrations, Flamcs. 

lntroduction 

Non-intrusivc measurcment techniques have expanded in scope and have achieved fruilfUJ 
results in laser metrology. 

ln particul&T, optical techniques (interferometty, speckle, holography and so on, combined 
with advanced techniques of analysis, treatment and interpretation ofthe sígnal) are fundamental to 
solve many measurement probJems in bigger, various application fields. Laser velocimetty bas played 
a decisive role as regards the development of experimental techniques on fluids and solids; in 
particular, combined witb other optical metbods, it has been the starting point in the growth of a laser 
applied measuremcnt culture. 

Therefore, it ts clear that nowadays talldng about advanoes of laser velocimetry means also 
talking about aJI the changes tbat the metrological approach bas had. Particulru:ly, it Is very importaot 
to underline that the use of cbeaper, more compact laser construction techniqucs, tbe use of tibre optics 
components, the miniaturlzation aJso in integrated optics of the well known, expensive arid very 
delicate optical benches, the realization of electro-optical components and tbe deve)opment of 
technlques of analysis and the quick processing of signals and images have made velocimetty, and all 
the techniques connected witb it, mo~ and more interesting, usefuJ and wclllmown. 

As far as Italy is concerned, in ordcr to expand and consolidate different application fields 
and with the aim of creating a common ground for both martet and research, the Italian Assoc'jation of 
Laser Velocimetry (ANELA) was founded in 1991. Tbe AJVELA aims to promote every kind of 
activities conceming laser velocimet.ry and any simíla.r techniques: from researoh to industrial 
application and even to realization. Therefore, thc AJVELA wishcs to collect researches~ users and 
producers of laser metroJogy systems. 

ln order to point the most lnterestlng themes out, l would Uke to synthesize some ofthe m9:;t 
meaningful techniques, some of their aspects that let us foresee an enormous developtnent, airegafds 
measurcmenls on fluids and solids, and newest results achieved by our research group. 

Velocity measurement has got many applications in .the most various ficlds: 
control of industrial processes a:nd machincs; 

quality process control ofmechanical and electronic products; 
Ouid dynamics, both in laminar flow and in turbulent flow; 
study of structure víbrations; 
transfer phenomena; 

4nyltecl PJiper: ~mbeJ,1~. l'echni~l E<litor. l,.eQI1arqo Gqld.sfelrtJJ. 
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It is thercfore important to use velocity measuring instruments, which bave metrolo-gioal 
cbaracteristics and operative capabilitles suitable for an experimental reseatch of differentphenomena. 

Laser 'Doppler Veloclmetry 

Nowadays, Laser Doppler Velocimetry (LDV) (purst et al. , 1976, Darin, 1980) is quite 
know in aD the Universities and ali the researcb centres. Altbough its applications could be on a mucb 
btrger scale, it is not yet widespread in tbe industrial field perhaps because of the difficulty of use, du" 
to à not specüically trained statfor, perbaps, because ofthe high cost o.famortization. 

Until today, tbere has been a progressive development ofperformances. Thus, tbe bead~on 
products of the matke't have ·become high quality instiuments, suitable for the measurement of'the 
three components of the velocity vector in a wide range of different applícãtions. Likewi:se, to meet 
rna.ny users ' needs, more shnple systems have been developéd, with average performanc~s. realized 
fhanks to the availability of prlmary çompone.llt$. a kind of op~o-mecbanicaf-electro.nic "tool box", by 
using processors whicb are .aimed at the not vecy strong speoificatioos of .many .appiicatfons. 

ln lhe next future, one can f()resee th.at the devetopment ofLDV systems wlll head not only 
towards general purpose, very s1mple and cb.eap instruments, but they should also be suitable for 
speei.fic applications and have simple configurations so to make use of less powerfullasers. Thanks to 
a favourable cos-performances ratio sueh systems could be employed in the most diverse t1e1ds of 
ll{lplied Fesearch and, especially. ofinciustty. 

Among the most advanced applieations, it is worth mentioning those in flames, m biological 
flows (Fig. 1) (Pinotti et ai. , 1994), •iin vivo" as well, as for example (Einav, 1993), in the study of 
boundary làyers with little measurement volumes, in two-phase flows . 
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Fig. 1 Axl'l an(t tallgt ntial veloclty a.long X axls at 5 mm from th.e lnlet ot a vaneleu centrifugai blood pump 
{Pinotll et. ai., 1994) 

Dual Focus Velocimetry 

Dual Focus Laser Velocimetry is a non~intruslve measuremellt teeltfiique for Hquid or gas 
velocity, based on the analysis of luminous pulses, produced by seed:lng partioles passiog through two 
adjacent focal points. The velocity is calculated by measuring the time-of-tught of lhe partieles 
between tbe two focal points, wbose location in the space is. known. Compared to LDV systems, tbis 
tcchnique has advantages. in terms of t:he si·gnat-noise ratio, but it is less .suítabte for measuring higb 
turbulent flows. Here as well, receot developments have led to realize two-colOur'S.ysterns, so that they 
can allo.w the measurement of two or three wmp.onents of tbe veloeity vector (Srlram, 1992) . 



MvW~C~M and Applicallons of LBS8f VelocimetJy 

Among the most interesting applications ofDual Focus systems, are lhose in turbomachines. 
ln thern, in fact, the high signal-noise ratio allows measuring even in difficult optical access arcas and 
the presence of strong guided flows reduces problems related to turbulencc, thus allowing ao accuratc, 
easy vclocity measurement on a wide, dynamlc range. 

ln the first months of 1995, a new experimental phase wiU start at the Dept of Mechanics of 
Ancona University. The aim will be of assessing the potential of the most reccnt systems which are 
now commercially available. ln addition to this, comparison will be made with the more classical 
Laser Doppler System. 

Particle lmage Velocimetry PIV 

PIV can be considered as the development of classical flow visuaJjzatlon ·ttchniques into 
quantitativo measurements of fluid velocity. Of these techniquos, PIV has kept the possibility of a 
quantitativo, global observation of a flow fie ld in just a moment, "lhe flowing ... moment". This 
capability allows a quick aeqwsition of the velocity field, related to stationary phenomena and, in 
particular, tbe study of non-stationary phenomena and spatial structures. This last characteristic mostly 
distinguishes PIV from punctual measurement systems, such as LDV, which become vaUd 
complements to the PIV measurement The most recent PIV technique developments regard, on the 
one hand lhe set-up of lhe measurement chain. On the other hand, they are also concerned with thc 
study ofthe applications, for which the system has to be developed and optlmlzed eacb time. 

ln spite of PIV conceptual simpliclty, lhis measurement technique is eomplex and articulated 
at lhe sarne time. That is why trends of the PIV development move towards electronic measurement 
chains. from the acquisition of lhe image to its digitization and processing. Until now, problems linked 
to a limited resolution of CCD sensors have reduced applícations of digital PIV to small-size flows 
(Cenedese et al., 1980). For these reasons, all lhe studies on tbe use of such technique on arcas of big 
Oow. such as tbe one describcd next, are of great importance. Resort to higb resolution systems and the 
dcvelopment of parallel computation of systems with transputer or neural networks will allow the 
developmenl of PfV digital systems which are competi tive with the photographic o nos. Ano lhe r 
developing trcnd concerns the use of completely optical processors, capable of opcrating Fourier 
transforms and correlations on ph.otographlc negatives in real time. 

The use of holographic supports (Royer, 1988) or stereoscopic acquisition techniques 
(Prasad and Adrian, 1992) gives the opportunity of measuring in 3-D and also of a complete 
knowledge of the whole velocity field and not only of one of tts "sections". 

The maio aspect for lhe development ofthe PIV tecbnique is lhe study ofits applications to 
particular tlows. ln fact, the main düficulty of PIV measurements is that of realizing multiexposed 
images of such quality as to allow the foiJowing processing. in other words provided with a high 
contrast anda high contrasl anda high signal-noise ratio. 

This frrst step of the measuring process corresponds to the phase in which the primary 
informat:ion is extracted from tbe physical system. ln fact, no algorithm of processing can increase lhe 
information recorded by lhe image. lf the image Is not a good quality one, it will not be possible lo 
extract any information that has been by now lost. 

Among the most reccnt apptlcations, let us focus our attentlon on Prv measurements ln high 
velocity flows, in flames and in large wiod tunnels. 

Works on PlV measurements in transonlc and supersonic flows in wind tunnels have 
recently been publisbed (Humpbreys et a1 .• 1993, Rafael and Kompenhans, 1993). ln order to operate 
hlgh velocity measurements, it is necessary to use micro metrica1 particles and pulsed lasers, if one 
wants to obtain good images: in particular, pulsed lasers are necessary to freeze the images ofthe 
partjcles and to increase lhe signa1-noise ratio. 

Problems linked to the possibHity of photographing seeding particles are also present in 
measuring combu~ing flows, where the main problem is tbe radiation emitted by lhe flame whlch 
represents ao intenso source of noise in the images. One can try lo solve the problem by using ao 
interferential, narrow band optlcal filter in order to ellminate lhe radlation ofthe wavelength different 
from that ofthe utilized laser light. In {Paone, 1994), measurements made in methane premixed flan'les 
(combustion chamber at 14000 kcallh) are describecl Tbe measurements (see Fig. '2 atld 3) show the 
spatial structures of the motion field, which are inleresting for study(ng transfer phenomeoa in tlames. 
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Fig. 2 Seedlng partfcl8$ of tlle 14,000 !<cal/h bumer (Paone, 1994) 
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An important a.spect of the PIV technique is .lhe capability of measuring the wholc motion 
field, limiting tbe duration of data acquisition to few momeots. This pecuJiarity makes it very 
advantageous, even when the hourty cost of the experiment is extremely high, as in large wiod 
tunnels. The PIV flowing application in large scale presents many difficulties in the acquisition af 
images in an arca ofmore than 1 m2. Jn (Castelini et ai ., J994a), lhe application ofthe PfV technique to 
lhe measurement of a Oow in a wind tunnel ín full size scale 1: I , is illustrated on an area as large as up 
to 1.40 x 1.74 m2 and wind tunnel operating at 60 Km/h, using successfully bolh the photographic 
acquisitlon and ,the digital one. The results thus obtained, as illustrated ln Fig. 4. show PfV potential for 
this kínd of applícations. 
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Ag. 4 Veloclty fleld obtalned ln 1 full slze sc1le tutornotlve wlnd tunnel (C11telllnl et 11., 19941) 

Doppler Global Velocimetry DGV 

Tbe Doppler O lobal Veloeímetry technique represents an interesting development in laser 
vclocimetry techniques; Like PI V, it allows to measure veloeity by analyzing images. lt is therefore a 
measurement technique in which many vectors are measured on a field at the sarne time. The 
measurement principie (Meyers et ai. , 1991) is based on the direc::t observation of the wave length 
shifting oflhe radiation scattered by the moving particles within a fluid, dueto tbe Doppler effect. The 
inseminated flow is illuminated by a laser light pJane propagating in lhe i-direction and the scattered 
light is collected in lhe o direction by a CCD vídeo camera. The particle scattered light is shifted by tbe 
Doppler effect: 

v0 (o - i)•V 
/lv = -----

c 

where v is the frequency of lhe incident radiation, c is the speed of light, V is the vclocity vector. The 
scalar product indicates that the Doppler shift is linked to the vclocity vector component ln the (o-i) 
direction, perpendicular to the bisecting Une between o and i, as sbown in Fig. 5; therefore, it contaios 
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ln these technique, it is neccssary to resort to a laser source, since this guarantees bigbest 
Leveis of spectral purity of tbe incident radiation and an accurate placement of such radiation in tbe 
spectrum of tbe analysed gas. Tbe fact lhat lasers cao ·emit a varying frequency allows to optimize 
scattering phenomena in relation to the atomic characteristics ofthe cbcmical species in the fluid. The 
main advaotage of these techniques is that lhey allow to measure many quantities characterizing flows 
which, otherwise, would be difficult to approach. Tbese techniques have been particular\)' employed in 
the study of flames aod in the process control both of products of combustíon aod of the reasons that 
have caused such products. 

Laser Vlbrometry 

One of the major problems in Mechanics regards the measurement of motion and vibration 
of solids. ln particular. lhe motion of ao object can be thought of as obtained from lhe overlap of tbree 
components of macroscopic motion, either of the translatory or rotatíonal kind, eacb with a 
superimposed component of vibratory motion. 

The laser vibrometers of the interferometric type allow the measuring of a single component 
of velocity and of the surface shiftlng along the axis ofthe measure laser beam or, when 1angential 
vibrometers are used, in the perpendicular direction. Their resolution aod dynamics response guarantee 
the measurement ofboth the global aod vibratory motion: as a result, it is sufficient, in lhe case ofwide 
rigid motions, to follow thc moving object with the measurement probe volume. 

The development of laser vibrometers has been encouraged by two different sets of needs: 
on the onc hand thc need for higher accuracy, resolution and measurement range, wrucb have been 
achieved by operating both on the optical oonfíguration and the electronic section of the system. On 
lhe olher haod new instruments have beco developed to offer, although wilh ao acceptable aod 
foreseen reduction in performance, higher practicability, cost-effectiveness aod therefore wider 
ditfusion. 

A further development in lhe compactedness of the instruments has been obtaincd with the 
introduction of laser diodes and tibre components. ll has therefore become possible to separate the 
probe from thc body of the vibrometer, thus allowing the acquisition of ínformation on locatíons not 
easy to gain access to. or the differential measuremcnts between objects wbich are not necessarily 
close. Flnally, with the advent of integrated optics, it is now possible to obtain miniaturized 
instruments whose components are contalned ln a siogle chip. Together with thls evolutlon in terms of 
components, new technlque bave been developed for the analysis of the signal. 

lmportant .appücations have beeo made in di verse fields throughout the years, and in many 
cases the laser vibrometer has proved to be of vital importance, as for example in the vibration 
measurement in the automotive industry, the study ofthe dynamics in electro-mechanical components, 
lhe vibration measuremeot i o lhe membrane of the ear-drum, the calibration and certificatioo of 
transducers, the study ofthe interactions between fluids aod their structure, to name only a few. Figure 
6 shows lhe results of lhe measurement of motion of a value in an internal combustion engine. The 
solution of anomalous phenomena such as the bounoe witbin the valve seat is also sb.own (Paone et aJ~ 
1994). 

A recent development in laser víbrometry is represented by the scannlns vibrometer; its 
probe is titted with mobile mirrors whioh, when properly controlled, allow the measure beam to be 
place at several locatlons on the surface to analyse. ln this way, mellSUremeots can be made either on 
grids or by following points ln motion (Sriran et aL, 1992). 

This tecbnique can be applied in laboratory tests and also in field tests, for example on hand­
guided vibrating tools, vehicles, machincs. Tests with sinusoidal vibrations up to 250 Hz have been 
performed oo differeot subjects with their hand on three test devices, designed in accordance wilh ISO 
standards. An e.lectrodynamic exciter was used as vibration source. Com pari sons of simultaneous 
measurements. performed by lhe vibrometer and by lhe accelerometer installed on lhe vibrating 
devices, in accordance with ISO standards, have been used to verity the measuremcnt technique. 
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information on a compooent of lhe velocity. To observe such a frequeocy shift. lhis teclmique uses a 
filter, whose transmissivity varies with the frequeocy of the radiation passing lhrough iL Thus, an 
observcr viewing a fieJd witb movlng particles sees the luminosity ofthe particles increase or decrease, 
in relation to the motioo directioo and to lhe modules oflhe vclocity vector, Lioked to the Doppler shift. 
Therefore, the light intensity becomes a measure ofa component ofvelocíty. The underlyiog principie 
is simple and it can be implemented by using an Argon ion laser ( À - S 14 mm), a CCD vídeo camera, 
a iodine cell used as a fifter and a digital imagc aequisitron system. By illuminating lhe field from three 
dlfferent direotions, or by using three vídeo cameras and only one llght plane, it is possible to build 
systems for a tridimensional measurement of the velocity vector (Meyers et ai., 1992). ln fact, because 
of the variation of the quantity of llght scattcrcd by every single particle, it is ncccssary to use a second 
camera observing lhe ficld without any fllter, so that lhe measuring vídeo carncra is normalized with 
that of the refercnce video camera. 

Laser Prop~ation DlriCtion, I 

Fig. 5 Doppler Global Veloclmetry: operating principie (Meyera and Komlne, 1991) 

This system developed by NASA has been successfully used in wind tunnels on complex, 
high velocity flows ( I 00-250 m/s). Higher velocity appljcations are presently under study. 

Unlike the PlV technique. O lobal Doppler Velocimetry bas some important advantagcs, 
sue h as the possibility of working in real time, of having a complctely digital measurement chaln 
which allows automatization and, finally, of acquiring, simultaneously, tbe threc velocity components. 

Scala r Quantities Measurement 

Mcasurement techniques based on the analysis of ligbt scattered by the molecules of an 
analy20d gas illuminated by the laser radiation have been rccently developed (Durão e Heitor, 1990; 
Eckbrcth, 1988; Taylor, 1993). 

Among the most used techniques are those based on elastic scattering of moleculcs 
(Rayleigh Scattering) for density, temperature and velocíty measuremcot and those based on anelastic 
scattcring (CARS. CSRS and IRS) for temperaturc, densily, chcmical species and velocity 
measurcment. 

ln thcse techniques, the values of measured quantities have becn dcduced by tho absorption 
and cmission profile ofthe moleculcs ofthe analysed fluid. For cx.ample, concentration and partia! 
pressure of a chemlcal species are deduccd by the quantity of emission, wbercas concentration of the 
specics is deduced by the emlssion and absorption spectrurn. 
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Fig. 6 Olagram representlng the shlftlng of a valve obtalned through laaer vlbrometer (Paone et ai., 1994) 

Further work has started in order to develop a measurement system for mapping the mechanical 
impedance funcúon by using the scanning v.ibrometer and a force fitm sensor array. This technique has 
proved very powerful for anaJysing hand-arm dynamic cnaracteristícs on bwnans, and i' also 
represents a step forward in the range ofpossible applications (Fig. 7) (Ros.si and Tornasini, 1994). 

I I 
~----·__. 

Fig. 7 AppllcaUon of acannlng laser vlbrometry to the study of the· human hand vlbratlona 
(Ronland Tomaslnl, 1'994) 
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As shown in Fig. 8, this technique can be used to detect damages offrescoes paiotings. 

Fig. 8 Appllclltion of acannlng luer vlbrorNtry to the atudy of the det.c:hments of the freaeo au.rface 
Cutelllnl et ai., 19Mb) 

As part of a research by Depl. of Mechanics of Ancona University, experimental verification 
was carried out on a wall where detachments of tbe ex tema I layer from the lnner substrate were 
artificially introduced. Impulse excitation showed that frequency response functions identify the 
presence of any damage. Laser bearn scanning can therefore provide a way to remotely investigate 
large areas of paintings. 

With a simple laser vibrometer, it is also possible to m~ tbe angular velocity of shafts 
and, therefore, their torsional vibrations (lewin et ai. , 1994); when applied to a shaft, in fact, this 
instrument measures the tangentiàl velocity component in the dlrection of its optlcal axis, which Is a 
function of lhe anglllar velocity. Two parai lei laser beams are generally used and they are loc11ted 
symmetrically to the rotation axis. ln this way tbe measurement becomes insensit:ive to the radial 
motion of lhe shaft. 

ln order to measure lhe tangential motlon of a surface, tbis being a major problem in the 
control of rolling mills, rotary presses, turbomachines etc., systems are now commercially ava.ilable 
whose undorlying principie Is lhe sarne as the Doppler velocimeters in which the Doppler shifting is 
ca11sed by the motion of the surface whose rougbness represents a light scattering factor. These 
systems are highly valued in terms of measurement but their cost is still ex.tremely hig.b. 

A valid altemative to th"e systems based on tbe Ooppler effeot is represent.ed by correlation­
based systems. ln a fibn>optics system which has been developed at1he Department ofMechanlcs of 
lhe University of Ancona (Mass~ 1994), see Fig. 9, it is possible to rneasure tangential velocity and 
normal shift of surfaces at the sarne time. The operating pnnclple is based on lhe modulation of tbe 
intensity of ligbt scattered by three collimated laser beams, which is operated by the roughness of the 
surface itself. The velocity oftbe tangential translation is determined by operating the cross correlation 
between signals coming from perpendicular beams. The perpendicular shift to the surface is 
detennlned by the cross correlation between tbe signal coming from one of the two perpendicular 
beams, and the signal coming from the inclined beam. Nor being based on interferometria techniques, 
this system is advantageous both in terms of cost·effectiveness and in terms of case of construction. 
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Fig. 9 Corretatlon teehnlque for the rne•urement of tangenftal veloclty and dletance from a aolld surface 
(Masal, 1994) 

By resorting to laser systems it is also possible to develop measuremeot systems io 
diagnostic, especially for turbomachincs; at the Department of Mechanics of lhe University of Ancona 
a technique has been developed for the mcasurement of rotating bladc vibration in operating 
turbomachines (Nava et aL, 1994). 

ln this kind of application, the object under study is moved by rigid motlon ata considerable 
velocity aod it is also animated by a vibratory motion in the sarne direction. 

The system is based on the measurement of the time whlch elapses bctween two rotlltions of 
a rotating blade before two observators consísting of proxlmity piokups without contact with the 
surface. I f lhe rotating blade was infinitely rigíd, the measu.red time would only depend oo the angular 
velocity of tlle rotor. But a real blade, having a limited rigidity, will vibrare as a result of inertial and 
fluid-dynan1ic stresses. The blade, therefore, after llaving passedbefore tbe lirst observator, will reach 
lhe second one either earlier or !ater than what is expected by a rigid blade. The time elapsed between 
the two rotations before the two observators wUI thus ditfer from the time of rigid motion of a value 
wbich is proportional to tbe vibratlon de~ction of the blade. Once lhe instantaneous velocity of lhe 
rotor is known, lhe dcflection ofthe blade becomes known. too. 

To realise such systern, laser proxJmjty plclrups had to be used and, ln particular, fibre-optics 
systems. 

I n fact, in the case of peripherical velocity values· of 300 m/s and with vibration amplitudes 
of 0.05 mm, in order to have a rosolution of around 5%, it is ne.ccssary to use observators with a 
bandwidth in the region of 100- 120 MHz.. whicb would be otberwise impossíble wilh traditional 
sensors. 

A description of this measurement system is giveo in Fig. I O. The laser source emits a beam 
which, through a fibre-optics system and a coupler, is takcn to lhe two sensitive heads and focused on 
the top of the blades. As tbe rotating blade passes througb. tbe light reflected by the surface is taken to 
the photo diode, where is converted into electríc pulse. After processlng, this signal provides the 
mcasure of the vibration. Sucb system is an example of how electro-optical teohnology can have 
successful applications in the diagnostics of industrial machines. 
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Fig. 10 Olagrem showlng the meaturement syatem of vlbratlons of robltlng blades ln turbomac·hlnes 
(Nava et ai., 1994) 

Conclusions 

11 

Within the global field of mechanic measurernents, laser measurement tcchniques offer rhe 
widest range of applications. However, lheir potential will not fully develop unless problems are 
tackled with a more open-minded approach, therefore not limited to a sectorial anaJysis. The need, 
lhu.s, arises for a meeting ground where optics on one si de and tluid or experimental mechanics on lhe 
other, can work together. 

For its own nature, AI. V .E. L. A. rnust be an autonomous body whose scope of interest and 
research is ha1f way between optics and rnechanics. 

Considering lhe possibility of further development ln the near future and the extreme vitality 
of lhe research and lhe market for this fie1d. the need is felt for other initiatives which couJd promote 
the devclopment and lhe diffusion of such techniques as lhose oflaser measuremenl. 

lt was with this attitude that the Flrst [nternational Confercncc on "Vibration Measurernents 
by Laser Techniqucs" was held in Ancona ln October 1994. On this occasion. more Lhan 120 
rcsearcbers in tbe field of vibromelry, coming from 17 different countrles, gathered to present and 
discuss their work. Either for economlc or technical reasons, even more researchers who would have 
1iked to particip1e were unable to attcnd lhe conference. Considering lhe success oflhis initiaúve and 
tbe possibility of exteoding lhe attendance. it was decided to hold lhe conference every two years. 

The next Conference will take place in Ancona in September 1996. Untillhen, afl possible 
efforts wlll be made to lncrease both the dlffusion and thc attendance to this evcot, also mak.ing use of 
spccific fmancial support. The ALFA program, sponsored by tbe EEC. will espedally help promoting 
co-opcration and excbanges between Latin American countries and the EEC. Therefore, it is to be 
hoped that further possibi1ities of collaborative scientitic research between ltaly and Latin American 
countries, and in particular Brazi1, will also develop. 
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Within the COSEM Congress, a special session wiU be held in December 1995, particularly 
devoted to the applicarlons ofthose techniques described in this paper and supported by an exhibition 
of lhe most interesting eqllipment in lhis field. 
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Abstract 

This work dcals wilh lhe nurnerieal simulation ofthe two-phase tlow distribution inside a commoo header placed 
between two passes of a shell-and-tube heat exchanger. The Numerical results h ave been obtained from a 
computer code based oo the two-dimensional two-fluid model. The inttrfacial momenturn transfer was modeled 
as a function ofthe flow paltems observed in the heat exchanger common header. The influcnce ofthe total mass 
Oow rate and the mLxrure quality (the inlet tlow condilions) on lhe phase distributions at the common header 
outlet were investigated. The numerioal simulations ofthe two-phase flow distribution inside lhe common 
hcadcr \YI:re compare<! qualitat.ively with other numerical and experimental resuhs. showing lhe capability ofthe 
proposed model. 
Keywonb: Two-Phase Flow. Numerical Simulation, Two-Fiuid Model, Heat Exchanger. 

Resumo 

A redistribuição das fases de um escoamento bifásico dentro de uma caixa de retomo. localizada entre dois 
passes de um trocador de calor. foi estudada numericamente. As simulações num~rieas foram realizadas 
utilizando-se um programa computacional baseado no modelo de doís fluidos. Um modelo de transferência 
intcrfacial de quantidade de movimento foi desenvolvido a partir dos padrões de escoamento existentes na caixa 
de retomo do trocador de calor. Foram investigados os efeitos da vazão mássica total e do título da mistura, ou 
seja, das condições de entrada do escoamento. na distribuição das fases na salda da caixa de retomo. Os 
resultados das simulações numéricas fonm comparados qualitativamente com outros resultados numéricos e 
com alguns resultados experimentais, mostrando a validade do modelo proposto. 
Palavns-chan: Escoamento Bifàsico. Simulação Numérica. Modelo de Dois Fluidos, Trocador de Calor. 

Introdução 

cm várias instalações Industriais. tais c,omo refinarias de petróleo, indústrias quimicas e 
termoelétricas, é comum a utilização de trocadores de calor. Muitas vezes, nestes trocadores de calor 
oct1rrem escoamentos bifásicos gâs-llquido. A previsão adequada do comportamento destes 
escoamentos, em algumas regiões do trocador úe calor. pode facilitar o projeto ou a operação e a 
manutenção destes equipamentos. 

No presente trabalho será apresentado um estudo numérico de escoamentos bifãsicos gás­
liquido em uma caixa de retorno localizada entre dois passes de um trocador de calor. A distribuição 
das fases na salda da caixa de retorno é de fundamental importância para a avaliação das trocas 
térmicas no segundo passe do trocador de calor. Um estudo realizado por Mueller e Chiou (1988) 
descreve os efeitos da distribuição irregular do escoomento no coeficiente global de transferência de 
calor em equipamentos térmicos. 

Poucos trabalhos foram publicados sobre a análise da distribuição de escoamentos bifãsioos 
em trocadores de calor. A maioria deles aborda o problema da distribuição do escoamento em redes de 
tubos conectados em paralelo. como por exemplo o trabalho de Kubo e Veda ( 1973). Por outro lado, 
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existem vários trabalhos disponíveis sobre a distribuiç~ de es.coamentos bifásicos em tês. O trabalho 
de Hwang. Soliman e Lahey (1988) apresenta uma excelente revisto bibliográfica sobre o estudo da 
separação de escoamentos bifásicos em tês. 

As simulações numéricas do escoamento bifásico na caixa de retorno de um trocador de 
calor foram realizadas a partir de um programa computacional baseado no modelo de d.ois fluidos. 
Foram estudadas diferentes condições de entrada do escoamento na caixa de retomo de modo a 
caracterizar a distribuição das fases nestaS geometrias. 

Modelo Teórico 

O modelamento teórico do esc.oamento bifáslco em caixas de retomo de trocadores de calor 
é uma tarefa bastante complexa. devido à in1eraç!io dinâmica entre as fases. Para este tipo de 
escoamento é utilizado o modelo de doJs fluidos, que é descritQ por um conjunto de equações de 
conservaçã<> para cada fase, além das equações de transporte através das interfaces. 

O modelo de dois fluidos consiste cm um tratamento rigor.oso do escoamento blfásico 
através de uma fonnulaçll.o local e instantânea. Esta fonnulação pode ser simplificada atTavés de um 
processo de média no tempo, confoJIDe o procedimento apresentado em Ishii (1975). 

Neste trabalho foram adotadas algumas hipóteses simplificadoras de modo a possibiUtar uma 
solução numérica das equações que formam o modelo de dois fluidos: 

Escoamento bidimensional no plano de simetria: 

Escoamento isotérmico e sem transferência de mass~ 

Equilibrio local de pressão entre as fases, e 

Difusão turbulenta desprezível. 

O conjunto de equações de balanço do modelo de dois tluidos (lshii, 1975), quando 
simplificado através das hipóteses descritas acima, pode ser escrito da seguinte forma: 

Balanço de massa do Líquido: 

:t (a,P,) +! (a,p,u,) + ~ {a1p1v,) = O 

Balanço de massa do gás: 

a a a 
ôt (a11p8) + ôx (a8pgug) + éJy (a8pgv11) = O 

Balanço de quantidade de movimento de liquido na direçào x: 

a a 2 a aP 
-(apu)+-(apu,)+-(apuv) =-a-+apg 
Ôt lll ÔX ll Ôy IIII 'oX lllt 

+ K (u - u ) + ~ [!..(a au,) +!..(a au,)n 
1g g l I OX I ÔX ôy I oy J 

Balanço de quantidade de movimento de gás na direção x; 

(1) 

(2) 

(3) 

(4) 
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onde: 

Balanço de quantidade de movimento de liquido na direção y: 

a a a 2 aP 
-(apv)+-. (apuv)+-(apv1 ) =-a-+apll 
Ôt I l l ÔX I l l I Ôy l l l O'j l I"")' 

+ K ( y _ v ) + ).l [.! (o. ôv 1) + ~ (a ôv ')] 
tg g I I OX I ÔX Ô'j l fJy 

Balanço de quantidade de movimento de gás na direção y: 

a a a 2 aP 
- (a p v ) +-(a p u v ) + - (a p v& ) =-o. -+o. p g 
àt I 8 I ÔX 8 11 g I ôy g 8 llfJy 11 I Y 

+ K (v -v ) + ll [~ (o. ôv s) + ~ (a ôv s)ll 
111 ' 11. & àx 8 àx ày 11 ôy ~ 

1 • liquido 

g '"' gáS 
P ... pressao 

u - velocidade na dlreç!o x 

v • velocidade na direção y 

a • fração de vazio 

P = densidade 

g • gravidade 

K
8

, = coeficiente de atrito interfacial 

(5) 

(6) 

Este sistema de seis equações contém nove variáveis dependentes. São necessárias, portanto, 
três relações adicionais: 

a +a = I 
I I 

P, = f(P) 

(7) 

(8) 

(9) 

Apesar da formulaçllo adotada no modelo matemático ser restrita à escoamentos 
incompress(veis, é possível calcular as densidades das fases (principalmente a densidade do gás) em 
funçllo das variações de pressão no interior do domlnio. 

A solução deste conjunto de equações depende de uma equaçlo constitutiva para o 
coeficiente de atrito interfacial. Avaliar corretamente este termo é de extrema importância para obter 
uma solução consistente para o modelo de dois fluidos. Para o easo de escoamentos dispersos (bolhas, 
gotas ou intermitente), lshii e Zuber ( 1979) propuseram a seguinte correlação para o atrito interfacial: 

( lO) 
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onde: 

ai =área interfacial 

C0 = coeficiente de arrasto 

P c = densidade da fase continua 

V, =velocidade relativa 
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O coeficiente de arrasto foi desenvolvido por lshil e Michima ( 1984) para diferentes padrões 
de escoamento bifásico em tubos verticais. como por exemplo: a oolhas ou gotas, pistonado e agitante. 

O escoamento bifâsico em uma caixa do retorno de um trocador de calor ger'lllmentc 
apresenta uma distribuiçao espacial das interfaces bem mais complexa comparada à distribuição das 
fases em um tubo reto. A existência de regiões muito ricas em liquido (filmes llquidos) e de regiões de 
grande concentraç!o de gás dificulta a utilização dos modelos existentes para o coeficiente de arrasto 
de escoamentos dispersos (a bolha ou a gota) cm tubos retos. Neste trabalho foi empregada uma forma 
alternativa da Eq. (lO) do atrito interfacial. 

Tendo em vista a necessidade de que a expressão para o atrito intcrfacial seja continua e 
vâlida em toda a faixa de vazio, a densidade da fase condnua foi substituida pela densidade da mistura: 

( 11) 

Foi também considerado que a área interfacial e o coeficiente de arrasto dependem somente 
da fração de vazio. Considerando que a ârea interfacial deve tender o. zero quando a fração volumétrica 
de uma das fases tende para zero, adotamos a seguinte funçll.o: 

( 12) 

Desta forma obtemos a seguinte expressll.o para o coeficiente de atrito intcrfacial: 

{I 3) 

De acordo com os resultados de simulações numéricas de escoamentos bífâsicos em 
entroncamentos (tês) de tubulações realizadas por Carneiro ( 1991), o valor da constante C. da Eq. ( 13) 
para o atrito interfacial, deve ser da ordem de 400 m·'. Embora a geometria de caixa de retorno seja 
diferente da geometria dos tês, o mesmo valor da constante foi empregado neste trabalho como uma 
primeira aproximação. Espera-se, no futuro. realizar simulações numéricas com diferentes valores para 
esta constante e comparar os resultados com os resultados experimentais disponlveis. 

Modelo Numérico 

As equações que formam o modelo teórico descrito acima foram resolvidas pelo método de 
volumes finitos, utilizando-se o conceito de malhas entrelaçadas descrito por Patankar ( 1981 ). Esta 
técnica consiste em integrar as equações de balanço de massa em volumes de controle centrados nos 
pontos onde estio definidas as variãvei.s escalares (pressão, fraçAo de vazio e densidade), c tendo as 
componentes da velocidade definidas nas faces deste volume de controle. As equações de balanço de 
quantidade de movimento são integradas ao longo de volumes de controle deslocados em relação aos 
volumes anteriores, de modo que a componente da velocidade encontra-se no centro e as variãveis 
escalares estão localizadas nas faces deste volume de controle. 

A principal dificuldade na soluçD.o simultânea das equações discretizadas resulta do 
acoplamento entre as equações de quantidade de movimento das duas fases, que ocorre devido ao 
termo de atrito interfaclal. O algoritmo utllizado neste trabalho e semi-impHcito, ou seja, o gradiente de 
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pressão e o atrito interfaclal são oalculados implicitamente e os termos convectivo e difusivo são 
calculados explicitamente. O problema é reduzido a um sistema de equaç.ões algébricas para os 
incrementos de pressão em cada volume. 

Uma descrição detalhada do algoritmo numérico foi apresentada anteriormente, Moura 
( 1991 }, de modo que apenas as principais etapas serão discutidas a seguir. 

Inicialmente, as equações de quantidade de movimento são transformadas em uma forma 
não conservatlva. A equação de balanço de massa do liquido é multiplicada pelas componentes da 
velocidade do ltquido nas d'ireçõés x e y, e as equações resultantes são subtraldas das -equações de 
quantidade de movimento do liquido nas direçõcs x e y, respectivamenle. As equações de quantidade 
de movimento do gás, na forma não conservativ.a, são obtidas seguindo o mesmo procedimento. 

As equações de balanço de massa do liquido e do gás são integradas ao longo dos volumes 
centrados nas variáveis escalares. Os valores d'as variáveis escalares nas faces do volume são avaliados 
pelo método donor·cell, que consiste em usar o valor da variável no centro do volume mais próximo da 
face seguindo a direção do escoamento. 

As equações não conservativas de quantidade de movimento do liquido e do gás, em ambas 
direções, são integradas ao longo de volumes centrados nas componentes das velocidades. 

Os termos convectivo e difusivo são calculados explicitamente, ou seja, a partir dos valores 
das variáveis no passo de tempo anterior. Este procedimento ímplica em uma límitação do passo de 
tempo delerminada pela condição de CouranL De acordo com esta condição, a distância percorrida por 
uma partlcula fluida em uma determinada direçâo, durante um passo de tempo, deve ser menor que o 
comprimento do volume de controle nesta mesma direção .. 

As equações discretizadas da quantidade de movimento do liquido são reescritas de modo a 
explicitar a vel{)cidade do gás (termo de atrito lnterfacial). Seguindo o mesmo procedimento é passivei 
isolar a velocidade do liquido nas equações de quantidade de movimento de gás. Em seguida, as 
velocidades do liquido e do gás são eliminadas das equações de quantidade de movimento do gás e do 
líquido, respectivamente. 

Finalmente, as equações de balanço de massa e de quantidade de movimento do liquido são 
combinadas, resultando em uma equação para a pressão e a fraçâo volumétrica do Hquido. Do mesmo 
modo é obtida umnequaçâo envolvendo a pressão e a fraçclo volumétrica do gás (fração de vazio). 
Estas equações podem ser resolvidas pelo método iterativo de Newton, gerando equações para os 
incrementos de pressão e de fração volumétrka de cada fase. Como os incrementos de fração 
volumétrica das duas fases silo i_guais e de sinais opostos, toma-se posslvel combinar estas duas 
equações obtendo uma única equação para o incremento de pressão em cada malha. 

O sistema de equações para os incrementos de pressão relaciona a varlaçao da pressão em 
cada malha com as variações de pressão nas quatro malhas vizinhas. Este sistema matricial pode ser 
resolvido por um métQdo iterativo para matrizes tri-diagonais (TOMA). Uma vez calculado o novo 
campo de pressão, é possfvel voltar às equações de ba-lanço de massa e de quantidade de movimento 
para calcular a fração de vazio e as componentes da velocidade de cada fase. Caso os balanços de 
massa em todos os volumes de controle não satisfaçam um determinado valor (critério de 
convergência), resolve-se novamente o sistema de equações para os incrementos de pressão, com os 
coeficientes da matri~ atuali.l:ados. 

Resultados Numéricos 

Os resultados das simulações numé1icas do escoamento bifásico em uma caixa de retomo de 
um trocador de calor foram obtidos através do programa TOFLU-2D (Two-Dimensional Two-Fiuid 
Computer Code), descrito detalhadamente em Moura e Rezkallah ( 1991). ·· 

A geometria estudada é apresentada na Fig. I . Esta geometria representa o plano de simetria 
da caixa de retorno de um trocador de calor com placas planas. Foi utilizada uma malha uniforme 
(2Qx40) com 800 elementos de 1 cm x I cm. 

O escoamento ar-água entra na caixa de retomo pela metade tnferior da face esquerda do 
domlnio discretizado e sai pela metade superior desta mesma face. As condições de contorno na 
entrada são valores especificados para a fração de vazio e para a velocidade de cada fase. Na saída, as 
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condições de contorno se resumem a um valor especificado da pressâo. Nas outras faces, formadas por 
paredes impenneáveis, prevalece a condição de contorno de não deslizamento. 

Entrada 

G.2m 

Dl•1COI 

.L 
T 

G.2m 

o.lm 

Fia. 1 Esquema da malha (20x40) u1111zada 

Foram estudadas nove condições de contorno na entrada da caixa de retomo, representàndo 
diferentes combinações de velocidade superficial do liquido e do gãs. A Tabela I resume as condições 
de contorno utilizadas. Na salda da caixa de retomo foi especificada \Ima condição de contorno de 
pressão constante e igual à presslio atmosférica. A velocidade e a fração de vazio na entrada foram 
calculadas a partir dos valores especificados de velocidade superficial do liquido e do gãs (distribuição 
uniforme), usando-se as relações do modelo homogêneo (lshii, l97S). 

v = ] +J 
m • g ( 14} 

a = 
1, (IS) 

1+-
J, 

Na última coluna da Tabela 1 foi incluído o número de Froude, dêlerminado a partir da 
seguinte expressão; 

vm 
Fr = 

.Ígt 

onde l é a largura (0,2 m) da caixa de retorno. 

(16) 
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Tabela 1 Cpndlç6tl d.t contorno na tlnlrada 

Cond. Cont J! J g Ym u Fr 

0,5 0,5 1,0 0,500 0,71 

2 1,0 0,2 1,2 0,167 0,86 

3 5,0 Oi2 5,2 0,038 3,71 

4 0,2 1,0 ~ .2 0,833 0,86 

5 1,0 1,0 2,0 0,500 1,43 

6 5,0 1,0 6,0 0,167 4,28 

7 0,2 ' 5,0 5,2 0,962 3,71 

8 1,0 5,0 6,0 0,833 4,28 

9 5,0 5,0 10,0 0,500 7,14 

As condições de contorno desO'I'itas aoima foram representadas no mapa de padrão de 
escoamento bl fásico horizontal de Mandhane el al ( 1974 ), de modo a facilitar a identificação de cada 
condição de escoamento na entrada da caixa de retomo. A Fig. 2 mostra este mapa corn as cMdições 
de contorno. 

.... 0.10 1.00 

.JO(mls) 

10.00 

Fig. 2 Condlçbes de contorno 111 entrada 

1110.00 

As simulações numéricas foram reaHzadas a partir de condições iniciais a:rbitrárias, 
escolhidas com o útlico objetivo de diminuir o tempó necessário ,para atingir um estado de escoamento 
permanente. 

Para cada condição de contorno foram calculados .os campos de velocidade do Uquido e do 
gás, de fração de vazio e de pressao. A partir dos perfis de velocidade e de ftaçjio de vazio foram 
determlnadas. as distribuições de vazão de llquido e de g~ na secção de saida da ca.i:xa de retomo. Cabe 
lembrar que a distribuição de vazão .na saída da caixa de retorno, ou na entrada do segundo passe do 
trocador de calor, é de fundamental importância para a avaliação do des~JIIpenho térmico do 
equipamento. 



SimUlação Numérica da Redi$1ribuiçlo de Escoamentos.~ 21 

Nas Figs. 3 aS são apresentados, respectivamente; o campo de ftaçlo de vazio, o çampo de 
velocidades do Uquido e a distribuição de vazôes na salda, para a condição de contorno 1. ~e·se 
observar uma forte tendencia de acumulaçiO da fase liquida na re~ próxima da parede vertical da 
caixa de retomo. Esta região apresenta tamb6m valores mais baixos de velocidade do liquido (e 
também do gás), indicando a exis~ncia de uma regí!o preferencial do escoamento próxima do centro 
dodomlnio 

Fig. 3 Campo de tr.çto de vulo para condlçto de en1nda 1 

A distribuiçllo de vazões na safda roostra uma tendência do liquido em deixar a caixa de 
retomo pela parte superior da secção de salda. Esta tendência é mais ou menos pronunciada em função 
da rela.ç!o entre as forças de inércia e gravitacional (número de Froude), conforme sen\ discutido mais 
adjante. Cabe ainda destacar que a distribuição da vazlo da mistura liquid~gás na safda n!o é 
uniforme, indicando uma influência da condlçlo de contorno (pressao constante) na saída. 

~- 4 campo da v.loc:klldaa de liquido para eoncllçlo de anttllda 1 
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OUTl.fT POSITION 

-LIQOID -

Fig. 5 Dlatnbulçlo de vazan na aalda para condlçl o de entrada 1 

A partir de uma análise cuidadosa dos resultados obtidos pllnl as nove condições de contorno 
na entrada, descritas na Tabela I, foi posslvel identificar algumas características comuns e definir três 
grupos disúntos de escoamento bifásico em caixa de retomo de trocador de calor, conforme mostra a 
Tabela 2 

Grupo Cond. Cont. Fr JL 
3 3,71 5,0 

A 6 4,28 5,0 
9 7,14 5,0 

1 0,71 0,5 

8 2 0,86 1,0 
4 0,86 0,2 
5 1,43 1,0 

c 7 3,71 0,2 
8 4,28 1,0 

A partir dos dados apresentados na Tabela 2 podemos caracterizar os três grupos da seguinte 
forma: 

• Grupo A: número de Froude elevado (Fr > 3) e velqçidade superficial do liquido elevada CJL"" 
5m/s). 

• Grupo B: número de Froude baixo (Fr < 2) c velocidade .superficial do liquido baixa (JL <lm/s). 

• Grupo C: número de Froude elevado (Fr >J) e v.etooída<J~ superficial do liquido baixa (JL < lm/s). 

Analisando-se o grupo A, observamos uma separação das fases logo após a entrada na caixa 
de retomo. Devido à diferença de inércia entre aS fllses, o liquido escoa principalmente na região mais 
externa da caixa de retomo, sendo que o gás ocupa qu~e toda a regi!o centraL As vazões tanto do 
líquido quanto do gás nas malhas de salda sAo relativamente próximas das vazões mMias, com uma 
pequena tendência para uma maior vazão de Uquido nas malhas locaJjzadas na parte superior da secção 
de salda. Pode-se ainda observar que, apesar da relativa separaçllo das fases, a distribuição de 
velocidades de ambas fases é bastante uniforme ao Longo do domlnio. 

O grupo B pode ser caracterizado por uma itúlu~ncía maior da força gravitacional. A fase 
Hquida continua sofrendo uma separação devido à diferença-de inércia entre as fases. Porém, ao atingir 
a parte superior da caixa de retorno. a fi'açllo do eseoamento mais rica em liquido apresenta uma 
tendência a descer em direçllo à região central da secção de salda (Fig. 3). Em conseqüência. ocorre 
uma maior vazão de liquido nas malhas centrais da sec~ltó de salda. O campo de v·eloddades também é 
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alterado devido à acumulação de liquido perto da parede vertical da caixa de retomo. Na Fig. 4 pode>se 
observar a existência de algumas regiões de recirculaçilo ou de estagnação do escoamento, coincidindo 
com as regiões mais ricas em liquido. 

Finalmente, o grupo C corresponde às condições de contorno com valores altos da 
velocidade da mistura e da fraçlo de vazio. A pequena quantidade de liquido presente no escoamento é 
separada do gás, formando um filme liquido delgado que escoa junto à parede vertical. Devido à 
presença do escoamento do gás oom alta veLocidade na regiilo central da caixa, este filme liquido 
continua escoando junto à parede superior e deixa a caixa de retomo ocupando apenas uma ou duas 
malhas da se<:çao de salda. A distribuiçlo de vazões na salda da caixa de retomo 6 muito irregular, 
sendo que praticamente toda a vazio de Uquido escoa pelas últimas malhas de salda. 

A Fig. 6 mostra o mapa de padrão de escoam_ento bifbico que contém os três grupos 
descritos anteriormente. As linhas separando os diferentes grupos foram traçadas apenas levando-se 
em conta as condlçOes de contorno analisadas, sem a pretensão de Identificar as transições entre os 
grupos. 

Os resultados numéricos obtidos neste trabalho foram comparados qualitativamente com os 
resultados numéricos obtidos por Khan et ai. ( 1992). Apesar dos resultados mencionados terem sido 
obtidos para uma caixa de retomo quadrada (40 cm x 40 cm) e com ourra equaçilo constitutiva para o 
atrito interfacial, observou-se que para uma mesma condição de entrada. os campos de fração de vazio 
e de velocidades silo semelhantes. A Fig. 7 reproduz os resultados numéricos obtidos por Khan et al. 
(1992) par-a o campo de velocidades do liquido e de fraçao de vazio (condição de entrada igual à 
condição 1). 

10.00 
3 6 g 

• • • A 

2 s 8 
1.00-:: • • • 

1 

1 • c 
B 4 7 .. • • 

0.10 "'1: 

0.01 +...,.'T"'''"'" .. I'II'"""•"""''""'I""'"'''"".r--,.,...,. ....... """'··--.-.-I"T'I"'rwt 
0.01 0.10 1.00 10.00 100.00 

Jg (m/s) 

Fig. 6 Mapa de pidrlo de ftcoaJMnto em caixa de retomo 

Foram feitas também comparaçOes com resultados experimentais obtidos por Moura (I 989). 
Neste caso, apesar das dimensões da caixa de retomo serem iguais (20 cm x 40 cm), as condições de 
contorno são diferentes. Os Tesultados erxpérimentais disponivels correspondem às cond1çõ"es de 
entrada próximas do grupo B, porém com velocidades superficiais do Uquido menores. Os re.SUlfados 
numéricos apresentam as mesmas tendências de separação das fases na caixa de retorno. apesar da 
distribuição de vazões na saida ser relativamente diferente. Pam as condições de entrada impostas nos 
testes experimentais (velocidades superficiais mais baixas), observou-se uma tendência do liquido em 
escoar pela parte central da secçl!.o de salda, provavelmente devido à maior lnfluencla,da fatça 
gra v i taci.onal. 
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Fig. 7 Campo de velocidades do lfquldo e de fraçto de VliZlo obtidos por Khan et ai. (~.992) 

Conclusões 

A distribuição de escoamentos bifAsicos gás-Hquido .em caixas de retomo de trocadores de 
calor pode ser estudada numericamente atravês d.o modelo do dois fluidos. A qualidade dos resulta®s. 
numéricos depende, em grande parte, da equaçao constjtutiva ,para: o atrito interfaciaL É de 
t:undamental .i:tnportârlcia pata a solu~io numérica que a eJÇpressão de coeficiente de .a~to iij.terfàcial 
seja oontlnua e vAlida em toda a thlxa de valores..~a fração de v.azto. Neste trabalho fol propos~a' ~ma 
expressão que atende estas .neçessldade~. mas que dep~nde do ajuste de uma. col!stânte. 

f'o0tam estudadas diferentes co.nclições de :enttad'a do escoamento. bifásíco na caixa:de 
retomo1 de ,modo a investie~~r a influência das forças de inércia e gravJtaelonal A. partir de uma an:âlise 
douesultados mnnéritos de dtstribuiç.ão de velocidade de cada fase, da fraçllo'de vazi~é·da vQ2:ãóJ4e 
cada fase na.safda, foi possível dividir as condi~ões de o_on~e em :tr.ês grupos, :gerand~ assim-um. 
mapa de padra& de escoamento bifásico em caix-áS de retomo de ttocador,es de calor. 
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Do ponto de vista do desempenho t~rmico de trocadores de calor do tipo casco e tubo GOID 
vários passes, é fortemente recomendável que a distribuiçlo das fases, após cada caixa de rctomo,_séja 
a mais uniforme possível. Neste sentido, recomenda-se que as condiçôeS de entrada na caixa de retomo 
estejam situadas dentro do grupo B. conforme a Fig. 6. Isto seria possível, se o número de tubos de 
cada passe for calculado para garantir as velocidades superficjais desejadas. 

-- Nomenclatura 

a = Concentra~o de área 
i interfadal- 1/m 

C0 = Coeficiente de arrasto­
adlmensional 

C = Constante- 1/m 
Fr = Número de Froude -

adlmenslonal 
g = ~c:fraçlo gravitacional -

J = Veloddade superficial -
m/s 
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Abstract 

The Lheorica:l aspects of lhe two-pbase gas-water flow, witb sorpdon, in the ooalbed treated as Lhe double 
porosity system is presented and the equivalencc of such model with tbe tbree pha.se flow model ln classical 
poroos mcdiu.m is proved. Thcn, thc resolts of computer simulation are presented and disoussed to show tbe 
peculiaritles oftbe Oow in coalbeds. 
Keywords: Degastficaiion, Coalbeds;. Porous Mcdiurn, Two-Phase Flow. 

lntroduction 

Methane production ftorn coalbeds, whilc originalJy a safcty measure, bas cmcrged as a 
major source of gas for a number of locatlon world-wide. Oas dcsorption is tbe main production 
mechanism. This is accomplished currently by the hydraulic fracturing of llle coalbeds, draining of 
water, whicb is always prcsent in thc limlted pore struoture, ánd reducing pressure to begfn the 
desorption proccss. When a well is drilled in tbe coalbed and the pressure in the well is lowered to 
al low coalbed methane to dcsorb and flow to the weU, two pbasc gas-water flow occurs and coalbed -
water (usually brine) is also produced. This may cause the cnvironmcntal problems with salt water 
disposal. lt is shown, that gas and water production fromcoal deposit cao be dividcd i.nto threc distinct 
stages. ln lhe first, gas and water pr.oduction rates decrease v.s. time. The sccond stage is charactcrizcd 
by a "negative decline" in gas production rate and a declining water rate. The third stagc begins wben 
the peak gas rate Is reachcd. This final stage is similar to tbe first, but the slopes of lhe flow rates 
functions are smaller. Thc paper sbows also the mathematical model of water infuslon proce!ls into 
coalbed to point out lhe differences between tlow mechanrsms during water prodoction and lnjection. 
The results of taboratory invcstigations using microwaves techniques are also reported. 

The forecasting ofthe gas and water production is madc using the·relatlve penneability 
concepL Reservoir characterístic of coalbeds are quite complicated, which makes matbematical 
modelling a challengc. The coai matrix is heterogeneous and cbaracterized by two distinct porosíty 
systems: macroporcs (known also as cleat) and mlcropores. The micropore system consist of tbe 
primary-porosity matrix that exists between the cleat. Tbe ml\ior portion of gas stored in coai exists in 
an adsorbed state, rather than ln a f'ree stale. As water is removed' Crom macropores, the reservoit 
pressure is lowered, causing gas to desorb from the matrix surfaces and to tlow into the macroporcs. 
The ftee gas saturation ln the macropore systcm increases until the criticai saturation for flow rs 
reached. On reachlng thís critical value. the gas beCO!DCS mobile and Is transported simultaneously 
with water in thc fractures of macropores. The primary - porosity system acts as a source of fluid to the 
macropore-system. The matbematical formulation of the gas-drainage problcm rs usually bascd on lhe 
Warren and Root model of the dual-porosity system (Remner, 1986). The gas transport from tbe coal­
matrix into thc macropores may be modelled as the diffusion process (Rcmner, 1986) or as tbe 
desorptlon ptocess govemed by tbe La.ngmuir's equation (Mjasnikov, 1977 and Se.idle, 1993): 

V;: V (~)P 
m I+ bp c 

( I ) 

ln the literature, in both cases, tbe speciaUy designed computer simulators are recommended 
for simulation of the degasification process. These programs are expcnsivc and not in common use. 
However ifthe Equation (I) is used as the model of gas desorption, it is possible to use the ord1nary 
black-oil type simulator. 

The more compllcated problem occurs wben thc water infusion into coalbed is to be 
modelJed. For the gas-water flow in coal, water is usually the weulng phase. Henoe, if tbe grain of çoal 
(saturated with gas) contacts with the Wáter (flowing in the macropores), the micro-tlow of water and 
Presel'lled at~ Fifth Brazlllan Thennal Sàences Meeting- ENCIT, São Paulo. S.Pn December7-9. 1994. Technícal 
Edrtor$1\lp: ENCrt Editorial Commíttee 
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gas in opposite directions through the surface of grain (block of coai matrix) may occur under the 
effect of capillasy forces. For this reason, dry coai imbibes water. This process may be modelled by the 
parabotic-type equation with the "diffuslon coefficient" depended on the micropore-system geometry 
and the interfaciaJ tension. 

Simulation of the DegasUication Process 

A mass balance was performed on an elemental volume of coai for both gas and water 
phases. This resulted ln the continuity equatíon for each component: 
water: 

gas: 

-V (kr&k P8 V p) _ P&c T ôV _ q P1c T = !_ (tSgPg) 
1-lg z g TSCI ôt " TIC c3t z 

The number of unknowns was reduced by implement!ng n.vo auxillary &juations: 

S + S = I w I 

(2) 

(3) 

(4) 

(5) 

Gas desorption was described by the quasjsteady- state model developed in (Stopa, 1994). 

ôV 
qd =- ... 

es Õt 
(6) 

Having assumed that 6 t » t and incorporating the Langmuir equation we obtaü\ tbe 
simplified model of gas sorption: 

ôV 
ôt 

a v 
-'= 
àt 

(1) 

ln the typicaJ "black-oll" type simulator formulation the sorption term does not present but 
the solubility of gas in oil and water is incorporated. And moreover there is the 3·th, unused continuity 
equation for the oH phase. The continulty ,equations for oil gas phases are: 
o ii: 

-V uo - q = .Q_(+So)· 
B OlC ôt B 

o o 

(8) 

gas: 

(9) 
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where: 

krl 
u. = -k- (V p. + p.g) ( 10) 

I J.l · I I 
I 

Let S0 be the fictions saturations of coalbed wíth "o ii" phase and Kro ( ~~ = O . 
This implies that 8S/8t = O and u0 aa O. Then putting B = l,z .. J,R = o and 

using Darcy's Iaw and the gas formatlon volume factor definition: 0 se sw 

p zT 
B =_se __ 

8 pz T se se 

Equation (9") becomes: 

Putting 

(11) 

(12) 

(13) 

whereV=V E is calculated using lhe formula (I) one may establish the formal analogy between lhe two­
phase water-gas flow with sorption, and 3 - phase oil - water - gas tlow Is porous medium. For thc 
calculations, lhe porosity and the saturations should be corrected according to formula: 

(14) 

(15) 

S =S / (1 - S) 
g ll o 

(16) 

As an example we investigated the degasification proocss of dto restangular: ooalbed 
(200xl50x l0m) using two vertcal wells Wl, W2 working with the constantFBHPequal to 0.21 MPa. 
The additional parameters were: s = O 6 k ... 5m'"' k .. lOmd ... = O 01 p = 10,33MPa, 

WO " ' X U, y t , ' t O 

3 - 1 3 T = 300K.,V m = 3S,4nm / l, b • 0,246MPa ,pe =- l,3t/ m 

The simulation was madc using the "black.-oil" type simulator BOAST II, (Stopa, 1994). Thc 
results of simulations are presented grapbically in Figs. 1, 2 and 3. 



Peculiarllles ot Two-Phase Aow in Coelbeds 

~ 

-~ 
• 
: 

~ -~ • 
t1 • 
~ 

-~ 
• 

Fig. 1 FI'M gaa dlstrlbutlon ln coalbed (c.omputtr almulatlon reaulta) 

Fig. 2 Adaorbtd 9" contanta ln coalbed (computtr almulaUon rtsutts) 
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Fig. 3 Maln eharaeteriatrcs of thé' de.gaslfleatlon proeess (computar prognosla) 

One may see that gas and water prodncti<>n from coal deposit can be divided into tlwee 
distinct stages. ln the fiFst, gas and water production rates decrease v.s. tirne. The second stage is 
cllaracterized by a "negative decline'' in gas production rate and a decJinins water rate. The third stage 
begihs wben tlle peak gas rate is reached. This fmal stage is similar to the fust, but the slopes of1he 
flow rates functions are smallcr. 

ModeHlng of the Water lnjéCtion into Coalbeds 

Tlle most important mode of water transport in coalbeds is Darcy flow in the fractures and 
macropores. The micropote-sy.stem is alse acoessible to water because of itnl:>ibition and adsorption of 
water on the walls of capillary pas~ages. The scbeme ofthe flow is sketched in Fig, 4. 

Fig. 4 The sche:me of11ow ln tlle cóal matrlx 
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As lhe coal matrix acts as the negative sour.ce ofwatcr to thc macropores-systcm, an 
additional ~source" tean Qw must be addcd to lhe water continuity Equation (2~ 

Thc malhematical model of this infusion process was devcloped in the previous worlc 
(Siemek, 1992 and Stopa, 1990). 

The goveming equation was dcveloped in the local coordinate-systcm (x•, t) connected with 
individual g:rain of coal pressure. Assuming that the capiUary pressuro was the only driving force for 
the imbibitlon, it was found that the actual water content in the grain s• is described by the paraboJíc 
equation: 

• àSw . * 
-- + dtv (Dgrad s: ) = O 

ôt 

D= 

(17) 

{ 18} 

and "*" denotes that differential operators act in a local coordinate system connectcd with the grain or 
lhe parameters refer to tbe microporc-system. 

Equation ( 17) is solved with tbe initiaJ and boundary conditíons: 

s; = sw (x., t) ,t> o on tbe grain surface.. 

Detennination of the Mass-Transfer Coefficient D 

The average value of parameter D may by measurcd using lhe .microwave technlques. 

The experimental apparatus, microwave meter Wilmer 63 rnade it possíble to measure the 
non-adsorbed fraction of moisture content ln coal sample. The samples of crushed coai are first dríed 
by evaporation, next saturatcd witb water up to 10% (of wejght) and insertcd (in an air-tight box) into 
lhe microwave appa.rat.us. The measurcments are carricd out in transmission geometry rcgistering the 
sample anenuation A. The measured signal values were 11Lottcd against time. Typical plot is shown in 
Fig. 5. 

1!.110 

WN~~~~~~~~~~~mm~ 
0.00 100.00 200.00 iiiiO.OO -.00 100.00 

lmln 

Fig. a Attenultlon v.• . time. Sample A 
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Tbe attenuation of a saturated sample is deoreasing functioo of time aod one may deduce fhat 
moisture is adsorbed on tbe internal surface of coai. Wben this process reachos equilibrium, the 
attenuation becomes steady. 

ln spite of the fact that lhe readings of mlcrowaves attenuation A( I) are taken rn decibels, 
due to línear characteristics of apparatus the following equality may be written: 

w-w ___ o ==I. 

WI-WO 

(19) 

wher·e Ao is the attenuation at t = O, A 1 is the attenuation when imbibition reaches 
equilibrium, and w0, w1 are moisture contents (ooncentrations) at t =O and in equilibrium respectively. 
For thjs reason the re lative measure of moisture content I. may be use.d without calibratin.g of the 
apparatus (calibration curve depends on grain size variabiHly). R.eferring to the geometry of the sarnple 
used i o laboratory investigations, spherical parlicles of coai are assumed. Applyiog the spherical 
coordinates system, Equation (17) may be solved analytioally. 

The grain-volume arevaged solutlon defmed by: 

< s• > = -
1
- J s• dV 

w R V w R 
RVR 

(20) 

where V R is volume of grrun, is: 

( S~ )R- So 6 ~ I (k2
1{

2
. D ) 

. = 1--L -exp --t 
SI-SO n:2k - Jk2 R2 

(21) 

Because of linear dependence ofS! and w, and recalling .Equation (19), expression (21) is 
equal to E. The following approximate Equation is also troe. 

L,.. 6 (n:: 
2 
tr·' for small t 

(22) 

Matchiog of the curve (2 1) to the measured data pojnts from Fig. 5 is presented rn Fig. 6. 

Having the attenuation at equllibrium w1, the w0 and J)fR2 were calculated using (22). Using 
these values for 50 terms ofthe series (21) the theoretical curve presented in Fig. 6 was obtruned . 
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Fig. 6 Curve ll'látchlng to the meaaured data • 
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Concluslons 

Two-pbase gas-water flow with sorption is matbematically equivalent to 3 - phase flow 
without sorptlon. The "bJaclc~oil" type simulators can be used for modeling coalbeds degasificatlon 
process, but tbe input data shouJd be prepared in a specific manner. 

Water can exist in coai botb as tlowing phase in macropores andas connate water, adsorbed 
in grains. The water sorption may be described matbematically by use of the diffusion type Equation. 
"Diffu.sion coefficient" may be dcterminated by use of the microwavcs techniques. 

-- Nomenclatura 
a= Attenuaüon,dB 

Sg = Saturatlon with gas ln 
macro-porosity 
system 

S.,. = Saturation with water 
ín macro-porosity 
system 

S0 = Saturatlon with oíl ín 
macro-poroslty 
system 

kn = Relative 
permeabilíties. í=o, w, 
g 

R.J = G~s solubil~ inphase 
I, t-o. w, nm lm 

Pt = Pressure, i=o, w, g, 
bar 

Vm = Constant ln !:fngmuir 
Equatlon, nm 1t 

Po = lnitial pressure, MPa 
b = Constant ln L~ngmuír 

Equation,bar 
O = D~slon coefflcient, 

m /s 

References 

u1 • Oarcy velocity, i=o. w, 
g, rrJs 

81 "' Formatlon volume 
factor, l=o, w, g 

z ., Gas compressíbility 
T = Temperatura, K 
V = Volume of gas aot~al~ 

sorbed ln coai, nm /m 
V e • Volume of gas sorbed 

ln gr,al in equllibrium, 
nm /m3 

qdea "' Gas desorpüon rate 
per coai volume, nm3/ 
dm3 

q, "' Extemal source rate 
per ~ai ~olume, i=w, 
g, m /dm 

t = Tlme, d, sek 
Pç = Capillary pressure, bar 
k = Permeablllty, m-2, k = 

díag (kx, ky) 
Pwt = Flowing bottom hole 

pressure, MPa 

S...., = lnitial water saturation + • Porosity 
P c .. Coai density, kglm3 

PI "' Viscoslty, Pa s 
't = Constant, d 
w .. Water contents 

I: .. Relatlve water 
content, def. by (19) 

Subscrlpts 
se = Normal conditíons 
o= Oil 
g = Gas 
w == Water 
O = lnitlal, t=O 

Superscripta 
• = Fictitlous parameter 

(for calculatlons only) 
of referrlng to 
miCtopore-system 

n = Time step number 
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One ofthe maln problems when lmplementing the ClM coocept concems infonnation integratioo. ln order to 
support information integration an infonnation system provided with suitable data models. is required. ln this 
paper. an information system is presented, whieh fulfils the requiremeots for ao appropriate ioformation 
management in CIM 
ln order to make the information systern transportable and worlwide accepted, ít has been built on lhe basis of 
an intemational standard ISO 10303 (STEP). ln thís paper, an overview ofSTEP will be given as well as two of 
the most interesting aspects ofSTEP: lhe EXPR.ESS language and lhe neutnll exchange file. 
Tbe EXPRESS language is used in the inform.atioo system as data model. Tbe users ofthe informatioo system 
(CIM tool user) mostestablisb lheir data models ío BXPRESS and the informatlon system will store lhcm io lhe 
database. This makes the infonnatlon system flcxible because the implemeoted interface is .independent ofthe 
database schema. Some access functions are provlded by lhe information system for lhe storago and retrieval of 
instances ofthe model when the designcr is working with thc CIM too! . The data exchange format is thc one 
used in STEP. 
The infonnatlon system was developed io lhe framc ofthe ESPRJT 2202 CIM-PLA TO project oflhe European 
Community. 
Keywords: CIM, lnformation Integration. STEP. EXPRESS. 

I ntrod uction 

During tbe past 25 years, computers have been introduced in industry to perform technical 
tasks such as drafting, design, process planning, data acquisition. process control and qualily 
assurance. Computer-based solutions, bowever, are still in m0)1 cases single isolated devices within a 
manufacturing plant 

Computer technology is evolving rapidly, and the life -cycle products of today and 
production methods are shortening, with continously increasing requirements from customers, and a 
trend to market interrelations between companies at a national ahd intemational levei. This forces a 
growlng need for efftcient storage, retrieva·l and exchange of lnformation. Jntegration of informatlon 
is urgent within oompanies to interconnect departments whicb used to work more or less on lheir own. 
On the other hand direct communlcation with outslde customers. suppliers and partner institutions 
will often detennine the position of an enterprise among its competitors. ln the sense, Computcr 
lntegrated Manufactoring (CIM) is t:he key today for the competitiveness oftomorrow. But the 
realization of a future-oriented CIM concept is not possible without powerful, widely accepted and 
standardized interfaces. They are a vital issue on the way to CrM. They will contribute to harmoniú ng 
data structures and informalion flows and will play a major roJe in open CIM systems. 

ln addition, the designers and users ofthe CAD/CAM systems have witnessed, during the 
last decade, the appearance of several speoifications as well as proposals for standards which either 
aftempt to cover wider areas or to be more stable and reliable than the others. Witb the rapid evolution 
of hardware and software, the capabilities offered by CAD systems and CAD based application 
systems are far more advanced than they were only ten years ago. However, tbe situation with 
standards cannot be so. The standard has to be stable and should be general and flexible enough to 
accomodate present as well as expected future developmtnts. 

The ISO standard STEP has been developed to províde a neutral mechanism capable of 
describing product data throughout the tifo ciclo of a product, independent from any particular system. 
and not only CAD data. This paper gives an overview of lhe lSO STEP standard, describing some 

Manusetipt recetved: October 1994. T echnical Editor. Leonardo Goldsteln Jr. 
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interesting aspects like ~he EXPRESS language and tlte neutral exchange file and presents an 
infonnation system for CIM based in STEP. This informati·on system was developed in the frame of 
the ESPRIT 2202 project ofthe European Comrnunity. 

The STEP NormaJization Effort 

ln 1984, ISO established a special committee to develop a standard for the exchangc of 
product data (STEP), which would be the first intemalional standard in CAD data exchange. The main 
reasons taken into accoum by ISO to start the development of STEP were: 

The íntematíonal industrial communíty agreed that a standard for CAD data exchange requi:res 
a worlwide acceptance. ISO is the appropriate organization for this development; 

Theexisting standards focused on the exchange format. A diffetent solutlon was needed io 
whicb the main point was the semantic speciftcation (what to exchange) instead ofthe sintax.is 
(how to exchange), and 

ln the area of selid models exchange, the IGES solution was not adequate. A new solution was 
needed. 

STEP is an intemational standard ISO 10303 described in (ISO 10303 -1 , 1992) (Product 
Data Representation and Exchange) for the representation and exchange of product data between 
different computer systems. This standard has been developed by severa! groups of Subcomrnittee 4 
(Industrial Data and Global Manufacturing Prograrnming languages) ofTechnícal Committee 184 
(Industrial Automation System) in ISO. 

The objective of STEP is to provide a mechaoism capable of describing product data 
throughout the Ufe cycle of a product, independent of any particular system. The goaJ of ISO 10303 is 
to support the creation of complete representa.tions of products through the entire manufacturing 
process and nol merely .graphical representatioos, existing standards for whích are already established. 
The product model in STêP must contain enough information to support advanced CAD/CAM 
applications. ISO I 0303 pro vides a set of technical data elements which may be used to describe 
product data for: 

Communication of product data between activities or enterprises; 

lntegrat.ion of activitíes involved in manufacturing within an enterprise, and 

Archiving of product data independent from the software system used to generate it. 

STêP incorporntes the experience gained i o the development of severaJ national standards 
IG F.S (NSS, 1984). VDAFS (OIN, 1986), SET (AFNOR, 1985) and the projects CAD*I (Beg 
Leuridan, 1988) and PDES (Gruttke. 1985). 

Each lnteroational Standard in the ISO 10303 series is called a "part" and is published 
separately. The structure of the lSO I 0303 family of Standards provides a JogicaJ separatlon between 
the product data infonnation whlch is common to many applications, the additionál informatlon that is 
required to support a parücular application, and the implementation fom1s that may be used for storage 
or communication of that iofonnation. The indepeodence of implementatíon forros means that the 
information content can be extended without c.hanging the definitlon of the implementation form , and 
that new forrns can be added to support existing informatioo definhioos. The product data descdption 
may be stored or communicated Jn a varicty of implamentation forros, such as a physicaJ filo, or 
through direct access to a database. 

The STEP Structure 

The ISO I 0303 series of standards is divided into five logical groups of parts, each ealled a 
Class. Each Class has a unique function in ISO 10303. 

Description Methods: The definition of infonnation requjred for resource constructs and 
Application Protocols to support product models requires tbe use of a formal language to ensure 
consistency and avoid ambiguity. The language should be both human and computer processable to 
facilitate human underst:anding and the generation ofa,pplications and suppofit tools. EXPRESS (ISO 
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1 0303-ll, 1993) is the only fonnallanguage for data description used in STEP. 

EXPRESS will be described in more detail ín this paper: 

Informa ti o o Content: The information content of tbe ISO I 0303 series of lnternational 
Standards is defined as a set of technical data elements k.nown as integrated resoorces 
con.structs. 

The integrated resources provide a neutral, complete and unambiguous representation of 
product model data, independent of the ímplementation forms used' for storage or 
communication. 

The set ofintegrated resource constructs used in the ISO I 0303 series of lnternat1onal 
• Standards have been assembled from information models representing different application domains. 

Similar ideas in different domalns have been reduced to a single construct wbich is common tomultiple 
domains, and may be used with extra constraints and relationshlps to support. particular applications. 

EXPRESS (JSO 10303-11, 1993) is used as the single standard data specification language 
for ali constructs, constraints and functio~ in the integrated resources; 

Application protocols: The use of the ISO I 0303 series of lnternational Standards to support a 
particul.ar appllcation domain is based on the concept ofthe Application Protocol (AP). The AP 
provides a complete explicit statement of the product data description required to meet the 
specific needs of a particular application, and lhe implementation fonn or forms to be used. It is 
the basis of implementations of lhe ISO 10303 seties. 

The AP defines the scope and context of the application. This may inclode the use of an 
activity model (AAM) to clarify the process and the data flows involved. The AP describes the 
information requirements ofthe applioation in applica.tion specific cerms, as a reference model (ARM) 
for establishing lhe necessary product data description: 

l"lte product data description (AJM) is based on constructs and schemas selected from the 
integrated resources and interpreted to meet lhe ne~s of the application; 

lmplementation forms: The product data description may be stored or communicated in a 
variety of implementation forms, wbich are particular methods fot storing, accessing or 
exchanging information. Possible altemative implementation forms wbich may be used for 
product data include physical file transfer aod database access. êacb implementation form is 
described as a mapping from the EXPRESS language onto the formallanguage used for the 
form, and is independent of lhe information to be transferred. The mapping is expressed in a 
formal notation, along with aoy additional syntax required for the particular implementation. 

This series of lntemational Standards provides for different forms of implementation. The 
exchange file implementation serves to exchange entire models or parts thereof between different 
systems. lt is documented in (ISO 10303-21. 1992) and will be described in this paper, and 

Framework for Conformance Testing: The acctedítation and certification procedures for ISO 
I 0303 need to be common and consisteotly applied worldwide in order to ensure effective 
communicatíon of product data. The Framework of Conformance Testing provides a general 
methodology, requirements and general guidance to test centers for tesúng conformance of a 
product which claims to implement anISO 10303 AP against the relevant Part and normative 
reference..~. The goal ofthe Framework is to ensure: 

Repeatability- Test results consistent wherever and whenever undertakcn; 

Auditability- Proccdures conftrmcd as correctly undertakeo, subsequent to the process, and 

Comparability- Procedures are independent oftest site. 

The EXPRESS Language 

The EXPRESS language (ISO 10303- 11 , 1993) provides a complete and unambiguous 
normative description of product data information for botb resource conslructs and Application 
Protocols, wilh supporting test. 

The formal context free grammar of EXPRESS defines entities from data elements and 
constraints and other properties, which together define the valid forms of the product data information. 
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Other features of the language permjt classiflcation and structuring of constructs, and allow 
characteristics of constructs to be generalized or specialized. EXPRESS also facilita~es the 
development of APs by allowing the addilion of wnstraints and attríbutes to existing constructs. 
EXPRESS allows a more complete descrlption of the data and constraints applicab1e to product data 
than is possible using conventional language. 

EXPRESS is based on the following requirements: 

The size and complexity of this standard requires the language to be compu ter processable and 
not only by humans: 

The language is designed to allow the divisi{)o of modelled data. The SCHEMA is the basis for 
this division, and 

The main language e~emenls are the ENTITJES wb.ich are objets of interest. The defmition is 
done based on data and behaviour. 

The examples included here belong to the integrated resources of STEP. 

SCHEMA: A SCHEMA corresponds to a part of the applícation "miniworld" and contains 
ENTJTY and other declarations whlch maíntalo certain relationships. An SCHEMA includes ENTITY 
definitions, user defined types, functions, rules, etc. SCHEMAS can be nestecL and can refer to 
elements defined in other SCHEMA 

ln Fig. 1 a header definitlon of an SCHEMA can be seen. lt includes refercnces to other 
elements defined in other SCHEMAS. 

ln this figure the graphical version can also be seco. Thc diagram is onJy in the SCHEMA 
levei. The relation to other SCHEMAS must be stated io lhe olause REFERENCE FROM. 

REFERENCE FROMtopolDgy_sr:ll••a 
(topoloflY •... -); 

REFERENCE FROM gtlolfletry _sclt.elffG 
(geolffetry ·-··· ); 

REFERENCE FROM.gsolffetry_s>eUle_sr:lleMG 
(csg_solid ••• - .); 

END_SCHEMA.; 

l--r...;<~":... .. ___ otl_o..;;;.._.;..<MM_•_-I~------1L._'_""""_· -"9-~.J_<_II .... _ • _, 

i i 
r 1 
I I 
r I ________ _, .. . --------·~ 

9't0M~-~:. I 9toQI~tt•i<_!l<.ll~t_:;ch~ I 
I I 

Fig. 1 Header deflnltlon for a SCHEMA 

The elemenls referenced can be either lypes defined by the user or ENT/TIES defined in 
other SCf/EMAS. 

TYPE: ln EXPRESS there are some predefined types like INTEGER. ReAL. LOGJCAL. 
STRING. etc .. which are s imple types. Thcre are as well aggregate types like 
ARRA r. LIST. SET and BAG. Aggregate types can be nested like ARRAY [ ... ] OF 
A RRA Y (. .. ] OF .... Brackets includc thc limits for the number of elements. 
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ln Fig. 2 some exampies of TYPE definitions can be seen. The first definition is an aggregate 
which references an ENT!TY. The graphical version ofthis type can also be seen.. The secorul exampfe 
is a type ENUMERATION. When an entity attribute is ofthat type. only the values in the list are valid. 

ENTITY: An ENTITY represents an object or idea of interest for the application. 

TYPE 
pn • ....,t_~•-•t-SET~:Y) 0Fpn.11t1_defiKUW-. 

END_Tfi>E! 

I Sf.T~''l 

b 
l•n•w:t oldld.tiaa I 

TYPE loqliru_au-r•_fl>,.•ENUMEBAnONOF 
{I<IIPiJN _fl>rror, 
r:iiOIJ- ....,, 
.m,lk Me, 
,.,..6<illc_IU'C. 

END_TYPE; 
ltypu11olic _ i~re); 

Fig. 2 Exampln of user deflned types 

An ENTfTY is character~ed by a collection orattributes defined by the user. Thc types can 
be either predefined by EXPRESS or user types. An entity can belong to a hierarchy of entities with 
the relationship SUPERTYPE OF I SUBTYPE OF. An entity can be subtype ofseveral entities and can 
have more than one subtype. The subtypes are related through different relationships and EXPRESS 
provides some operators to defme the restrictions. These operators are: ONEOF. ANDOR, AND. An 
entity inheritS the attributes of ilS supertype. 

ln Fig. 3 an entity definition can be seen. This detinition belongs to t.he integrated resources 
of STEP. Thc definition is not complete due to its complexity. There are aggregate attributes as well as 
derived attributes (in the DERiVE clause) whose values are obtained through diiTerent functions. 

Dlim,_.,.._~ 

llm7'1'6 QF ('HIMW_..,...); 
._....,_ ' rNTIX111& 
~' AM41'fl'.-. "ff"'/ DF IIAMY/*>_.,.,/OF .....,.._,...., ._..,..._ _ torTK»«l __ ,., 

•---~· r liTTit1NiU AJI&U'IIJ,__._"fP"'JOF JUW.: ---·-- t INnf:D.t•M'l~ ..... --~~-loooóo_.,.,,._.._ ._..,....._......._. 
·-~ I AIUA1 /1-.• . .,,../ OF INnQEII :• M't (lo ___ _ 

..... _"'r/ ____ (lo_......,._.,., .• _..,. .. l!J 

...... : .CilltU ,.,._.,..../<fiiAMY f';y_.,...,'f{IUW.:- M't fo1'• • .W.. 
...... ""PP.~ ...... ~-··-.,..».· 

rrraJtE 
nl•-..-.."'rr~·- ... .,...-_._.,,...._.......,_ 

... -... ~ 
GND.ENTlTFI 
RI11TI'h~ 

IVrEann DF ti»EOF(I> ..... ""'JI-,_.. __ 11. _ _,..., _ _ ......., _ _,...,._... ____ -Jet•IJ 

suam~ DF~ 
fl'II)_.DIJ'm') 

Dfl'flY-,.-.;. 

DID. EHmr: 
fflli ...,._171" • tWMU.cNON OF ~-- ...,__-..... -'/O,. __ ,__hd,.~ 

El'fJ. rl'f'f; 
FtJNC:!ti/IHtifult.lwpr ___ .,.. {!Iopo,,.._.., , ~Nni<(;U;..Ifw-' '-lwo>-
INTEÇV(: 

Ftg. 3 Example of an emlty daflnltlon 



40 R. M. S. Hemândez-Vaquero 

lt is also possible to define restrictions (in the WHERE c~ause) for some attributes. 

The final part includes lhe header auxiliary definitions to whlcb lhe entity references. These 
definitions inctude the supertype-subtype hlerarchy in whlch the entity is included. 

As mentioned before, the definltion is not complete dueto its complex.ity. 

···~·····-··············----~ , ........... -···~---.-.' •-ulio"'-- ! 
l I o 

: : 
._""ciM 1 

! ! I 

: I 1 
I o i . i 
I ! 
i' ; Á 

r !Me i 

1 l bot_"'" ! 
j l 

Dol_a_ .. _ .. tl : I 

··-·-··-·· ! 
•k»Dâta ~ 

l, A[l:ll.Üi_a_ .... rJ 
1 

I 
: ó 
l RFAL I 
i 

loot~l I 

(D~·-~IIdtlu 
A[l:U.t_,_lftltl1 

Fig. 4 EXPRESS·G representaUon for the entlty defined ln Fig. 3 

STEP Neutral file Structure 

General structure: The exchange file described in (ISO I 0303-21, 1992) is sequential and the 
infonnation contained is free formaL The file is divided in modules with different sections containing 
one or more entities. lt starts with the keyword "STEP" and ends with "ENDSTEP". There are two 
sections "HEADER" and "DATA". 

The fitst section (Fig. 5) contains data common to ali the exchange file. 

STEP; 
HFADER; 
FILE_lDENTIFICA TlOr-('EXAMPLE STEP FILE-III ','f9880l1l.ISJHO', ('JOHN DOE' 
'ACME INC.' 'METROPOLIS Us:A'}(ACME lNC A ltJBSIDIARY OF CWIT 
lNWSTRIE"METROPOLJgj.t4?, STEP YERSION l.<Q', ~aM!fTEP YERSIONJ ', 1.stfPER 
ClM m7EM RELEA.SE 4.1?; 
FILE_DESCRIPnO"fo('THIS FILE CIJNT.MNS A 00LL SAMI'LE STEP 
MODEL ?; IMP_LEI'EL (BREP_ LEYEL 1.8'); 
ENDSEC; 

Fig. 5 STEP file HEAOER ex11mple 

I 
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The second section (Fig. 6) contains Lhe product data to be transferred. These data are 
instances of lhe entitles defined in the conceptual model. The STEP exchange file can be considered as 
a sequence of oharacters belonging to the basic aJphabet, grouped ln recognJzable chains called 
"tokens". 

DAJA. 
f+lJIE FOLLOWIIIC lmlilD RJ7RDil'\T A l1UANQ.E ' I 
@1• P1\1).0.1J4,D.G); /•IS AMlMm POINJ'</ 
iiZ. f'TlO.OJ .8,0.0); . 
iJI• VX(JJ) I ' JS AIUMlllY \'IRTIX'/ 
i!l•VX(*%) 
i"·~Jl,n~,.ISAIU.NDITDIGE'/ 
8JI•~IS,fll); 
@JZ%•DI _mc(fii,D); 
8n·DI _ mtC(f16J ~ 
~4-DI J.OOJW21,N22,123)); I' IS ANOOTJYDICE_ LOOl'/ 

1• ANODIEJt WA.T TO RD'RESil'IT A TRIAHQJ:: 'I 
iJlOO • ~.O,DJJIJ) 
51200-~fl.O.IJI,D .. 
i24GO •DI _LOOP 

SCOPt 
11400 •lll(III00,11200) 
81100 •ID(MI8,11200); 
.ENDSCOPE 
«0> _ StRC(fl?OOIJ),DI_ M<XfliOO,D),DI_ smqntooJ ))k 

ll'IDSIX:; 
ll'IDS'Itl'; 

Fig. 6 STEP file DATA exemple 

Correspondcncc between EXPRESS and the SIEP neutral file: Given an entity modelled in 
EXPRESS. an instance is obt:ained assigning values to each attribute. These instances must be included 
in the STEP file foJiowing the format described above. 

Figure 7 shows the mapping between an EXPRESS model and an instance as should be 
included in lhe neutral file. The attribute values are written sequentially, with lhe values separated by 
comas. References to other instances are preceded by #. An identifier must precede lhe instance, wilh 
lhe symbol @. 

TYPEtyr.I•EMJM.ERitTlONOF(•~, -lJ-J); 

ENDTYPB; 
BNrfTY ••dtJ!I 

SVPERTYPE OF (MII.t)ll); 
~II •STRING; 
~I:J•LIST[1:1JOF INTEGBR; 

END_ENTITY; 
ENTfTY -dtJ!l 

SUBTYPE OF (mit)ll); 
attritu•ll • REAL; 
fllltJGudl• ty,.t; 
~udJ• AIUWY{t:JJ OF..t1UUJ'{J:lJ OF 

tNTEGER; 
~U•..t117.J; 

END_ENr/TY; 
ENrfTY ••tltyJ; 

@7&1 • BNTITYJ ('STRINC', (V, 1, ?H} J.Ol, 
-2-,. ((lJ,J).(B1.9W,In~*lll) 

Fig. 7 Example of corretpoodence between EXPRESS and tlle STEP me 
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Frame for the Development of the lnfonnation System 

As aln:ady mentioned, the infonnation system presented in this papcr was developed in the 
frame ofthe ESPRITproject 0° 2202 ClM-PLATO ~ciM System Planning Toolbox" ofthe European 
Community. The overaJI objective of tbe ClM-PLATO project is the development of an industrial 
toolbox prototype coosisting of computer-based procedures and tools wbich support the design, 
planning and installation of FMS (Flexible Manufacturing Systems) and F AS (Fiexfble Assembly 
Systems) in a C IM environment. T his concerns three c tosely interre lated fields of R&D: 
manufacturing systems planning, process executioo planning and the provision of ali necessary 
informatlon to fulfill these tasks and integrate them into a factory infonnation system. ln order to 
ensure an effective cooperation within the projcct thrcc subgroups were installed; two subgroups werc 
for the configuration of exemplary too I boxes in different industrial areas. Beside lhe development of 
the too Is. lhe tasks of lhese groups were to check the functionaJity and effectivity of the too is and 
cvaluate them. 

The third gmup (inforrnation intcgration) was established to address basic questions of 
common interest conceming lhe integration of tools. Purthermore tools were developed which were 
specially oriented to inforrnation acquisition, integration and management. Addltionally, tive 
demonstrator systems were deftned. being one ofthem Flexible Assembly System Toois (FAST). 

The infonnation system was included in the FAST dcmonstrator (CIM-PLATO Consortium, 
1992) system which confrgures tools realized by various project partncrs to a toolbox. The integtation 
is reached via information management lools based on a relational database management system. 

Although lhe design of a flexible assembly system (F AS) has been chosen as an application 
example. Lhis does not signify a specilic tool conflguration for assembly. 

Fig. 8 CIM modules lncluded ln FAST demonat,.tor 
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Most of the tciols IU'e also appllcable for the desJgn of flex.lble manufacturing systems. The 
term "design" refers to lhe wbole ptocess starting with a product analysis and ending with.the code 
goneration for the targct devices of an FAS. Fig. 8 shows the CIM tools included in the FAST 
demonstrator. Tbe information system is used by the tools for the cxchange of data between lhem, 
Evcry partner ln the FAST demonstrator developed one or more tools. These partnei'S werc: lJCG 
(University College Galway, Ireland),/P K {lnsiítul for Produktionsanlagen und Konstru~fonsteclmlk, 
Berlin, Germany), PSI (Oesellschafl fiJr Prozessteuerunngs-und Jnformationssysteme, Berlin, 
Germany) and Renault Automation (Paris. France). 

Requirements for the lnformation System 

The users of tbe infonnation system, ClM tools developers, bad some requircments 
conceming lhe inforrnation syst~ The most important reqoirements wcre: 

Pcrmanent information supplier. Once the tool is connected to the information system. it 
should be able to store or retrieve d~ta at any moment; 
Flexibility. ln this context. flexjbility means that the i:nformatioo system should adapt ln a 
quick and easy way to changes in data structures. The tool designer must transmil to the 
information systern, before using it, the data structure io a conceptual model. lfthe designer 
changes this structure, tbe information system must store easily tbis new data mode~ 
The access functions provided by the information system to the tools should be invariable, and 
independent of the data model: 
The CIM modules need to manage complex data. Tbe information system must storc or 
retrieve these data; 

The information system must control concurreot accesses of different tools to the sarne data in 
order to avoid incompatible operations; 
The information system sboold control consisteocy of data. Tbe tools store and retrieve 
instances of the data model. lt must be checked that there is a correspondence betweeo tbe 
instance and the model, and 
Once lhe information system architecture is described. lt will be clear that lt adapts to the 
requirements mentioned previously. 

The Data Modal and the Database 

The first step in order to develop the information system, was to choose lhe data model. The 
first time the information system is used, lhe designer must store his data strocture in tbe syStem. Onfy 
when the user wants to cbange the structure he must store it agaio. Severa! existing data models were 
analyzed: IDEFlX, NlAM and EXPRESS. 

fDEFIX is near to relational databases, which was quite ·convenient dueto the fact that the 
too! designers had worked previously with this .kind of databases and had them installed ilt thcir 
computers. But lDEFl X has only grapbical version, whicb makes it more difficult to be 
computerprocessabl~ NIAM allows to define complex models with great semantic content. but it bas 
the sarne problem as IDEFl X, thcre is only graphioal version. 

EXPRESS has some advantages, 1t has both graphical and textual versioh. Me. Donnell 
Douglas has developed various tools to process EXPRESS models. Also quite complex models can be 
defmed in EXPRESS. Finally, tbe fact that is anISO standard is a good reason to case transpOrtabillty 
for the information system. 

The underlying database in the information system is a relational database, because most of 
the designers had these kind of databases installed. The access language is SQL. 

lnformatlon System Architeçture 

The information system is an envirQnment for information management based in EXPRESS. 
1t contains facilities for the definition of conceptual models written in EXPRESS and facilities for tbe 
manipulation ofthe instanoes ofthe entities ofthe conceptual model. 
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The complete development of a dntabase specificaOy designed for EXPRESS was discarded 
for budget reasons. lnstead, lhe infonnation system was built on top of a commerciaJ relational DBMS 
using SQL. 
The dcvelopment therefore focused in the translation between EXPRESS and SQL at tbe data 
definition and data manipulation leveis. The infonnation system stores an explicit definition ofthe 
EXPRESS conceptuaJ model and therefore clln be easily coniigured to different appJications. 

Thc architectUre can be seen in Fig. 9. 

Fig. 9 lnfonnatlon Syatem Arehltecture 

The components ofthe architecture are: 

Jnformaljon Manager The kemel element is the lnformaúon Manager which serves the 
requests of Lhe clients. This component therofore acts as ao intermediary between the EXPRBSS~ 
oriented world of the tools and the relationaJ world of the D.BMS used to physically store the 
infonnation. 

lnformation Access Methods (IAM)· The information system provides to its clients an 
EX PRESS-oriented view of lhe information stored tn a relational DBMS by means of an lnformation 
Access Interface. This interface consists of a set of functions for EXPRESS-orlented data retrieval, 
storing, updating and deletion. The communlcation is dpne via mailbox, a resouree ofVMS operating 
system. 

Metadata Database (MDDB)· ln arder to aeeess the data stored in the relationaJ DBMS, the 
lnfonnaúon Manager requires to resolve references and bind parameters. This can be done because the 
concoptuaJ model of the application domain is stored in a database, named Metadata Datal)ase. lt is a 
relational database eontaining data about the data, usually refered as metadata. 

Tecbojcal Databasc· The conceptual model of tbe appllcation domain is written i o 
EXPRESS. and lhe instanees are stored in a relatlonaJ database, named Technicãl Database. The 
relational construets of the Technícal Oatabase eonsists of a relationál view of the &XPRESS data 
model. 

Maoagcment Database (MOO): Thls table stores data operatíons done by every tool ln arder 
to contrai trnnsactions and eoncurrent accesses. 

The infonnation system has the requirements mentiooed previously: 

lt is a permanent infonnation supplier: once tbe toolls eonnected to the system (1hrougb the 
access function "Connect") it can store, retrieve or change data at any moment; 

Flexibility: the data structure, lhe EXPRESS data model, is stored ln the Mete<lata Database. 
When lhe designer wants to change thls stnJcture, the new model is processed and storéd again 
in lhe database. this operation is quiekly done because lhere are tools to proeess EXPRES~ 
models; 

-----
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The Information Access Methods (IAM) are provided by the information system in a llbrary, 
and the user tinks lt with h.is programs. Tbese functions are independent of the data structure 
and never change; 

EXPRESS allows lhe detinit.ion of complcx models. An entity can be as complex as the 
desigoer needs. The data stored or retrieved by the tool durlng its work are instaoces of 
EXPRESS entitles wbicb are similar to objects of the application world (for example a ccU a 
product. an assembly sequence, etc.); 

The iofonnation manager contro~ the çoncurrent accesses, and in the management database 
the loclcs over the ent.iúes are stored. and 
When the too I stores an entity instance, the information manager checks that the attributes in 
the lnstance correspond to the EXPRESS model stored in the Metadata Database. 

Configuration Phase 

The fust time a ClM module will use the information system or iftbe designer changes his 
data structure (lhe EXPRESS model) a configuration phase is needed. Fig. lO shows the operalions 
done in this phase. 

Ml>DB 
T.t.JILE ""fAIJl.a: 

1~1 """ 1 l~t --· 1 
EXP.R.:BSS INSERT 

MODEL 

Olll'OIRAl:ll 

U>B 
T.un.E T~ 

lniLDI· --1 l~t --· 1 

Fig. tO Opemlons done dur1ng the eontlguratlon phaae 

The EXPRESS modal is pro<:essed and stored in the Metadata Oatabase. Tbe technical 
database must be generated (tables and fields), because they depend on tbe data sttucture. This 
configuration phase is done in few s~nds, and when lt finisbes tbe lnformation system is ready for 
use. 

The Metadata Database {MDDB) 

As already mentioned, this database stores the data structure used by the designers. 
The data exchanged between the ClM tools and the information system are the instances of 

the EXPRESS data model storcd in tbis database. The information manager cnecks the consistency 
between thc model and the instance. This databasc stOres the cntities ln the model.. the attributes of 
each entity, tbe entl:ty hierarchy, etc. For consistency reasons, fhe database itself was áeslgned us[n_g 
EXPRESS and then translated to tables and fields for lmplementadon. Jn Fig. 11 two of the most 
significant entitles are presented as well as the resultilig .tables. Thls correspondence between 
EXPRESS and SQL was developed acc.ording to some complex rules. 
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ENTIT711144b_~,· 
•IUU 

14b/4 
Sllpnffpe_ qf' 

~-tt' 
clltlnlluitPJ_, 
ilfSIIuu:a 

END_ ENTITJ',• 

I!NTITJ' ..... _lllldl1ale; 
IUUIU :STRIG; 

:STRING; 
:STRING,• 
:OPTIONAL •Mb-~ 
:OPTIONAL Rld4b_~ 
:SBT f1.'11/ OFR144b_ IIMI'Ibàe; 
:SET /1 :#J O F lftiJ41J _ 11Uiltuttle; 

tll'tlu_•.., illVTEGER; 
tlllrlb_~,_ .. ..,_..,.. 
tllble .'fllble _IUIMei 
jld4 ~dtl_tulllle; 

END _ENITir,· 

R. M. S. lifml6ndez..Vaquero 

T!.NTIT'r BNTI7'7_ SUPERTJ'Pl!_ OF 

mddb_id name talile mddbjd npertype_of 

ENIIT'r_SUBT7PE_ OF BNTIT'r_ CHARACTERIZED_ B7 ENIIT7_ INSTANCBS 

mddb_id sub~e_or blstuu:er 

ATTBJBUTE 

Fig. 11 Partlll EXPRESS modtl for the Uetldlta OatabiM and eonnpondlng tables 

The lnformation Access Methods 

The following tablc presents the lnfonnatlon Acoess Methods provided to the designcrs. 
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NAME 

ComeàTolt 

PuWtribute Valua 

Conclusions 

Table 1 lnfOI'YMtlon Acc"• Metbods 

DESCRlPTION 

GrNI., 11n EXJ>RESS ent~y instarQ W1d tloree lhe valúu of 
Íbl attribUtel 

R ...... h vekle of lhe atlrbJI" olllll EXPRESS er1lity lr>­
allllloe 

Reuna a 11at wllh lhe lnstance ldentifiera ot • ~ EX­
PRESS entfty ttwt fult'olla glveo conditlon 

Replacea lhe valua of an at1rtua of en EXPRESS ant~ ln­,..,..,. 

INPUT 

«Nma_nlime entll­
y_name 
vlllue(UIS010303-
21) 

inlta'lce _ld 

acnema_nama 
tntily_nama 
conditlol1 (W1 EX­
PRESSJ 

lrwtance_ld atlril>ul 

•J*II• 
valua (ai ISO 10303· 
21) 

vlllue(M ISO 
1o:m-21) 
error _coei e 

en'or_code 
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The CIM concept implies the integration ofall the components (people, machlnes, infoJlllation, etc.) of 
a manufacturing organization. One of the maio goals of integration concems information integratlon. 
This task requires the existence ofmeans for data specification and widely accepted data models. 

The ISO standard STEP (Standard for Excbange ofPtoduct Data ModeJ, ISO 10303 Product 
Data Representation and Bxchange) allows the exchange of data between CAD systems. for thís 
purpose, there are other standards but STEP has the advantage of being an ISO standard and focus on 
the semantic specification ofthe exchangcd infonnation. ln additíon, STEP describes the product data 
through ali íts Jife cycJe, and notjust the product design infonnation. 

BXPRESS is the language used by STBP for the semantíc specification of product data and 
the neutral file is the mechanism developed for the exchange ofinstances. 

An EXPRESS·oriented information system has been presented in tbis paper. lt has tbe basíc 
tools taht are needed for information definitioo and managcment based on EXPRESS. The komol of 
the environment consists of a database interface, supported by a relational DBMS, foi EXPRESS· 
oriented manipulation of manufacturing information. 

The expressive power of EXPRESS mak:es easier the modelling task and aUows the creation 
of models wftb more semantic contents. The informatíon system bas tbe requfrements needed by ClM 
too I users, like flex.ibility (store the EXPRESS schema ln the Metadata Database), invariability for tbe 
acc<:ss functlons, concumnt aocess control, consístency control, manipulation ofcomplex objects, etc. 

The infonnation systom bas beeh validated in tbe FAST demonstrator ofthe CIM·PLATO 
(ESPRIT 2202) project. 
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The ai:m o the present article is to oontribute for a bes! understanding ofthe phenomena whlch ooc.ur in an aro 
column duriog welding. The orlgin o pressure on the weld pool is desctibed and disoussed. Consensus and 
disagreemenl on the matter amongst au:thor are also stated. Ptactioal importance ofthe subject is .conclusively 
pointed out. 
Keywords: Welding, Physics of Ares PlasmaJet, ArcPressure. 

lntroduction 

Are pressure is an important and complex actor in welding Its action influences welding 
aspects such as metal transfer as well as penetration and bead shape. However, there very few work 
available from the Iiterature on th.e subject Some ofthem are even contradictory. lt seems to exist 
some confusion on ooncepts and tenninology. 

When investigating the action of the are pressure on the weld pool, most woriçers use non­
consumable electrodes (OTAW, whlch stands for Gas Tuogsten Are Welding) as the ~athode, owing to 
the ''relative" simplicity of this ptooess. Yery few models hwe been established for GMA W (Gas 
Metal Are Welding), where the electrode cbanges its geometry oontinuously. Tbe characteristics of 
such are columns are dominated by metal vapour and vaporísation may play a s ignillcant role in gas 
flow behaviour (Ali um, 1981). Dueto some similarities, however. most tendencies observed in GTA W 
can be expected in GMA W. 

For didactic purposes, the are column can be considered as a bell-shaped conductor. Tbe 
current density within the are column may assume a Gaussian-shaped radral distributlon. The aro shape 
and thc intensity and distribution oftbe current are claimed to be responsible for apressure exerted by 
the are on the molten metal. Considering the are pressure as the resultant of forces acting on the weld 
pool, two main components can be identlfied, i.e. , a dynamíc compon~nt (plasmajet pressure) anda 
static component (electro-rnagnetic pressure), the former composed by two tenns (mechanisms). 

The first part of the dynamic component is an e lectromagnetically derived term; any current 
carrying conduetor will have an associate magnetic field, which gives rise to the called Lorentz force 
( 1 x B). The Lorentz force, directed radialJy toward tlte centre, is balanced by a radial press\ll'e 
gradient in the are. The gradlent of this magnetic force along the are length (Z axis), due to a 
divergence of the current at the electrode tip, is greatly responsible fo.r the generation ofa plasma tlow 
(acceleration of bot "gases", actually plasma. from an area of high currem dénsity, the are root, to an 
area of low current denslty, the body ofthe column). The plasma flow, in turn, induces pressure on the 
pool. 

A second term of the dynamic component of the force is also due to •the momentum tlow 
(motion) of lhe plasma gas (Richardson, 1993) and origlnates from the expansron oql\e shieldíng gas 
as it is entrained into the are core and heated. This force acts in the direction ofleast resistance. i.e ., 
parai lei to lhe are axis and away from lhe cathode (as mentioned, in OTA W the electrode is.usualJylbe 
cathode and lhe plate the anodo). 

The magnetic field is, by itself, also able to exert a pressure on the pool axíally, 
independently ofthe motion of lhe gas within th.e are (although lhe magnitude ofthe force is dependent 
on the current density distribution and the axial variaEion of the are shape}. This is tbe stati1l comp()Oent 
(Lorentz tenn) referred above. 

Savage et ai. ( 1979) consider that the electron lmp.lngement force is an additional source of 
pressure. Cboo and hls colleagues, 1990, conslder ·fuat since many investigators bave negJec:rted the 
gouge shear strtss, this may be the reason wby pre~i.ous models have been unable to predict the surface 
depressions based on are pressure atone. Savage ct al. believe that the plasma jet is still the most 
powerful component of lhe are. 
Manuscript received: October 19~ . Techni.cal Editor: Leonardo Goldsteín Jr. 



60 A. Sc:otti 

Fonnulation of the Static Component 

Witb regard to tbe static component, it can be demonstrated (Richardson, 1989) that the 
Electromagnetic Pressure (P cm) in any point of an infinite circular conductor may be calculated1 as 
follows: 

IJ.o l2 
p = P+ --

crn a 47lR2 
(1) 

wbere P1 is the atmospheric pressure (Nm-2), 1-1 tbe permeability ofthe free space ( 47t. x 10-7 Hm ..: , ), 
1 the current (A), and R tbe are column radius (:h). Tbis expression is only strictly valid for a condoctor 
with uniform cutrent density (Richardson, 1993). ln tbe case of radial and axial current dependencies 
(a bell-shaped conductor, for instance), P em can be expressed by: 

l-lo11c 
Pem = P +--G(r,z) 

a 4n2R2 
(2) 

where O may be regarded as a shape factor (function ofr, radial position, and z, axial posltion) and !c 
represents the current density at the cathodc. 

Figure I symbolises bow a statlo component would appear in case of a divetging conductor. 
As pre~sure is an isotropic prope~ (it does not depend on directío~), the actí~n oftbe pressure dueto 
the statlc component on a giVen pornt oflhe pool surfacc kads to ax1al and rad1al components. The fact 
that the current tine near tbe surface of tbc are column are not perpendicular to the are base (WhiU 
could result in oblique electromagnetic forces), malces no change in the pressure on any point of the 
are, as a consequence of the scalar nature of pressure. 

-+ • 
1 

fig. 1 Sch•nwtk: reprnentatlon ot th• el.ctromagnetlc tore. (F) and lb radial (ft1 and axial (Fa) cOITipC)Mfà, 
g•nerated by th• magnetlc tleld (8) and fhe are cunwnt Unes (I) 

1. The deductlon of Eq. (and Further Eqs.) is negléted since enphasfs is placed on welding 
aspects rather than mathematlcal ones. Thls deduc{ion, however, is very familiar for those 
envolved wlth Magnetism and Fluld Mechanics, 
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These jets at lhe cathode and anode are supposed to be responsible for lhe stiffness of tbe are 
column near the electrodes, since they tend to be nearly perpendicular to lhe electrode smfaces. The are 
force, or pressure, is associate with lhe transfer of momcntum from the plasma jet to the weld pool 
surface. Actually, tbe weld pool surface is a stagnation region, that is, lhe dynamic pressure is nil. 
However, one can still oonsider Lhe dynamic component as tbe one wbich cbanges into static 
component on the surface, summing up to tbe original static component. The resultant pressure is 
known as stagnation pressure. 

According to Ohara et al. ( 1986), the static component is considered to be lhe major part of 
lhe are pressure at low are voltage while the dynamic component plays the most important role in a 
high are voltage level. Concerning the current infloence, accord.ing to Allum.'s findings {198 1), the 
magnetic static component of pressure of a I 00 A. 3-mm long, argon are is about 7 ~o. wh.ich is 
signíficant (but not the major part) when compared to lhe respective measured manometer pressure 
value of 34 mmH20. Tbe manometer pressure, or stagnation pressure (summation of botb 
components), bowever increases remarlcably wilh current 

Lancaster (1987) surveyíng the effects of variables on lhe are pressure states tba! tbere is a 
general agreement lhat lhe gas kinetic pressure is affected by lhe electrode dimensions in GTA W. ln 
practical terms, Lancaster ( 1986) states lhat for a given shielding gas the anode pressure tends to 
decrease as lhe diam.eter of lhe cathode are root 1ncreases. ln addition, the pressure is reduced, if aiJ 
other parameter are the sarne, by using helium or helium-r,ich gas instead of argon as shielding ag~nt, as 
illustrated in Fig. 2 (greater dcnslty and smaller viscosity of argon vs. hellum, leading to a higher 
momentum). 

Savage et al. ( 1979) found by measurement that lhe total are force in GT A W acting against a 
pia te surface is a function of the stand-off (djstance from lhe end of electrode and test plate) and 
welding current Om) and it is not affected by travei speed (TS), shielding gas and electrooe geometry. 
Adonyi et ai (I 992) demonstrated the inOuence of current and shielding gas on are force, as seen in 
Fig. 3. Ohara et aL measured the GMA W are pressure beneath an are and observed an increase in the 
pressure for decreasing are voltage (voltage is proportional to crwo, contact tip-to-work distance, for 
a given condition). Adonyi et ai. aJso found for GTA W an lncrease in maximum are pressure with a 
decrease in electrode tip-to-wo.rkpiece distance, with the effect being most significant for helium 
shielding. The difference is atlributed to the greater spreadlng of lhe hellum plasma wh.en compared 
with argon, and, correspondingly, the highcr radial momentum dissipation in helium. 
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Fig. 2 The efftet of thltldlng gaa on are force (from Lancaatltr, 1986) 
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Fig. 3 Plot of are force va current for an are produoed betwt en tungstan electrodt and cooper anode. Contact 
tip-to-wont dlstanct • 6 mm; tnvel •P"<I • 5.1 mmls; argon and hellum shleldlng (after Adonyl et ai.) 

Schoeck (1963) found that the radius R of the current conducting area of the anode surface 
increases with electrode spacing in argon ares. This should indícate an i:ncreasc of dynarnic pressure as 
stand-off increases (Eqs. 3 or 5). The author, bowever, agrces with Obara's and Adonyi et al.'s findings 
and expla.ins ii by the momentum exchange between the streamlines ofhigh velocity near the axís and 
those of lower velocity further outside and by the mixing of the jet with the surrounding (the increase 
of the Lrreverstivity tosses, Eq. 5). They do not mentlon it, but another reason for lhe relationship 
between pressure and CTWO might be a decrease ín the static pressure as anode radius increases, Eq. 
2, lessening the total pressure. Adomyi et a1 .• on the olher hand, observed that an increase in the 
electrode tip immersion depth below the top surface of the plate (while mainta.ining a constanl distance 
from the electrode típ to the bottom of the groove constant) resulted Ln a conlinuous increase in are 
force, as shown in Fig. 4. 
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Fig. 4 Are force vs. electrode to platt surfact dlstallce for llG proc:tuced on watar cooled anodt. The dlstance 
betwetn electrodt ttp anc:t tht bottom of tht groove was 6 mm; argon shleldlng (•fter Adonyl et al.) 
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These jcts at the cathode and anodc are supposed to be responsible for the st:ifli)ess of lhe are 
column near the electrodes, since they tend to be nearly perpendicular to the electrode surfaces. The are 
force, or pressure, is assoei ate with the transfer of momentum from the plasma jet to the weld pool 
surface. Actually, the weld pool surface is a stagnatlon region, that is, the dynamíc pressure is nil. 
However, onc can still conslder the dynamic oomponent as the one which changcs loto static 
component on the surfacc, summing up to the original static component Tbe resultant pressure is 
known as stagnation pressure. 

According to Ohara et ai. ( 1986 ), the static component is considered to be the major part of 
the are pressure at low are voltage whlle the dynamic component plays the most important role in a 
high are voltage levei. Concerning the current influence, according to Allum's findings (1981 ), the 
magnetic static com-ponent of pressure of a I 00 A, 3-mm long. argon are is about 7 mmH20, which is 
significant (but not the major part) when compared to the respective measured manometer pressure 
v alue of 34 mmH20. The manometer pressure, or stagnatíon pressure (summation of both 
components), however increases remarkably with currenl 

Lancaster (1987) surveying tbe effects of variables on lhe are pressure states that there is a 
general agreement fhat the gas ldnetic pressure is affected by the elcctrode dimensions in OT A W. ln 
praclical terms, Lancaster ( 1986) states tbat for a given sbieldíng gas the anode pressure tends to 
decrease as the diameter of the catbode are root increases. ln addítion, tbe pressure is reduced, if ali 
otber parametcr are the sarne, by using helium or helium-ricb gas instead of argon as shielding agent, as 
illustrated in Fig. 2 (greater density and smaUer viscosity of argoo vs. bellum. leading to a hlgher 
momentum}. 

Savage et ai. ( 1979) found by measur-emcnt that the total are force in GT A W acting against a 
plate surface is a function of the stand-off ( distanco ftom the cnd of electrode and test platc) and 
welding current Om) and it is not affected by travei speed (TS), sbieldín~ gas and electrode geometry. 
Adonyi et ai (1992) demonstrated the influence of current and shlelding gas oo are force. as seen in 
Fig. 3. Ohara et ai . measured tbe GMA W are pressure beneatb an are and observed an increase in the 
pressure for decreasing are voltage (voltage is proportíonal to CTWD, contact tip-to-work distance, for 
a given condition). Adonyi et ai. also found for GT A W an increase in maximum are pressure with a 
decrease in electrode tip-to-workpíece distance, with the effect being most signiflcant for hclium 
shielding. The difference is attributed to the greater spreading of tbe helíum plasma when compared 
with argon, and. corres-pondingly, the higher radial momentum dissipation in helium. 
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Fig. 2 The a1fed. of ahlelding gu on ~ fort* (from L.ancastM, 1tlt) 
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Erokhin (1979) considers the relation P = KJ2• •, where P is lhe are pressure, I the current 
and K a coeffieient which depends on the length of lhe are and on certain other factors. He found that 
K (and consequently P) drops as lhe are is lengthened at Iow current levei. This relationship becomes 
less definite at high current levei (1 > 200A). He also found that an inerease in the diameter ofthe 
electrode Is condueive to reduction ln K and that the value of K is slightly higher for consumable 
electrodes than for tungsten. ln the case of pulsed are, pressure changes ln phase witb the pulsing was 
considered to be a characteristic of the process. 

Final Considerations 

The objective of studying are pressure justifies from lhe effect of this p ressure on the 
welding process performance. bead profile and associate defects. The are force certainly plays a 
criticaJ and dominant role in deterrniníng the formation and geometry ofthe weld pool and fusion zone 
(Adonyi et ai.). However, to investigate the inftuenee of are force on weld-bead format ion, it is 
necessary not onJy to account for tbe magnitude of are force but also to note the deflection of lhe are. 
Aceording to Savage et ai. ( 1979), the are is deflected by the anglrng of the eleetrode and by 
electromagnetic forees (are blow, residual magnetic field, and so on). Oscillation is not mentioned, but 
can certainly be considered as a deflector factor. 

Choo et ai. ( 1990) emphasise that most investígators have concentrated on representing weld 
pool behaviour on lhe one hand and modeUtog of welding ares on the other with relativcly little 
attention being paid to the interfacial regions . "Standard" postulates may represent and 
oversimplificalion in many instances. They believe lhat in case of deformed weld pools, which are 
observed for operation at high current leveis, there may be an important two-way interaction between 
the welding are and the molten metal in that the nature of lhe are may be affected by the pool shape and 
vi ce-versa. 

Calculations performed by Choo and his coiJeagues for deforrned anode surfaces have 
shown that the current and heat flow distributions may be markedly affected by the shape of the fTee 
surface of the weld pool. lndeed, lt has been shown that the generally postulated Guassian-type 
dlstribution may be transformed to a bimodal distrlbution curve. Savage et a l.'s investigation, 1979, 
indicates that the pressure distribution rather that the total are force may be the dominant factor in the 
lorrnation ofweld defects. 

Adonyi et al's results on subsurfacing GT A W sug,gest an "are containment" effect, sue h that 
an are produced within a cavity surrounded by solid metal exerts a greater force tban an are produced 
(for the sarne welding parameters and electrode tip-to-wotk distanee) on a flat, open surface. The 
difference results from the fact that the change in momentum of lhe fluid impinging the surface (and 
being reversed in direction) is greater for a convex than a flat surface. 

-- Nomenclature 

CTWO=Contact tip-to-wor1t 
dislance 

GTAW:Gas Tungsten Are 
Welding 

GMAW:Gas Metal Are Welding 
IJ0 = Permeabíl~ offree 

space (Hm·) 
P = Plasma denslty (Kgm-3) 
Ac, = Area cross-.{>ection near 

cathode ( rrr') 
B = Magnetic f~eld strenght 

(Tesla) 

c = Veloc:ity of light (ms"1) 

I = Current (A) 
J c = Current dens~ at the 

cathode (Am ) 
P • = Atmospheric Pressure 

(Nm"2) 
Pem Electromagnet~c 

Pressure (Nm· ) 
P max = Maxlmum pressure 

(dynamlc + static) (Nm'2) 

P1 = Pressure at t~ are base 
(anode) (Nm· ) 

R = Are column radius (m) 
R0 = Radius of the are next to 

the electrode (cathode) 
(m) 

Rz = Radius of lhe are base 
(anode) (m) 

V8 = Maximum axial velo~ 
near the anode (ms· ) 
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Conclusion 

The use of mathematicaJ and physics concepts on welding phenomena seems to help to 
understand the sources of pressure on weld pool and the facts related to ít. For instance, the 
dependencc of root radíus, expressed ín Eq. 3, can explain why changes in GT A W electrode vertex 
angle, damage or erosion result in changes in the observed are properties. From thc Weldíng Engineer 
point ofview, it is believed thal a bettcr understanding ofthe matter can lead to a more efficient control 
of penetration and head shape. 
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Experimental and analytical studies were madc on tbe tbermal contact resistancc (TCR) ofwavy surfaces. An 
emphasis was placed on lhe influente of lhe surf8te W8viness on lhe ovc:r811 TCR ln 8 bigb vacuum. A neurly 
spherical waviness with a large radius of curvature was prepared on a metal surfacc: made of copper, aluminum 
alloy or stainlc:ss stecl. Heat lJ"a.D.Sfer experiments performed ata high vacuum iridicated a poweT law bebavior of 
lhe TCR against lhe nominal contact pressurc:. The value of lhe expooent was, bowever, dependent oo the 
material and the magnitude of surf8ce r<:tughness, aod it was substaotially sm81ler thao those oflhe previ<:tus 
correlations. A technique for predlcting TCR was developed by using a pressure-roeasuring film which was 
capablc of visualizing a distributioo of contact pressun:. Prcdicted valucs oftbe overall TCR agreed reasonably 
well with the experimental values. lt was shown lhat lhe macroscopic oon.striction resistaoce was predominaot 
for the prescnt wavy surfaces. Effacts of lhe interstitial gas were also examjoed by varying the ambient air 
pressure from vacuum to atmo~pheric. As expected, lhe overall TCR decreased as the air press11re increased. 
Such behavior was aoalyzcd by using 8 simple two-stage beat conduction model which took into account gas 
conductions lhrougb lhe wavioess gap and lhe: rougbness gap. The model was sb.own to be adequate to c:xplain 
quantitatively lhe efTect oflhe intcrstitial gas oo lhe overall TCR for wavy surfaoes. 
Keywords: Thennal Contact Rcsistance, Wavy Surface, Prediction Technique, Ioterstitial Gas. 

I ntrod uction 

Thermal contact resistance (TCR) often plays a crucial role in heat transfer mechanlsms 
whcn heat flow paths are interruptcd by an interface formed by two contacting soüd surfaces. This is 
because actual engineering surfaces are not perfectly smooth but consist of many peaks and valleys 
caused by the surfacc roughness and wavioess. Hence, intimate solid-to-solid contacts occur only at 
dlscrete parts of the interface. Figure I depicts lhe contacl geometry considered here, in which the beat 
flow is Jirst constricted into a macroscopic contact area formed by the surface waviness, followed by a 
further constriction into a large number of microscopic contact arcas formed by the surface roughness. 
Since these constrictions take place within a thin volume on both sides ofthe interface, the temperature 
pro file inside thc material will exhibit a sharp drop,.ó T, at the Interface. For englneering purpose, it is 
customary to define the tbermal contact reslstance as R (•=H1) =.õ T/q, where q denotes the beat flux per 
unit arca and h thc lhermal contact conductance. Comprebensive reviews on this subject can be found 
in. e.g .• Madhusdana and Fletcher ( 1985), Snailh et al. ( 1986) and Fletcher ( 1988). 

ln general. lhe modes of heat transfer across lhe interface are: 

solid conduction through the real contact area, 

convection and conduclion lhrough the interstitial fluid, and 

radiation between thc contacting surfaces. 

Of these. thc convectlon of the interstitial fluld is entirely suppressed for most practical 
contacts bccause of the narrowness ofthe interfacial gap (Smulh et ai., 1986), and the contribution of 
the radiation heat transfer is also negligiblc 8t near the room temperatures (Fenech and Robseoow, 
1963). ll h as been shown that thc contribution of the radiation heat transfer for metallic contacts 
seldom exceeds 2% of the overall heat transfer at temperatures below 900 K (Snaith et ai., 1986). 
Consequently, two difTerent kinds of heat conductions, one through lhe real eontact arca and the other 
through lhe lnterstitial flui<!, become predominant modes of lteat transfer in most practical situations. 

Many of the previous studies on TCR were concerned with tbe microscopic constriction 
resistance, and bence small test su,rfaces of an order of one inch ln dlameter were used in the 
experiments. 1t was usually assumed that lhe real cont.act spots were distributed unifonnly over tbe test 
surface. This was a nec~sary assumption for the use of somo statistical approaches that are based on 
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Fig. 1 Contact geometty anel heat flow path• 

simplified models describing shape, height and number density of the surfaée roughness. Sucb 
approaches as reported by Fenech and Rohsenow (I 963), Cooper et al, ( 1969), Tsukizoe and Hisakado 
(1972a. 1972b). Mikié (1974) and Yanagi and Tsukada (1981a, 1981b) are usefuJ in predjcting the 
values of TCR, provided that tbe magnitude of surfacc waviness is negligibly small. However, no real 
engineering surfaces of practical size are perfecdy flat. implying therefore thatthe influence of surface 
waviness may never be ignored. Moreover, the effeet of tile surface waviness becomes more 
significant ifthe contact pressure acting on the surfaces is low, as is often the case in spacecrafi 
appllcations. 

As a typical example of spacecraft applications, a photograph and a drawing of a eold:-Piato 
heat exchanger are shown in Fig_ 2 lt is designed to have a large contact surface (SOOx500 mm2) and 
planned to be installed ao ao exposed facility of a Japanese experiment module (JEM) of a future space 
station. Since outer space is high vacuum, the heat transfer between lhe eold-plate heat exchanger and 
its payloads occurs onJy by lhe mode of pure solid c-onduction. As seen in this figwe, payloads are to 
be bolted with thc hcat exchanger through the boles that are installed ín a latticc paltem of about 70 
mm intervaJ. Sínce a honeycomb struoture is employed, lhe heat-transfer surface will defotm itself 
easily even for lhe lightest eontact load. lnfluence of such dcfonnation is clearly illustrated in Fig_ 3, in 
which a distribution of real contaet arcas is madc visible. Thls visualization is done wilh a pressure­
measuring ftlm lhat is capable of revealing a contact pressure distribution. lt is indicated that lhe real 
contact areas are límiled only around the bolts because ofthe lm:alization ofthe contact pressur-e and 
the low rigidity of the contact surface. Sine-e similar non-uniformity of contact may occur in many 
practicaJ situations, its influence on the overall TCR must be understood sufficiently. 

The importance of the macroscopic eonstriction resistance was noted in severa) previous 
studies as reviewed by Snaith et ai. (1986). Clausing and Chao (1965) was the fi:tst to demonstrate lha1 
lhe macroscopic eonstriction had a commanding iniluencc for many surfaces commonly encount.ered 
in engineering practice. They used cy.lindrical test pieces bavíng.a spberical capas a surface waviness. 
and thcy proposed an cxpression for prcdlcting the overall TCR. Their expression wns bnsed on the 
elastic deformatlon of the sphericaJ caps, and good agreemeot was obtained between lhe prediétions 
and lhe experiments for the surfaces having very small roughness. Yovanovich ( 1969) presented a 
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Fig. 2 A photograph and a drawlng of 1 cold.plate heataxchanger for 111 expoHd fatlllty of the ~nese 
txperlment module (JEM) 
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Fig. 3 Vlauallzaüon of 1 contact presaure dlatrtbutlon on lhe told-ptete heat exehanger 

that of Clausing and Chao ( 1965) was taken by Popov and Y anin ( 1972) to study the influeoce of 
surface roughness on the overall TCR for the contact between spherical and flat su.rfaces. More 
recenlly, the influence of surface roughness on the elastic surface deformation was studied by Tsuk:ada 
and Anno ( 1979), and their result was used by Yanagi and Tsukada ( 1983) for the prediction of the 
overall TCR bet-._veen spherical and tlat surfaces both haviog various magnitudes of surface roughness. 

The basic approach to treating the macroscopic constriction resistance relies on the theory 
for an electrical constriction resistance (Holm 1967), which can be expressed as follows: 

RL = g(x)l2r L k (I) 

Severa! functional forms of a constriction alleviation factor. g(x), are summarized by Snaith 
et ai ( 1986). For tbe use of Eq. (I), the radius of the macrosoopio con1act area. r L, must be assigned 
explicí tly, whereas its evaluation is still intractable because of the case-by-case nature of the surface 
waviness. For this reason, most ofthe previous studies mentioned above considered only simple shapes 
ofsurface wavlness such as sphere so lha1 the Hertz theory of elastic surface defonnation (e:g., refer to 
Timoshenko and Goodier. 1951) was applicable. However. there is a wide variatíon ofthe shape of 
surface waviness. and therefore it is desirable to develop aro approach whlch can be applied to arbitrary 
shapes of surface waviness. 

Jnstead of using Eq. {1), Mikié ( 1970) proposed a uníque method for predicting TCR in 
vacuum. H is method was based on tbe use of a contaet pressure dlstribution, wbích was related to a 
distribution of heat transfer coefficient at the contactlng surfaces through an expression de~ived by 
Cooper et aJ. (1969). The overalll'CR was obtalned by solving the governing Laplace equation. This 
method was used by Roca and Mik:ic (1972) who estimated a corrtact pressure distribution of a bolted 
joint. 

To measure a contact pressure distribution, a stress-freezing technique and ao 
autoradiographic technique were used by Bradley et a i. ( 1971) and Gould and Mikié (I 972), 
respectively. 

ln the present paper, recent efforts made by thc authors (Nishino et al. 1993, Nishino and 
Torii. 1994) with a view to accumulating fundamental experimental data of TCR and developing a 
useful prediction technique are described. A special emphasis Is placed on the influence of surface 
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wa,•iness on the overall TCR both in the absence and in the presence of the interstitial gas. ln the next 
section, experimental methods of the heat transfer measurements are described and results are 
compared witb the previous correlations. A prediction technique for TCR and its perfonnance are 
reported in section 3. ln seclion 4, effects of an interstitial gas on the ovetall TCR are discussed by 
referring to the experimental data taken in a wide range of amblent air pressure. ln adcfition. a simple 
two-stage heat conduction model was introduced to explain the dependency ofTCR on lhe ambient air 
pressure. 

Heat Transfer Experiment 

Experimental Method 

A test unit used in the present heat transfer measurements is shown in Fig. 4. Tbe shape of 
the test plates was a square of lOOx lOO mm2; tbís particular shape was chosen in order to simulate a 
unit cell of the cold-plate heat excbange mentiooed in the previous section. Tbe upper test plate with a 
thickncss of20 mm was heated by a silicone-rubber electrieal beater with a heat Oux of5-10 kW/m2, 
while the lower test plate ofthe same thickness was water-cooled by a cooJer. An insulating plate made 
of Bakellte was placed on top of lhe heater. A copper block was inserted between the lower plate and 
tho coo ler to make the heat flow unifonn, and silicone grease was used to reduce undesired TCR The 
electrical power fed to the heater was measured and monitored with an altemating current power 
meter. 
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The test plates were loaded by a compression force supplied by four bolts installed near the 
comer of a steel support plate. Tbe nominal contact pressure which Was defmed as the totalload 
divided by the nominal contact area, P=W/AN, was ín the range ofO.l-0.6 MPa. This low pressure 
range was selected here to conform to the specifications of the cold-plate heat exchanger which was 
designed to be used under low compression force. The applied load was measured with a load ceU 
placed between the support plate and a top steel plate. lt was confírmed that the applied force was 
maintained nearly constaot throughout the measurement once a thennally steady state was achieved. 
Since the readings of the load cell included the effect ofthe material's thermal expansion due to 
heating, the actual load appüed during lhe heat transfer experiment was measured accurately. 

Tho test unit was surrounded by a radiation shield, and then placed in a vacuum chamber 
(Fig. 5), which could be evacuated to less thao l .3x 10·2 Pa (10-4 tore) by an oíl rotary pump and an oi1 
diffusion pump. Tbe degree ofthe vaouum was mon'itored with a vacuurn gauge. The operation of the 
o ii rotary pump was controlled by a vacuum controller. and an arbitrary air pressure in tlle range of 1.3-

. 1.3xl05 Pa was acbieved automatically. For lower air pressure, both vacuum pumps were controlled 
manually. Experiments were done either in a high vacuum environment or ata certain ambien! alr 
pressure ranging from atmospheric to vacuum. 

J"emperature measurements were made with a copperconstantan thermocouple 0.133 mm in 
diameter. The thermocou-ple was embedded in a hole l mm in diameter, located 5 mm below the 
surface and 25 mm from the s i de of the test plate. As shown in Fig. 4, a total of four pairs of 
thermocouple were used, and an average temperature was calculated from lheir readings. The 
temperature drop at the interface, ô T. was calculated by extrapolatíng thc average temperature to the 
interface. This extrapolation was done with the longitudinal temperature gradient which was evaluated 
from the heat flux and the thermal conductivity ofthe test plates. The heat flux measured by the power 
meter was corrected for lhe heat conduction loss through the insulating plate. 

The material and surface parameters of the test plates are summarized in Table I. Four 
different materiais of engineering importance, i.e., stalnJess steel (SUS304), alumio um alloys (A6061 
and A5052) and copper (C1020), were examined. Both upper and lower plates were made ofthe sarne 
material. Two different degrees of surface roughness were prepared on each material, Le .• tbe rougb 
finishing (a e- lOj.lm) and the fine (or medi um) finishing (a e- 1 J.lm). For Cases# l-#6, tbe upper 
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test plate was given a large-scale waviness, while the lower platc was practically tlat. Thls waviness 
was produced as a nearly spherical surface whose radius of curvature was approximately 15m. This 
large radius of curvature resulted in only a 165\Im flatness deviation (FD), whlch was defined as a gap 
distance at lhe comer of the pi ates in contact This amplitude of waviness was seJected to simulate, to a 
realistic degree, the macroscopic non-uniformity of contact io practical situations. ln contrast, both 
upper and lower surfaces were flat in Cases #7 and #8, having the flatness deviation of about 20 \Im. 
Although spherical surfaces were investigated previously by Clausing and Chao (1965), Kitscha and 
Yovanovich (1974) and Yanagi and Tsukada (1983), the present shape was unique in its extremely 
large radius of curvature. 1t should be menlioned that the test pi ates of Cases # 1-#6 bad a fresbly 
prepared surface while lhosc of Cases #7 and #8 did not As shown I ater, lhe hystcresis effect of the 
loading cycle on the thermal contact conductance, which was lcnown to appear fo.r freshly prepared 
surfaccs, wa.~ insignificant undcr the present range of contact pressure (0.1-0.6 Mpa). 

Measurement uncertainties associated with lhe thermal contact conductance were estimated 
according to lhe procedure described ln ANSJ/ASME PTC 19.1-1985 (1986). The elemental error 
sources considered were lhe lemperature measurement of the test pi ates, the reading of the power 
meter, the estimated conduction heat loss, lhe radiation heat loss and lhe lhermal conductivity ofthe 
materiais. U ncertainty intcrvals estimated thus are dependent on the material, lhe degree of lhe surface 
roughness, the contact pressure and the amblent air pressure. Typical uncertainty intervals estimatcd at 
95% converage for rough surfaces in high vacuum wcre 8.4o/o, 5.1% and 12.3% for SUS304, A6061 
and CI020, respectively. At atmospheric pressure, these values rcspectively increased to 16.1%. 
16.9% and 8.1% owing to the larger heat loss and the smallcr temperature drop at lhe interface. 

Tab. 1 Material propertles and eurflee parameters of the test pl1tes 

k Young's J>oiMon's 
tanel H PI 

Pt 
Ca.,~ Material (W/ Modulus ai a FOI 

mKJ [GPa( ratlo - a.[l'm) ~a ...... I~ - - tan9 [GPaJ -P.{I'm] [M] -[l'm) 
a, CJ..._.,1 Lan91 • P, f01 

#1 SUS304 21 188 0.27 
7

•
4

9.10 31,0 ~1.6 0,100.12 
3.261 ~710 15.8 JS8 
3.002 flat -

5,3 (roush) 27,8 0,06 2850 22 

#2 SUS304 21 188 0.27 0,63 2.23 4,689,92 0,06 0,13 3.462 S01 204 16.0 JS6 

2,14 ( f ine) 8,7.S 0,11 2 .918 340 flat lO 

#3 A6061 180 69.4 0.33 6,0 11.2 l·4.4 44,4 0,09 0,27 0.702 945
171 

14.9 168 

9,5 (rough) 37,1 0,26 0.669 209 flat 17 

#4 A6061 180 69.4 0.33 0,71 0.74 6,48 6,81 ~0.13 0.718 ~66 15.5 161 
0.705 flat -

0.21 (fine) 2,10 0.06 133 24 

#5 C1020 393 130 0.34 S.611.0 lA. I 45,6 0,09 0,41 0.996 979 15.4 163 
0.653 -137 flat -

9.S{rough) 38,7 0.40 IS9 IS 

~ C1020 393 130 0.34 1.03 1.08 6.-4° 6,63 0,100,12 1.072 ~89 15.3 164 

0.32 (rioc) 1,74 0.07 0.943 IS8 flat 13 

#7 A5052 140 69.7 0.33 
9 ·9 14.0 OJ00,41 0.745 300 

ISO 
flat 20 

9,9(rouah) 0.30 0.745 300 fiai 20 

#8 A5052 140 69.7 0.33 
4.9 6,9 OJO 0,42 0.745 130 6S flat 20 - 0.745 flat 4.9(mcdium) 0,30 130 20 

Thermal Contact Resistance in Vacuum 

Variations of therrnal cootact resistance in high vacuum were measured as a funclion of the 
nominal contact pressure exerted on lhe test surfaces. ln order to ensure the deSJ:ee of vacuum, al i tbe 
measurements were taken at an ambient air pressure lower than l.3xl o·2 Pa. except for the 
measurements with aluminum alloys (Cases #3, #4, #7 and #8) which were made at near 13 .3 Pa (0.1 
torr). lt was, however. verified that if lhe ambient ai r pressure was lower than 13.3 Pa. the degree of 
vacuum had a negligible influence on the measured values ofTCR for aluminum alloys (refer to Figs. 
13(a) and 13(b)). This is in agrcement with the ftndings ofO'Callaghan aod Probert (1974). 
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For freshJy prepared surfaces (Cases N I -IM), severa! sequences of loading and unloading, 
í.e~ loading cycles, were applied in order to observe the hysteresis effectofTC.R. The measured rçsults 
are shown in the form ofthe thermal contact conductance, b=(R" 1), in Figs. 6(a) and 6(b). The 
bysteresís effect was studied previously by fenech and Rohsenow ( 1963) and Milcic (1971), and ít was 
revealed thatthe first unJoading (and in some cases subsequent loadings and unloadings) showed 
smaller values ofTCR than the initial loadJng. Snaith et a L (1986) argued the hystcresis effect to be 
associated with the elaslic relaxntion of micro asperities and/or tbe cold welding for clcan metal 
surfnces. Unlike those find'ings, the present resulls do nol indicate any appreciable bysteresis, whereas 
Case #4 (A6061 witb tine finisbing) exhibits ye.ry slightly a trend s imilar 10 the prevjou.s Qne. The 
reason for this negligible hystetesis is likely due to the narrow range of contact pressure in the present 
experiments. 
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A not~worthy feature observed in Figs. 6(a) and 6(b) is the well-detined power-1aw behavior 
of the conductance agalnst the nominal contact pressure. However, the value of the· .exponent varies 
from one case to the other, and no consistent explanation seems to be possíbJe. Tbis result supports the 
remark of Clausing and Chao ( 1965) that there is a region of nearly linear, increase ofthe conductance 
with load, but its exponent is dependont on the range of load as well as the material and thc surface 
conditions. It may, therefore, be concluded that a universal· power-law behavior between TOR and load 
can bardly be expected. 

There have been many attempts to develop a simple correlation which can be used to predict 
the value of TCR -as a function of some impormnt controlling parameters such as the nominal COl\taCt 
pressure, the interface temperature, the properties of surface roughness and so on. Some of those 
correlations are summarlzed by Snaith et ai. (1986) and Torii and Yanagihara ( 1989). Figures 7(a)-7(d) 
present comparison between the present results and some of the representativo correlations. Tbe 
correlations considered bere were theoretical expressions of Clausing an<i Chao ( 1965) and Cooper et 
ai. ( 1969), and laboratory correlations ofFietcher and Gyorog (1971) and Thomas and Probcrt (1972). 
Their expressions are as follows: 

Clausiog and Chao ( 1965): 

·• g (xl.) g(xs) 
h - --+--. 

2rL k,. 2rt. k.n5 
(2) 

Cooper et ai. ( 1969): 

(3) 

Fletcher and Gyorog (1971): 

hôlk,. - (5.22 X 10~6: .. 0.0361" T .: ) "'-... (4) 

Thomas and Probert (1972): 

(5a) 

(5b) 

Sine e lhe theory of Cooper et ai. is ptoposed for non-wavy surfaces, it may not be applicahle 
to Cases # 1·#6, i o wbich a substantial surface waviness exists. On tbe Otber hand, the theory of 
C lausing and Chao is developed for Lhe spherical surface waviness similar Lo Cases# 1-116. The 
laboratory correlations of Fletcher and Gyorog, and Thomas and Probert are determined from a 
compilation of availahle experimental data covering both wavy and non-wavy surfaces. Also included 
in the figures are the v alues given by the present prediction technique, whicb will be deseribed in more 
detail in the next section. 

From lhe comparison, it is obvious that lhe previous correlatioos are in a wide divergence, 
sbowing mutual disagreement of more than an order of magnitude. The measured v alues are roughly in 
the middle of lhe band specitied by the previous correlaíions. The' theory of Cooper et al. ( I 969) tends 
to ovcrestimate the TCR excepl for Case #l (stainless steel), while the correlation of Fletcher and 
Gyorog ( 1971) givcs much lower values than the present measuremens. On the other hand, lhe theory 
o f Clausing and C h ao ( 1965) and lhe carrelation of Thomas and Probert ( 1972) can provi de 
reasonahle. but not satisfactory, predictions, whereas the latter shows large discrepancy in Case #I and 
no prediction is possible for copper plates. The present .com pari soo demonstrates tbat a universal 
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correlation can hardly ~e achicved for a wavy surfnce, as argued before by Soaith et aJ. (1986). Jt is, 
therefore, desirable to develop a new approach for predicting TCR by taking into account the influence 
of lhe surface waviness. Such an attempt pursued by the authors wiU bc presented in the next sectioo. 
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Prediction of Thermal Contact Resistance 

Theoretical Background 

The existence of surface waviness produoes a non-unifonn distribution of contact pressure in 
a mncroscopic sense, wh.ich leads to a large variation ofTCR over the surfaces ln contact. This 
variation ls considered to be the main reason for most ofthe prcvious approaches to fail in predicting 
v alues of TCR with sufficieot accuracy. This problem was previously noticed by Mildé (1970}, and he 
proposed a remedy by taking into account ex.plicitly a nonuniform distrlbution of contact pressurc. 
Since tbe theoretical aspect ofthe present predrction is based on bis consideration, it is outlined only 
briefly here. Readers should refer to h is paper for full details. 

Coosider a heat conduction problem io a semi-infinitely long cylinder as depicted io Fig. 8. 
The upper end of the cylinder is a flat surface in contact with a wavy surface of mating material. 
Becausc of the surfa.ce waviness, therc exists a variation oftbc local thennal conductance, h(r). lt is 
assumed to be related Lo the local contact pressure, P(r), throug,b the cxpressioo of Cooper et ai. 
(1969), i.e., Eq. (3}. The goveming Laplace equatíon is solved for a temperature distribution inside the 
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cytinder with the appropriate boundary conditions. ln order to get a frrst approximate solution, it is 
further assumed that the value of the local heat flux at the contact surface is proportional to the local 
value of thermal conductance. For an axlsymmetric geometry, an analytical solution of temperature 
distribution is expressed by the Bessel functions, aod the overall resistance, R. is given as follows: 

R=(RJs + <RJL, 

where 

Con tact Surface 

h( r) 
r--=-__,"'---.--C.-----.- -r 

Heat Channel 

b aT 
ar 

= o 

aT 
z z-+oo , - =const. 

()z 

Fig. 11 A cyllndrieal he• flow chllnnet and thennal boundary condltlona 

(6) 

(7a) 

(7b) 

ln lhe above expression, lhe overall TCR was given by the sum ofthe two contrlbutlons. The 
irrst term, (RJS> is corresponding to tho integratlon ofthe contact pressuro and represents the thermal 
constriction resistance due to surfaco roughness. The second terrn, (Rçk, is corresponding to any 
spatial variations of contact pressure and thus stands for the therrnal resistanoe due to non-uniform 
contact pressure. Actually tbe seoond terrn will vanish if the contact pressure is uniform o ver the 
surface. For these reasons, lhe fust and lhe second terms are referred to as the microscopic constriction 
resistance and lhe macroscopic constriction resistance, respectively. Although analytical solutions are 
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limited to rclatively simple cases such as axisymmetric and line-symmetric, more complicated 
geometries can readily be treated if a nwnedcal calculation i.s employed. Stich a procedure is now 
being undertaken by the authors and wiU be reported elsewhere. 

ln order to evaluate the microscopic TCR from Eq. (7b), a contact pressure disttlbution must 
be eitber theoretically predicted or experimentally measured. An analytical method can also be used in 
case of some simple contact geometries (Gould and Milcté , 1972, Roca and Mi'lcté 1972). Although a 
stress-freezing technique (Bradley etal., 1971) and an autoradiographic technlque (Gould and Mildé , 
1972) are available to measure a contact pressure distribution, they are not easy to apply to 
complicated contact geometries. ln the next subsection, a new measurement technique developed by 
the authors is described. 

Measurement of Contact Pressure 

A pressure-measuring film (Prescale) was used for the measmement of contact pressure 
distributions. The fílm, whicb is schematically shown in Fig. 9, consists oftwo polyester sheets of 
about I 00 \lm in thickness. Micro capsules containing chromogenic substance are uniformly applíed to 
one side of the top sheet whlle the opposing side of the bottom ·sbeet is covered with base substance. 
When it is mixed with the cbromogenic substance, the base substance changes its color from white to 
red. When pressure is exerted on these sheets in oontact, rupture of the micro capsules takes place to 
result in a local mixttlre of the chromogenic and base substances. ln consequence, the contact pressure 
distrlbution is visualized as a pattem of red oolot, whose densüy is a function of lhe local pressure. 

Polyester Sheet 

lotermediate Layer 

Chromogenic Substance 

Base Substance 

lntermediate Layer 

Polyester Sheet 

Fig. $ Str\lcwre ot a pressure.,measurlng fllm 

To quantlfy the contact pressure, calibration relations betweon eolor density and pre.ssure 
intensity are provided in the fotm of a ohait by the manufacfurer. Since the color density is affected by 
the ambient temperature and bumidity during loading, severa! calibration curves according to these 
conditions are given in the chart. Six types of mm eoverlng the pressure range of 0.2-130 MPâ are 
commercially available and one of the films having a sensitivity range ·Of abollt 0-5 to 2..5 MPa was 
used presently. 

Color density distributions vísible in the fihn were analyzed with a digital image processing 
system shown in Fig . .10. lt oonsisted of a monochromatic CCD camera, a high-ftequency ring lamp, 
an image grabber (512 x 480 pixels) anda 16-bit personal computer. The TV signal from the CCD 
cam.era was digitized by the image grabber, which converted a color denslty ihto a monocbromatic 
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brigbtness levei having an 8-blt resolution. The analyzed size of tho film was about 100x100 mm2, 
resulting in a maximum spatial resolution of 0.2 mm_ However, the effective spatial resolutlon was 
reduced to about I mm because of the moving averaglng applied to ffie original lrnage to reduce 
random nolses io the brightness levei. Since this effective spatial resolution was much larger than the 
rength scale oJ the surface roughness, the measured variation oJ contaot pressure was considered to be 
associated wtth the surface waviness. For example, a picture of the colo r density distributíon is shown 
in Fig. I 1 (a); it w:as obtained with the test plates ofCase #4 (r~fer to Table I) undet the nominal contact 
pressure of 0.6 MPa. Note that the nearly circular panem is dueto a spherical waviness prepared on the 
test plate. At every measurement, a sheet of color standards prepared by the manufacturer was 
digitized ln order to establish a relation between the brightness levei and color density. Th:ís relation, ·as 
well as the color-pressure calibr<Uion curves described above, was used to calculate the local contact 
pressure from lhe brightness levei (Yamashita et al., 1991). Figure ll(b) is a contact pressure 
distribution thus obtained from the color density pattem of Fig. ll(a). 

Copy Stand D 

,:' 

Image Grabber 

16 - bit Personal Computer 

Monochroroatic CCD Camera 

H.F. 
Power Supply 

, Ring Ligbt 
\ 

Pressure - Measuring Film 

Fig. 10 Dlgltallmage proeea11ing system 

To evaluate measurement uocertaioties associated wit:h the present technique, the totalload 
measured by the pressure-measuring fll:m was compared with the nominalload measured by the load 
cell. ll was confliDled that there was reasonable agreement between them, thougb roughl:y 10-25% 
difference was unavoidable (Nishino et al. , 1994). This error was dueto the narrow sensitivity range 
(0.5-2.5 MPa) of the pressure-measuring film. 1t was, however, anti.cipated that the uncertaintíes 
associated wíth (Rçk be decreased because tbe quantity required for Eq. (7b) was not the local contact 
pressure but its ratio to the average contact pressure. 

The pressure-measuring film wã.S th.iek and soft, compared with the height and hardness of 
the micro asperities of the metal surfaces. This meant that the contact area tbat was formed in the 
presence of lhe film became larger than that formed under tbe direct metàl-to-tnelal con~t in the 
absence of the film. Therefore, the contact pressure distribution measured. with tbe :film should be more 
widespread than the real distribution. This biasing influence was corrected b)" using a simple model of 
e lastic-plastic deformation of the micro asperities. The details ofthe correction. as weU as its 
veritication, were described in Nishino et ai. ( 1994). 
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lOOmm 

(a) color densiry 

Fig. 11 An example of 1 eolor denalty dlltributJon snd eorrnpondlng eontsct presaure dlatrlbutlon 

Perfonnance of Prediction 

Equations (7a) and (7b) were used to predict the TCR because the measured distribution of 
contact pressure was approximately axisymmetrlc for Cases# 1-416, as seen in fig. ll(b). On the other 
hand, the measured distribution of contact pressure was roughly linesymmetric for Cases #7 and #8, 
and hence an alternativo equatlon was used for the prediction. The predicted values are shown in Figs. 
7(a)-7(d). An equivalent radius of the square test pia te was defmed as [b • {J1 /~~:)1"'1 , and a radial 
cootact pressure proflle, (P(r)), was obtained by taking a circumferential average around the center of 
the pressure d1stnbution. 

lt is observed in these figures that tbc predicted values are in good agreemenl with those 
obtained by the lteat transfer cxperiment over thc cntire range of contact pressure cxamjned here. The 
dependency of the thermal contact conductancc on the nominal contact pressure is also weTJ captured 
in the predictions. Compared witb the ptevious correlations, the present ·technique can provide further 
consistent predictlons for ali the materiais. Although not shown bere, simUarly .good agreement is also 
gained for lhe plates witb fine finishlng (Cases #2, 114, '#6 and #8). l1 should be emphasized tbat tbe 
present approach is applicable to more oomplicatcd gcometries of surface waviness with the hclp of a 
numerical procedure to solve the gove.rning Laplace equation. 
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Figure 12 shows the ratio ofthe macr-oscopic constriction resistance to the mlcroscopíc one, 
CRJL• I<Rc.)s.- lt Is found that (RJL is predominant for Cases #4 and #6 and larger than <Rc)s io other 
cases. The ratio generally increases with nominal contact pressure. This is because (Rç)s is inversely 
proportional to the nominal contact pressure whereas {R0k is comparatively insensitlve to i L The 
predominance of (Rç)L implies that the overaU thermal oooductlUlce, <<Rck +<Rc)sY' is essentially 
detennined by the macroscopic part, and ilS evaluation. therefore, becomes a key factor f-or accurate 
prediction of the overall thetrnal resistance for wavy surfaces. 

10 

5 

-~ ••- /2(SUSJ04) 
/I(SUSJ04) 

o 0.5 1.0 

Nominal contact pressure IMPo/ 

Fig. 12 Ratlo of the macroscoplc conatrlctlon nta'-tance to the microacopic ona as a function of the nominal 
contact preasunt 

Effects of lnterstitial Gas 

Wben the ambient gas is not perfect vacuum, heal conductlon may occur tbrough the 
interstitial gas between two contacting surfaces, and its contribution must be taken into account 
properly for estimating lhe overall TCR. A simple assumption that has been proposed ln the literature 
(e.g. , Holman, 1989) is that the gas conductance merely adds a new heat flow path which is parallelto 
the other paths due to the solid conduction. This assumption may be justified if the surface waviness is 
absent and only the surface roughness exists, as recognized intuitlvely ftom tho roughness part of Fig. 
I. Howevcr, the authors (Nishino and Torii, 1994) 'have reported that the existence of surface waviness 
requires a separate consideration of thc gas conductance through the waviness gap in order for an 
accurate evaluation ofthe overall TCR. Their analysis has focused only on the air as an interstitial gas, 
whereas any change in the gas composition may be handled by the extrapolation of'the thelr approach 
as longas the thermophysical properties of the gas composítion are given properly. ln the following, 
some oftheir results and analysis are described to show the effect ofthe ínterstitial gas on the overall 
TCR of wavy sutfaces. 

Variations ofthe overall TCR against the air pressure ranging from atmospheric to vacuum 
were measured with the sarne test plates swnmar!zed in Table I. During the measurement, the nominal 
contact pressure was kept constant by adjusting an electrical input to the snicone>-rubber l)eater, thus 
cont:rolling the material's thermal expansíon due to heating. The measured varlatfons of the ovérall 
TCR ln the form of conductance are presented in Figs. 13(a) and 13(b) as a functton of ambient air 
pressure. The nominal cootact pressure was 0.3 MPa. As expected, the overall conductance increased 
with the air pressure because of the enhancement õf the gas c::onductanoe. If the air ptessure is lower 
than about I O Pa, the overall conductance almost became insensitivo to the' air pressure, finaUy 
showing a constant value. This tendency is in accord witb the previous report (01CaHaghan and 
Probert, 1974) stating that the conductance is oot appreciably 1lffected by the degree ofvacuúm lf ít is 
lower tban I 3.3 Pa (0. t torr). The air pressure has the targest etiect on the stainiess stecl plates whose 
thermal conductivity aTe the lowest, whereas the air pressure has only a minor e-ffect on the copper 
pi ates, particularly for rough finishlng. 
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Fig. 13(a) Varlatlon ol thennal a>ntact eonductance agalnat amblent alr prenure for rough eurlace llnlehlng. 
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To explaio quantitatively such a behavior ofTCR against the variation ofthe air pressure, a 
simple two-stage heat conduction model was proposed by taking into account the existence oftbe 
surface waviness. An electrical analog to the heat flow pa1hs considered in the model is illustrated in 
Fig. I 4. There are two different kinds of heat flow paths through the interslitial gas: ooe is a path 
through thc waviness gap and the other is a path througb tbe roughness gap. The thermal resistance of 
the former, (RI& )u is connected in parallel to the both constriction resistances, (RJs. and (RJL> while 
the thermal reststance of the latter, (R1)5, is conoected in parallel to (RJs but in series with (R,)v This 
clectrical analog is conformed wlth the contacting geometry shown in Fig. I in the presence of the 
ioterstitial gas in the gaps between the two plates. As a result, the overall TCR is given as follows: 

R"1
• (R) "1 +qR} +Q(R ) "1 +(R) · IT ..., . 1 

IL ~'L I· S ~s_j...J 1 (8a) 

o r 

(8b) 

where the microscopic contact arca ratio, +s c• A1/ A11 ), is estimated by the ideal plastic now 
assumption, i.e.,+5 Q W/ (A11 H}, while the macroscopic contact area ratio,+s<•A~A11 ) is evaluated 
from the measured contact pressure distribution. Their values are summarlzed in Table 2. lf (hJt « 

(hc)s (or (Rch." (Rc)s) as in Cases #4 and #6 (refer to Fig.l2), then h=( 1- +J(h8)L +(hcJL, wbi.ch me&rLS 
that the surface waviness dominares the whole heat transfer process. Oo the other hand, if (hJL = oo 

and •L = I, as for the completely flat surfaces. then h=(bJs +( 1-\ +5 )(h1)5, indicating that only the 
terms conceroing the surface roughness are involved. Although different mechan.isms are involved, 
these two extremes are the sarne in the respect that lhe ovcrall conductance can be evaluated by a 
simple addition of the gas conductance to the solid conduction. ln general, however, such 
simplification is hardly justitiable because significant variations of (hJs f(hç}t, cxist as shown in Fig. 

12 . (Rc )s 

Fig. 14 An eleetriul analog to the overall heat flow path ln the presence of tnterstltlal gu 

To predict the overall conductance from Eq. (8b), the gas conductance, h1, is evaluated by 
using the thermal conductivity ofthe gas, kg. and the characteristic thickness ofthe gaps, 11, as hg=kg I 
11 . The thcrmal conducti·,rity is given by the rareficd gas theory (e.g., Holman. 1989) for a wide range 
of gas pressures. Thrce flow regimes, i.e., the continuum, the slip and lhe (ree-molecule flows, are 
considered depending on the Knudsen number, Kn•)../11: 
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(9) 

wbere the mean free path is given by Ã = t .255' ,_ a/P g)(Rg T iM,_)0•5 and lhe v alue of O. 9 is used for lhe 
accommodation coefficient, a . 

The characteristic gap thickness due to the waviness, &L, is determlned as the mean lhíckness 
ofthe gap created by the two plates. As for tbe gap thíckness, s

5
, ·the equívaJent rms roughhess height, 

"•' is chosen for tbe r-ough flnishing, while the equivalent maximum rougbness heigbt,omtx , is chosen 
for the fine fmishing (for their value. refcr to 'fable I). Tbe latter is based on thc consideraÚon that thc 
conta.ct situation should bo govemed by some very high asperrties if the roughness wave length is 
small. Thls is consistltnt with a previous findíng (Cooper et ai. , 1969) that tbe total load Is essentially 
supported by the highest asperities. Although the choice ofs~, bas only a minor influence under the 
present conditions, its lmportance increases as the surface wavmess diminishes. 

Table 2 Values or 118, \lu {hds and (hclL for P*0.3 [Mpa]. 

#I #2 #3 #4 "#5 #6 

'-s/ 10-4 1.cro -1 .03 4.45 4.34 4.60 3.18 

.L/ 10 - 2 4.52 4.91 8.66 9,07 28.8 7.55 
lh~) 

5 
[W/ m

2
KJ 90.4 194 2440 20400 9200 19100 

(hJ [W/ m1K) 47.8 60.7 651.4 585 3870 15800 

The gas conductance as a function of the .gas pressure is presented in Fig. 15, wllere tl1e 
values of (K,)(l' ~a> r (1> Pr0 are evat·uated at the mean gas temperature, T g• uhder the atmospheri·ó 
pressure condition. ln consequence, lhe variation of the overaiJ thermal contact conductance is 
predicted by incorporating the estjmated gas conductances (Figs. J3(a) and I 1(b)). h is sbown that the 
dependency of tlle overall cooductance on the gas pressuro is wel I reproduced by the prediction in aiJ 
cases. wbereas the agreement seems to be somewhat dereriorated by the difference. seen at a perfect 
vacuum, particularly for copper plate (Cases #5 and #ó). Hence included in tbese figures are the 
corrected predicti-ons in which this difference ata perfect vacuurn is compensated without ehanging the 
ratio of (ht/s l(ht/ L· With this correction, tbe agreement becomes very satisfactoty, except onJy for the 
staínless steel plates at around atmo5pherlc press.ure. This dlscrepancy would be improved ff'the 
estimated gap thickness due to the surface waviness is s.lightJy modified. Nevertbeless. the present 
results show that lhe two-stage heat conduction m-odel is b.ighJy useful for understaoding and 
predicting tlle behavior ofTCR a,gainst the vatiation of ambient gas pressure. 

Con,clusions 

The thennal c-ontact resistance for wavy metal surfaces was studied with square test plateS 
made of staíoless steel (SUS30.4), aluminum alloys (A6061 and A5052·) or COJlper (Cl020). An 
empbasis was placed on the existence of surfa:ce waviness because it unavoidahly appears io many 
practioal situations involvJ'og a Large :h.eat. transfer surface and/or a non·uniform contact pressure 
distribution. To simulate surface waviness in a reproducible mannet, a spherical cap of very large 
radius of curvature (about 15m) was givcn to lhe contacting surfàce. ln addition, two different degrees 
of surface roughness, rougb finishing and fine ( or medi um) finishlng, were preparçd on cacb m{lterial. 

Heat transfer experiments performed ín a perfect vacuum have revealed tnat the thetmal 
contact resistance deoteased with the nominal ,contact pressure; and tnat its behavili>r was expressed by 
a simple power-law whos~ exponent was, however, dependent on the material anct S\Jrfaoe fmishing. 
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The values of the exponents worc in dte ran_ge of 0.20..0.52, which were su!Jstantiarly smaller tban 
those of the previous findings. As a consequence, the e.xperlmental and theoretical correlations 
proposed ín the literature were not capable ofproviding satisfactory predictions for the presentcases. 

ô = 1.0 {f.im/ 
ô = 10.0 {f.iml 
ô = 50. O lpml .... ........ ····-··· 

T9 = 323. 15 fKJ 

101 

Gos pressure IMPal 

Fig. 1·5 Varclatlons of ai r conductance agelnst th& e Ir pressure 

A nove I approach developed by the aothors for predicting the therma1 contact .resístance was­
desçribed. Tbis approaob was b:ased on a theoretioal consideration of Mikié (1970) anda new 
measurement techniqne for a contact pressure distrlbution. lt utlflzed a pressure-measuring fU.m wbioà 
was capable of vísualtzing a contact pressure distribution. Therrna:l contact resistance in a high vacuúin 
was predlcted by solvlng the governing Laplace equation with appropriate thennal botrnd~ 
conditions lncluding those evaluated from tho measured distrihutions of contac·t pressure. lt was 
demonstrated tbat the present predlotions were in good agreement with tlle e:xperiments f-or all>tbe 
materiais and surfaoe finishings examined here. The prodiction lndicamd tbat tbe macroscop~ 
constriction resistance dueto surface waviness was substantially largcr th11n thc microse(}pJc 
constri.ction resistance due to surface roughenss. 'Hence, tbe consideration of the lnfluence ofifie 
surface waviness was sbown to beco me crucial for tbe accurate predicticm of the overalJ thomíai 
contact resistance. 

The influence of the surface wavl:ness was further taken ioto account fot understandlng tllc; 
contribution of heaf conduction through the interstitial gas between tbe eontactiog surfaces, Sôme 
results of the heat transfer experiments made at various ambient il1r pressure ranging from atmoSJ)&erjc 
to perfeqt vacuum were presented. As expected, the thermal contact resistance decreased as t!tc 
ambient ai r pressure increased. A simple two4 stage heat conduction model was desc,rfbe.sl' tt> ~wn 
quantitatively such experimental result.,~. lt was demonstrated that the model reproduced fairly weJHbe 
beba v ior of lhe thermal contact resistance against tbe variation Of the ambient a1rpl'eSSure;,. Tn 
particular. agreement beiWeen tbe model predjctlans aod tbe experlments became satisfactoJY a 
srnall dlscrepancy seen ai a perfect vacuum was. eorreoted properl~ 'fhis success of the two-stage~ at 
cooduction model supported lhe importance ofthe surface waviness for·the prediction :af theovef 
thermal contact resistance. 
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Nomenclatura 

AN = Nor,lnal contact area 
(m] 

AL,AS..,MaOfoscoplc and 
mlcroscoplc contact 
areas [~) 

b = Radius of the heat flow 
channel [m) 

FO "' Ftatness deviation [m] 
g(X) = Constriàion allevlation 

factor 
H = Micro Vlckers hardoess 

(Pa] 
h ::: Thermal contaà 

conductan~ fer unit 
area rt-Jim .K 

J" = Bessel function of order 
n 

k = Thermaloonducüv~ 
rt-Jim.K) 

km = Harmonlc mean thermal 
conductlvity 
~Kl-~.l(k1,+k~} (W/ 

1 = Side length of a test 
plate (m] 
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Abstract 
This work preseots a matbcmlltical model wbich dcscribes lhe plastic dcformation of metais. A coostitntive 
equation, based on mlcrostructural aspccts of metal is derived. This equation establishes the dependence of lhe 
Oow strcss oo tbe tcroperature and strain rate. Thc mathematical model results are tbcn comparcd wlth 
experimental data produccd by lhe authors, indicating the feasibility of thc method. 
Ktywords: Modelling, Plastic strain, Sintered materiais, Stccl. 

Resumo 

Neste trabalho realiza-se uma modelagem matemética da defonnaçlo plástica de materiais metálicos. Para tanto 
utilizou-se uma equaçlo constitutiva. a qual foi desenvolvida baseada em aspectos microestruturais destes 
materiais, que descreve a dependência da resistencia meclnica em função da temperatura e velocidade de 
deformaçlo. Posteriormente, foram comparados os resulta(ios obtidos experimentalmente com aqueles 
resultantes da modelagem matemática. 
Palavras chan: Modelagem, Deformaçlo plástica.. Materiais sinterizados. 

Introdução 

A resistênci-a mecânica de materiais metálicos depende primordialmente da s ua 
microestrutura. Outros fatores Importantes sao as condições externas de ensaio, como a velocidade e 
temperatura de deformação. A influência destes dois parâmetros sobre as propriedades mecânicas em 
ensaios de traçilo, e/ou compressão, unlaxiais tem um significado básico para a comprcensilo da 
peformaç!lo plástica dos metais e vem sendo motivo de pesquisas há bastante tempo (Seeger, 1981. e 
Sesta1c. 1978). 

O aumento da resistência mecânica de materiais metálicos com a queda da temperatura de 
deformação em intervalo compreendido entre TocO K e um valor crítico To. o qual é função do material 
c velocidade de deforma.ç!o, é um fato bastante conhecido. Hoje em dia é amplamente aceito que, para 
ensaios com temperaturas inferiores a T .. 0,3 T F (T F = temperatura de fusão em K) e velocidades de 
deformação menores que 104 s-1, este acréscimo da resistência mecânica é devido ao movimento de 
discordâncias sobre obstáculos, cujos campos de tensões slo de curto alcance, os quais podem ~er 
vencidos com auxilio de energia ténnica. · 

Este trabalho tem por objetivo modelar a variação da tensão de deformação de materiais 
metálicos ccc em função da temperatura e velocidade de deformação e comparar posteriormente estes 
resultados com aqueles obtidos experimentalmente. Para tanto será usado uma equação constitutiva 
que descreve a interaçlo entre as discordâncias móveis e os obstáculos de curto alcance. 

Deformação plástica ativada tennlcamente 

Considera-se normalmente que a tensão de deformação plástica de um metal consista de 
duas componentes básicas: 

Manuscrtpt recelved:October 1994 Teohnlcal Editor. Agenor de Tole~o Fleury. 
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a = cl (T, E, estrutura) + a
8 

(G (T) ,estrutura) (I) 

• onde a ~ a componente dependente da temperatura. denominada tensão de deformação térmica e a B 
é a componente que reflete o efeito da estrutura de discordância existente no metal, denominada tensão 
de deformação aténnica, indicando que, excelo pela dependência do módulo de cisalhamento, ela 
indepcnde completamente da temperatura. 

• a ~determinada pela lnteraQ!lo entre discordâncias móveis e os obstáculos com oampos de· 
tensões de curto alcance, os quais podem ser vencidos com auxiLJo da vlbra~o térmica da ~tede 
cristalina. O processo' dominante de ativaçao térmica em metais ccc é a supcraçlo da tensão de Peierls 
e em metais cfc é a interceptaçllo de discordâncias na chamada floresta de dlscordftnoias (Macheraocb 
c VOhringer, 1978, e Reed-HiU, 1982). A Fig. I mostra esquematicamente a variação da tensão de 
escoamento em função da temperatura e velocidade de defoJ'Jll!lÇiO. Para T .. O K a probabilidade de 
ativaçlo térmica é nula e a• atinge seu valor máximo a• = a~ . Para temperaturas superiores a T0 a 
energia térmica é suficiente, sem qualquer auxilio de tensões extemas., para superar a tens«o de Peierls, 
ou seja. a • = O. Os obstáculos de curto alcance são parcialmente ativos entre as temperaturas limites 
T • O K e T : To, onde a• é função da velocidade e temperatura de defonnaçAo. 

A resistência oferecida pelos obstáculos, cujos campos de tensões são de curto alcance, pode 
ser descrita pela sua curva força-distância como mostra esquematicamente a Fig. 2a (Burgalui, I 991). 

T., 

Temperatura 
Fig. 1 Varf-.çto da tendo em funçlo da temperatura e velocidade de deformaçlo (etquematleamenta) 

ts const. 

F" OcT c.T0 

F" o 

F" 

do v 

O) C) 

Fig. 2 Curva força-dls.tlncla de um obeüculo, cujoe campoS de tenaOee elo de curto alcance, e alUI 
auperaçlo etrav6e de atlva~o t6rmlca 
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Para temperatura T = O K é necessária uma força externaF; para que o obstáculo seja 

vencido pela discordância, já que não existe qualquer vibração atônúca nesta temperatura. Com o 
aumento de temperatura, necessita-se de forças externas F• menores, uma vez que uma parte do 
obstáculo é vencido somente pela vibração da rede cristalina. Para temperaturas T ~ T 0 (ver Fig. I) 
todo o trabalho de superação do obstáculo 6 fornecido termicamente e a entalpia Uvre de ativação 
atinge o valor .1.G0 , o qual é um parâmetro caracterlstico do obstáculo, ou seja 

(2) 

Além disto, sabe-se que a velocidade de deformação de materiais metálicos pode ser escrito como 
(Võhrínger, 1987) 

· . [-~G(T)J e = &0exp 
kT 

(3) 

onde&0 é a velocidade critica de deformação e k é a constante de Boltzmaun. Utilizando-se as Eqs. (2) 
e (3) pode-se determinar T0 ; 

~Go 
To=---­

kln(Ê01Ê) 
(4) 

Através de adequada transformação da Fig. 2a. chega-se à Fig. 2c, com -c.,. = a* / M1' (M1 
é o fator de Taylor e vale 2. 75 para metais ccc). O volume de ativaçíl.o v é definido por 

v= bld (5) 

onde b é o vetor de Bilrger, I é a distância entre dois obstáculos consecutivos e d é a largura do 
obstáculo. 

A Fig. 2c acima mostra a parcela de energia necessária para vencer a resistência oferecida 
pelos obstáculos de curto alcauce e fornece a base para sua determinação experimental. Além disso, 
através do conhecimento da largura do obstáculo d = ft a*), é posslvel modelar a variação da tensão de 
deformação térmica a* em função da temperatura. 

A energia de ativação total do obstáculo~G0 édeterminada pela área sob a curva da Fig. 2c: 

óG
0 

= -1 vJ a* (v) dv (6) 
MTo 

A parcela da entalpia que é fornecida termicamente óG (T pode ser éalculada peJa equação 

v 
1 J .. 1 * óG0 =- cr (v)dv--a v 
~O MT 

(7) 

Das Eqs. (6) e (7) obtém-se a parcela da energia que deve ser fornecida externamente (mecanicamente) 
para temperaturas compreendidas entre T = O K e T =To: 

v 

ôG (T) - óG (T) = ..2_ J a* (v) dv+ ..2..a* v (8) 
MT MT 

v 

Para determinação da energia de ativação, torna-se necessário o conhecimento do volume de ativação v 
e sua dependência da tensão de deformação, o qual é definido por (Macherauch, 1992): 
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v(T,c) = M,_kTaln~&} I 
ocr T 

(9) 

A variaçllo de tensão de dcformaçã<l plástica ó.o" causada por variações bruscas da velocidade de 
defonnação em ensaios de tração ou compressão é devida à parcela da componente ténnica da tensão, 
tomando-se assim possfvel a detenuinação experimental de ó.cr através de uma modificação da Eq. (9): 

v(T,e) = MTkTó.ln~&} I 
Ó.O T 

(lO) 

Modelagem Matemática 

A dependência existente entre a tensão e a temperatura de deformação pode ser descrita 
através de uma adequada modelagem matemática da curva força-distAncia de um obstáculo de curto 
alcance (Fig. 2). cuja superação é ativada termicamente. Para tanto procura-se determinar corretamente 
a forma desta curva através da seguinte equaçao constitutiva 

" * [l (6.0 (T))lm a = cro - ---
600 

( li) 

onde a ~ é a parcela de tensao térmica para T • O K. me o são parâmetros dessa equação (Burgahn, 
1991 ). Além disso assume-se que 

ao (T) 
--- -
O(T) 

( 12) 

Usando-se as Eqs. ( I) e (2), pode-se calcular a parcela da tensão de defonnação térmica: 

" (T,e) = ax (T,t) -[ao ( (T0) 
0 ~:) )] (13) 

A dependência do módulo de cisalhamento O(T) da temperatura é determinada experimentalmente e/ 
ou através da equação (Wawra, 1978) 

(14) 

com K1 "' 87716.4 N/mm2• K2 "'-- 19.0056 N/K mm2 e K3 "" 8.056. 1o·S N/K2mm2• 

O obstáculo de curto alcance é caracterizado pelo diagrama a• / M -v, o que permite a 
determinação da parcela de energia que deve ser fornecida mecanicamente (6.00 - 60 (T), Eq. (8) 
através do ajuste da hipérbole 

a" (v) = a - b 
(ev-c)d 

( 15) 

aos pontos experimenta.is. Nesta equação a, b, c, d, e são parâmetros de ajuste. 

O conhecimento da variação de600 - 60 (T) com a temperatura permite a detenninação 
deó.00 e da temperatura T0 através da extrapolaça.o da curva obtida para T =O K e para 60 .. , 
respectivamente. A determinação dos parâmetros constitutivos a ~ , m e n é possível usando-se as 
equações (Burgahn, 1991. c Palma, 1994) 

( 16} 
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6o = o 0 mn 1 - - -• • .ôlne [ (T)1m-l(T)" 
ln (&01&1) To To 

(17) 

.. . * [ (kTln(toli)Jlm o (e) = o 0 1 -
600 

(18) 

Procedimento Experimental 

Para os ensaios experimentais, foram usados aço 1045, com tamanho de grão igual a 5).1m, 
ligas sinterir.adas Fe-C-Cu com porosidade total P = 5,9% e 12,3o/o. Fe-P, Fe-Cu e Fe com porosidade 
total de 12,3%. Esses materiais apresentam um tamanho de grão de 20 J.Ull . Os ensaios de tração 
foram realizados utilizando-se uma máquina de ensaios universal (Fábrica Roell e Korthaus, modelo 
SG, 300 KN) em um ~~e~flo de temperatura compreendido entre 77 K e 370 K com velocidade de 
deformação e = 2,10 s . Os ensaios de variação de velocidade de deformação foram realizados 
no mesmo equipamento e intervalo de temperatura acima. Nestes ensaios o corpo de prova é sujeito a 
vãrios ciclos em que a vel'ocidade de deformação varia bruscamente de um fator 1 O, passando-se de 
·
1 

= 2,10- 4 s- para ·
2 

'"' 2,10-Js- e vice-versa. O controle da velocidade de deformação foi feito 
automaticamente através do controle da velocidade de deslocamento do travessão da máquina. A 
rápida mudança da velocidade de deformação foi posslvel através de programação da máquina de 
ensaios, onde as velocidades desejadas eram armazenadas na sua memória e a mudança ocorria com 
um simples comando. via computador. A curva tensão-deformação apresenta o aspecto mostrado na 
Fig. 3. 

o 
•o 

(/) 
c 
4,) 

1-

Deformação 

Fig. 3 Curva tenal o-deformaçlo com varlaçlo da velocidade de defonnaçio 

As dimensões dos corpos de prova utilizados nos ensaios experimentais. adma descritos, são 
mostrados na Fig. 4. 
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Fig. 4 Corpo de prove utlllzado n08 ensafoe experimentais 

A variação da tensllo de deformação plástica ~~ causada pela mudança na velocidade de 
deformação foi determinada utilizando-se o m~todo das tangentes como mostra esquematicamente a 
Fig. 5 (Munz e Macherauch, 1966). 

Fig. 5 Detennlnaçlo da variaçlo de tenslo em ensaios com vartaçlo da velocidade de defonnaçlo 

Para a modelagem da tensão de deformação em funçllo da temperatura com a equaçllO 
constitu tiva (li). foi uti lizado um programa desenvolvido por Schulze ( 1988), Burgahn (1991) e 
Palma ( 1994). Para rodar esse programa, são necessários os valores da tensão de deformação e do 
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módulo de cisalhamento em função da temperatura. Inicialmente, o valor de T0 (Fig. l ) é detenninado 
manual e ~osseiramente pelo usuário. O volume de ativação v e a parcela da tensão de doformaçao 
ténnica a (11 são detenníoados pelas Eqs. ( lO) e (13) respectivamente, possjbilitando assiiJl'traçar 
um diagrama c/ (T) • v, o qual caracteriza o obstáculo de curto alcance. O cálculo de 
AG0 - AG (T) é feito pelo ajuste da hipérbole Eq. (15) aos pontos da curva r/ /MT ·v. Este ajuste 

pode ser influenciado pelo usuário. Após algumas interações, os valores de t 0 e AG0 silo precisamente 
detenninados. Quando a diferença entre o valor de T0 (manual), previamente estimado pelo usuário, e 
To calculado pelo programa for menor que 5 K considera-se o processo encerrado. Através das Eqs. 
(16) a (18), os parâmetros m, n e o : silo detenninados e a tensão de defonnação plástica é calculada 
por 

(19) 

Para a solução desse sistema de equações, foi usado um processo iterativo, o qual está detalhadamente 
explicitado em Stoer ( 1983). 

Análise dos Resultados 

Para efeito de comparação da modelagem realizada, confrontantm-se nas Flgs. 6, 7 e 8 os 
valores da tensão de escoamento a 0~2% das ligas Fe·C-Cu, os valores da tensão de escoamento a 1,5% 
de 1045 e da variação de tensão 6 0 em virtude da variação da velocidade de deformação obtidos 
experimentalmente (representados pelos símbolos) com as curvas obtidas respectivamente pela 
equação constitutiva ( 19) e pela Eq. ( 17). Observa-se que as curvas obtidas representam muito bem os 
valores experimentais. 
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Além disso, a tensâo de escoamento a I ,5% do aço I 045 foi determinada através de ensaios 
de traçao à temperatura ambiente (T = 298 K) com variação da velocidade de deformaçao (Fig. 9). A 
modelagem feita pela Eq. (18) consegue, também neste caso, descrever de maneira satisfatória os 
resultados obtidos experimentalmente. 
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A superação dos obstáculos com campos de tensões d'e curto alcance (tensão de Peierls) 
pelas discordâncias móveis, se dá em metais ccc pela formílção de pregas, as quais se estendem 
posteriormente ao longo da linha da discotdâncla sob a ação da tensão externa (Vobringer e 
Macherauch, J 978). O efeito da energia térm[ca é auxiliar a formação da prega (Reed-H:il~ 198.2). 
Sendo este o mecanismo dominante de superação dos obstáculos de curto alcance nos materiais 
pesquisados, todos os parâmetros da Eq. {I 6) deveriam ser independehtes da deformação plástica. Isto 
não ocorre entretanto com os resultados das ligas Fo-C-Cu (porosas), onde fo:i observado uma variação 
desses parâmetros com a deformação plástica, como mostram as Fig.s. I e e II . 

Os poros influenciam a deformação plástica dos materiais sinteri:uldos e provocam e.m 
conseqUência uma variação dos parâmetros o:, 6.G0 e T0. Para tais materiais, a deformação 
macroscópica permanente é dada pela equação 

poros trincas 
Epc.rm = eP +e + s (20) 

com 

ep"' deformação plástica efetiva devido ao movimento de discordâncias; 

e poro = contribuição dos poros através do aumento de tamanho e variação da forma e 

6
1rinca =contribuição das trincas, as quais se irúciam em tensões inferiores à tensão de escoamento 

macroscópica. 

A variação de 6.~ em função da porosidade do material (Fig. 8) é expressão desta influência 
dos poros sobre a deformação permanente macroscópica. Variações de tensão em função da àlteração 
brusca de velocidade de deformação oco.rrem devido a alterações das componentes de tensões térmicas 
o•. O fator decisivo é que somente regiões onde ocorrem movimento de discordância, ativado 

termicamente. podem contribuir para os valores de A~ . Em (Palma, 1994) foi mostrado que crescente 
porosidade inicial leva a grande beterogeneifdade da deformação e que várias regiões dG material 
deformam-se elasticamente até a ruptura final, sem qualquer contribuição para A~ . Isto leva a uma 
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queda do valor de ó~ com o aumento da porosidade total quando da alteração brusca da velocidade de 
deformação. o que provoca uma certa dependência dos parâmetros da Eq. ( 16) com a deformação 
plástica 
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O uso de elementos de Liga Cu, C e P provoca l!filll queda acentuada da parcela de tensão de 
deformação térmica e dos parâmetros a ~, e consequente aumento da parcela atérmica a E , em 
comparação com ferro puro, como mostra a Fig. 12. 

• <400 
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T emperoturo (K] 
Flg.12 Tendo de deformaçlo térmica dellgq ainterlzadu çom porosidade tQtal P • 12,3% em fuoçto da 

temperatura 

As ligas possuem menores valores de ó~ e maiores do volume de ativação que ferro. Devido 
ao mecanismo dominante de ativação, a fonnação de pregas nas discordâncias, o volume de ativação é 
dado pela Eq. (5), onde o produto l.d representa a área de ativa9ão. Considerando-se que o vetor de 
Bürger permanece praticamente inalterado, a área de ativação aumenta com o teor de elemento de liga 
dissolvido na matriz. Durante a superação dos obstáculos de curto alcance, a discordância abrange uma 
maior área. o que leva a uma queda da parcela de tensão térmica. Este fenômeno, amolecimento por 
elementos de liga, ainda não é totalmente compreendido (Pink. 197). A extensão da queda da tensào 
térmica depende da concentração e do tipo de elemento de liga usado. Para uma análise mais profunda 
da influência dos elementos de ligas sobre a tensão de deformação térmica, determinou-se os valores 
de o :de materiais sinterizados com porosidade total P = 12,2o/o, os quais são apresentados na Tabela 
L Para tanto foi utilizada a Bq. (16) com m = 1,75 e n = 0,5, constantes, a fim de se evitar quaisquer 
influências destes parâmetros dobre o valor de a : . Fe possui o maior valor de o : . A queda do valor 
desse parâmetro, em relação ao Fe. devido ao uso de 0,45% de P na liga Fe-P é semelhante quando se 
utiliza simultaneamente 0,6% C e I ,55% Cu nas ligas Fe-C-Cu. Essa forte influência de P sobre a 
tensão de escoamento é conhecida há bastante tempo (Pínk, 1976) . 

• Tab. 1 Pan:ela de tenalo de deforma.çlo térmica o 0 , com m • 1,75 e n" 0,5 

Conclusão 

i= e 

1192 

o! [N/mm2] (P=12,3%) 

FE.Cu Fe·P 

1003 750 

Fe-C-Cu 

690 

O aumento da resistência mecânica de materiais metálicos com a queda da temperatura de 
deformação em intervalo compreendido entre T = () K e T = T0 é devido à redução do movimento de 
discordâncias ativadas termicamente sobre obstáculos de curto alcance. 
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Com a modelagem matemAtica realizada., utilizando-se a equaç!o constitutiva ( 19) 
consegue-se descrever os resultados experimentais muito bem e serve de base para posslveis 
extrapolações desses resultados. 

A dependência dos parâmetros da Eq. 19 ( t.G0 , m, n) da deformaçiO pléstica, ooonida nas 
ligas sinterizadas. é conseqUência da heterogeneidade da deformação plástica desses materiais, a qual é 
conseqUência da porosidade residual existentes nesses materiais. 

O uso de elementos de ligas leva a uma queda dos valores da parcela da tensão térmica de 
deformaç!lo plást ica em relação aos valores de ferro puro. Neste caso, fósforo tem um efeito 
relativamente mais forte que o uso simultâneo de C e C\1. 
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Abstract 

An clecuomechanical system is oonsidered tlult is composed of a sled, which is guided by two parai lei guide rods 
and canying a prin1u head elastically attaehe<t to lhe slcd. The sled is driven by a two-pbase siep motor through 
an elaslic belt and pulley system. lbe step motor torque chantctcristies are geocrated by frequeocy and amplitude 
modulated currents in the two phascs controlled by a microprocessor. Nonlioear equations ofmotion for the 
system are established and numerically integratcd by the simulation code ACSL. A new optimization routine 
GOMA is applicd to lhe stmulation model in order to optimize Lhe cllrtent modulalion parameters so that lhe 
dynamical position error of lhe printcr head approaches a min.imum. 

Keywords: Printcd Sled Driving System, Control of a Mechanical System. 

lntroduction and Definition of the Problem 

Needlc printers are still in use for specific applications as, for example, printing on multi­
sheet commercial papers or documents. ln order.to generate the printing dots through severa! paper 
sheets relatively higb needle forces are necessary, see Springer and Ullrich (1989). For the reason of 
vibration isolation, the needle printer head is elastically mounted to the sled, wich moves from left to 
right whilc the needles are ln operation. During the start up period ofthe sled motion from standstill on 
the very left position (see Fig. 1) to thc right, translcnt vibrations ofthe sled aod the printer head are 
generated by the step motor. These vibrations, especially ín the direction of the horizontal sled motion, 
may not have sufficiently died away at the moment of starting the printing process. Th.is leads to a 
printer head position erro r that may cause a distortion of Lhe characters to be printed. A remediai 
mcasure to avoid the printing character distortion right after the aoceleration period of the sled might 
be introduced by incceasing the damping in the printer head suspension system. However. tbis also 
increases the vibration transmissibility function between lhe printer head and lhe sled and deteriorates 
the vibation isolation. Anolher possibility Lo decrese lhe start-up vibration amplitudes of the printer 
head may be realized by an open loop control of the driving torque characteristic of the step motor 
during the start up pcriod. ln that way the acceleration excitation of the sled and the printer-head 
becomes less severe. This can bc realized by minimi.zing a specifi~ vibration-cost functional with 
respect to the step motor's current modulation parameters. 

ln this paper the complete system, that means the sled, the sled guiding system, the printer 
head, the belt-pulley driving arrangement and the two phase step motor is modelled, see Kreuth 
( 1989). Nonlinear equations of motion are estabüshed includmg frictional effects in lhe guldmg system 
and position dependent belt stiffness characterisLics of the pulley systcm. The forwad integration in the 
time domain is done by using tbe simulation code ACSI,, see ACSL Relevanc-e Manual 1993). The 
optimization is applied with respect to specified current frequency and amplitude modulatioo 
parameters of lhe step motor and worked out by the new code GOMA, see Breitenecker, Ecker and 
Bausch-Gall ( 1993). 

Manuscript recelved: July 1994. Technlcal Editor: Leonardo Goldstein Jr. 
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Description of the Electronichanical System 

. I . 

~ -·~·---t;:~!J==-. 
Motor 
-·--· 

. xo 

I 
1 .. 

L 

Front 911ide rod I 
·-·+· 

.I 
Fig. 1 Top vlew of the sled, prlnter head and drivlng aystem 

Figure 1 shows a schematic diagram (top view) ofthe sled, the gulde rod system, the printer 
head and thc belt-pulley arrangement with the driving step motor. Figure 2 shows a corresponding 
photograph of the systern mounted on a base frame. 

Thc symbols as indicatcd in Fig. 1 have the following meaning. 

Characteristic points ln the system: 

G I. G2 sled guiding polnts, located at the axis oft.he rear guide rod; 

G3 sled guiding point. located at the axis ofthe front guide rod; 

N needle exit point. located at the front ofthe printer hea~ 

E elastic center ofthe printer head suspension system; 

H cemer ofmass ofthe printer head; 

S center of mass of the sled; 

M axis of rotation of the step motor; 

P axis of rotation of the belt-pulley, aod 

B champíng point between the sled and the toothed belt. 

The reference frarne x-y-z (x and y horizontal, z vertical) is connected witb the rigid sled at 
ils ccnter of mass S. 

The axes x:-y-z are approximately para! lei to the principie axes of inettia of the printer head 
with respect to its center ofmass H. Both. lhe sled and the printer head are considered as rigid bodies 
aas well as the motor and the belt pulley. The front and rear guide rods are considered to be rigid. 
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Fig. 2 Pltotog111ph of tt1e print.r eled drtvlng systam mounted on a bue frame 

The generalized displacement vector (degrees offreedom) is defined in the fonn 

(I) 

x5 translatíon displacement ofthe slcd ln the horizontal x-dlrection; 

xH translation displacement of the printer bead center of mnss in the horizontal x-directlon; 

<py<<l angular displacement ofthe printer head with respect to lhe horizontal y-axis: 

~<<I angular displae.ement of tbe printer head with respect to the vertical z-axis, and 

<ppo <ilM angles of rotation of the puJiey and the Step motor armature, respectively_ 

The horizontal displacement XN ofthe needle exit point ofthe printtr head can be calculatcd from 
the components of the generallzed displacemeot vector ln the fonn XN "" bTx, witb b being a (6xl)­
geometry vector. Angular dlsplacements 'Px and translational displaeements Y H and ~ of lhe prioter 
head are not excited in the system during start up period. No excitation of the printer head due to tbe 
needle printing forces is oonsidered bere, i.e. tbe start up period is simulated witbout needJe operation. 
The printer head is flexíbly attached to the sled at point E with translational stiffness and damping 
coefficients Kx\ C,/, respectively, in lhe horizontal x-dl~tion and angu.lar stiffness and damping 
coeficíents ~Y ~E), (C•yE C E), respeclively, with respect to the y-and 7.-a.xis. The toothed 
belt is considered massless wíth a hanslational stiffness EA8 per unit leoght and corresponding 
internal damping. Note that the front strand MP, connecting the mo!Qr_ with the pulley. has a constant 
stiffness KMP = EA8 /L whlle the stiffness values of the rear strands MB and PB vary depending on the 
sled position Xg. Thercfor~. th~ stiffness and internal damping forces of tbe belt-pulley system are 
nonlinear in terms ofthe sled dlsplacements Xs. 

The front and rear guide rods for lhe sled eause constraint normal reaction forces, acting 
between the rods and the sled. Due to dry friction, adhesion forces or sliding friction forces are 
generated in the horizontal x-direction and are applíed to tbe sled too. 8oth, adhesion and sliding 
friction forces are modelled and calculated togcther with t:he normal forces so that the sled Lnertla, 
constralnt and applied forces and moments are in equilibrium at any time during the motion. ln the sled 
stand·still posiUon, tbe adheslon break-offfriction force is catoulatcd until the sled srarts movlng. 

The driving motor is modelled as a two-phase hybrid-type step motor with 50 teeth ofthe 
armature and 200 steps per revolution. The current ln the windiogs is voltage controlled by a 
microprocessor trhougb a special program. 
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Equations of Motion 

Corresponding to the generalized displacement vector of Eq. ( I) the equations of motion can 
be established ín the forrn 

x+C(x)x+k(x')x = f(x.x,t (2) 

where 
M=W 

C(x)=CT(x) 

K(x)=KT(x) 

is the oonstant mass ~ mattix of ditnension (6x6), 
is the damping matrix ·of the system depen~in:g on th.e sled position, see 
Description oí th~ Bletromeohanical System 
is the stiffness matrix depending on tbe s'led positjol'l,see Description ofthe 
Eletromecbanical System, and 

1\x,x,t)= fF{x,x), o, o, o, o, M (<pM . <pM i1(t), i2(t)W {3) 

is the applied force vector, with F (X; x) represepting lhe applied sled ftietlon forces acting in the guide 
rods and M (q>M . <pM i1(t), i2(l)) representing the torque ofthe step motor, see Step Motor Driving 
T orque Characteristics. 

Constraint Normal Forces and Applied Friction Forces Acting on the 
Guide Rods 

lf indioes F and R. respectively, indicate the front and the rear guide rod (see Fig. I), then the 
resulting friction force in the horizontal direction is 

(4) 

Further, if the front guide rod carries normal forces at point G 3 only ln the vertical z­
direction, (Fig. I) then 

03 

N03 = [ :y ) ; ( :F ] 
z o 

(5) 

holds. ln Eq. (5) Nl denotes the static nonnal force acting ln the guiding point G 3 wben the sled ís in 
a stationary position (standstill). Tbe normal reaction forces in the guiding points G 1 and G 2 ofthe 
rear rod, (Fig. I), are given by 

NGj(t) = [ Ny ]Gj = l (-l)jó~y(t) }j ... (1,.2) 

Nz N~+ (-l)JóNz{t) J 
(6) 

where N0R denotes the statlc normaJ force (including weigbt and clamping effects) acting jn G 1 and G 
2 at the sled standstill position and óN (t) ,óN (t) represent dynamic normal reaction forces to be 
calculated from Y z 

(7) 

where A is a (2 x 2) geometry matrix and KN ~ are (2 x 6)- tnatrices Côntaining stiffuess and dàlnpmg 
coefficients, respectively, of tbe system, The guide rods friction f<?rces pF• FR aP.t>.li~d to the s'Uding sled 
are calculated in the form 
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FF = -sing (x
5

) ~s !N°3I 

for the front rod and 

for the rear rod, where 

(8) 

(9) 

(lO) 

ln Eqs. (8) and (9) ~s is the sliding friction coefficient. lnserting Eq. (7) into (6) and Eq. (6) into (9) 
yeJds a nonlinear relation forthe sliding frictlon force FR in the rear rod that has to be sotved iteratively 
at any point i o the time dornain. A similar calculation can be oarried out for lhe frlct.ion reaction forces 
at the sled's standstill position up to the break-off adhesion force before the sled st.arts moving. 

Step Motor Driving Torque Characterlstics 

According to Kteutb ( J 989) the number of teeth of the rotor armature of a hybrid motor is 
given by. 

(11) 

where Zps is the number of pole pairs of lhe stator and ZJ>b is tbe number of phases of tbe stator 
windlng. ln the present case j= 6, Zp1 "' 2, zPh = 2 and therefore, the number of teeth is zR = 50. Tbe 
number of steps per revolution of lhe rotor is given by. 

(12) 

lo the present case Zs- 200 and lherefore, the step angle is y = 27t/z5 = 1,8° . The step 
motor torque is composed of a smaU remanence retaining moment. 

(13) 

correspondiog to tbe DC-flux as generated by the permanent axial magnet in lhe rotor, and the applied 
moment {Kreuth, 1989) 

M 1 ( q1M,t) a a~ 1 (t) COS (zRq>M + n/ 2) + 12 (t) COS (~q>M)J (14) 

corresponding to lhe AC-flux as generated by lhe applied currents i1(t), i2(t), in the two phases. The 
torque to current coeffident a (in Nm/A) can be calcolated (K.reuth, 1989), or determined by 
measuring the retaining moment Mr-eons~ ( q>M for constant valucs of lhe currents. It is worth to note 
lhat in Eqs. (13) and ( 14) the periodie retaining moments MR ('I'M and M1-c:onsr (q>M ín terms ofthe 
motor angle q1 are simply approxímated by pure harmonic funetions, i.e. higher barmonics are 
neglected, see ~eth (1989). Further more, magnetio damping dueto eddy current.for eltample, is 
neglected ~~ lhis model. i.e. oMI ~CI>~ :1!! O, and a is ke~t constant. índepe~deot ofthe curren.ts and the 
tlux densttJes. Moreover, dry frtctton moments commg ftom the beanngs of the step motor are 
neglected. From Eqs. ( 13} and (14) lhe total torque characteristic of lhe step motor has lhe form 
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Control of the Applied Currents in the Step Motor 

lhe fonn 
The applied currents in the step motor can be controlled hy a mícroprocessor1 for example in 

(16) 

wbere ro. (I and Ijo (t are tíme dependent (modulated) frequencies and current amplitudes, 
respectiv'ety. ln the present case 110 (t) "' So (t) -= 10 (1) is chos~n and the frequencles are 
represented by a piecewise constant step functton, see Ftg. 3 and Fig. 4. According to Fig. 3, the 
following relations hofd (T11 o: time step interval) 

Step number 1 = start up step (O ~ t s t 1 •T1} 

Phase 1 

Phase2 

Angular frequency 
(j)l = 'ltl't, 

<D2 "" n/2TI 

n 

Stepoumbern (tn - 1 ~t~ln = L Tk) 

ke J 

Angular frequency 

Timedelay 

Timedelay 

Phase 1 

Phase2 

(1) 1 = n/2T
0 

(1)2 = ~t/2Tll 
't I = 1n- I - 0 T n 

'C2 = tn- I - (o- I) Tn 

<4>) 

.... 
<4>) 

c: 
41 
~ 

~ 
(.) 

i2 (t) 

step time 
i nterv.al 

Fig. 3 Applied cummtJ 11(t), 12{t), re~p., durlng atalt up period of th~ attp motor'T1' T z T J' atep time lntarvala, 
0(t) current. amplitud• modlilatiOn 
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start up period 1 steady state 

: current 

p I :r ,..- • • • I 
I 

• 1 
I 

• I 

I • I J I 

T 

X • • • I • • • • 1 s 
• • • • • • s 

1 p X s 
step number n 

Ag. 4 Step tlmt lntervall T(n)ln tenna of the number of atepa 

Figure 4 shows a possible way of controUing tbe time intervals T 0 as a function of the step 
number n. During lhe start up period of the step motor the step intervals T n decrease in general with lhe 
step numbcr n and approach the fllllll value after step nwnber s 

T =~ 
8 

Zs0 Moo 
(17) 

Where nM« is the requerid steady state angular speed ofthe sr.ep motor. After n = s st:eps or 
1s"'"~1T, the start up pcriod is completed, and the corresponding sled displacement can be catcu.Jated 

from the step angle y and the radius r by 

(18} 

Opimization of the Current Modulation Parameters 

Horizontal vibrations xn(t) of the printer head front end (see point N in fig. I) are generated 
by lhe step motor duríng the start up phase of lhe sled and may cause poshion errors oi the prlntfng 
needle and therefore affect the prínting quaHty. Sjnce the step motor is the source of the vibration 
exoitation, a change in the control currcnt parameters for the start up period might cbange the vibration 
levei in the system. From this, an optmization problem can be established to minimize a cost functional 
for the vibration leveJ xn(t) witb respect to some adjustable control parameters of the step motor 
CliJTCflt. Possible optimization parameters are lhe current amplitude modulation function ljO(t), see Eq. 
( 16) and Fig. 3 andlor the frequency modulation step function (l)j(t), sce Eq. ( 16) and Fig. 4. ln this 
paper thc amplitude funetioos IjO(t) are not varied. ln tbc discrete time interval function ofFig. 4 tbe 
point S is detennined from the required steady state speed and position ofthe sled after n = s steps. see 
Eqs. ( 17), ( 18). Therefore the parameters of point S are not adjustable. Cbangeable parameters are at 
point I with T 1 point P wtth (p. Tp) and point X with (x, Tx). Optimal values for these parameters can 
be determined fr·om an optimization prooess so that the cost funotional 
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cF ;; I[<l><xN.xN.xN>f dt~ Min (19) 

ti 

becomes a minimum. The corrcsponding differential equatlon 

éF "" [ <1>2(t) (ti ~ t ~ t2) 
O otherwise 

(20) 

can be lntegrated simultaneously with the equations of motion Eq. (2) and yields CF in terms of the 
adjustable current modulation parameters. The time interval (t1, ~) mus~ be chosen properly, as for 
example 

8 

ti = ta = L T 
~ ~ 1 

t2 = tmax 

(21) 

Based on varlous optimizatlon algorithms available in tbe prograrn code GOMA, 
(Breitenecker, Ecker and Bausch, 1993), the mini.mization problem ofEq. (19) ís solved numerlcally. 

Numerical Simulation and Optimization Results 

ln this paper primarily the start up phase of the system between t • O and t =. tmax including 
a short period of about 115 steady state steps between t = ts and t .. tmax is lnvestlgated. ln the 
following examples thc standard start up version is run with ·the frequency modulation data Tl ~ Tp = 
2623 J.!S, x "' 7, Tx = 81 O JlS, see Fig. 4. For the optlmlzation process the location of X = (x, Tx) in Fig. 
4 is varied and the cost functional ofEq. (19) Is calculated in terms ofx and 1'x in the form 

(22) 

where 11> is chosen as 

(23) 

ln Eq. (23) x N = b T x is the horizontal velocity of tbe printer head froot end (see point N io 
Fig. 1, with b bcing a geometry vector) and oac • rOMac is tbe requerid steady state velocity of the 
sled. see Eq. ( 17) 

Figure 5 shows the time responses of the applied currents i I (t), i2(t) in phase 1 and pbase 2, 
respectively. ofthe step motor during the start up and steady period. The current amplitude modulatlon 
function IO(t) (=current envelope curve) is chosen as pelcewise linear in this example and is not varied 
in lhe following optimization studies. Note. that a.fter the flrst step the pbase angJe between i I and i2 is 
90 degress. 

Corresponding to these applied currents, Fig. 6 shows the .magnetic torque of the step motor. 
The superimposed high frequency component is callSed by tbe magnetlc remaocnce moment Mr in Eq. 
{ 13), its steady state frcquency is fR"> = 1/ T , seeEq. (17). The steady state effective moment is 
very small and is determined by the small sliding frictíon forces in the guide rods. 
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Figure 7 shows the time response of the sliding dry friction force fR between the rear gu.ide 
rod and the sled. The friction force approaches a constant value depending on the weight of the sled, 
the fit betwcen the quide rod and the sled (generating a normal preload), and the coefficient of slidjng 
friction. From the resulting steady state friétion force (including rear and front guide rods) the effective 
Iorque and power of the step motor can be calculated. 

z 

~~~~--~-+-4----------~--------~--------~--------~ 
lL I 

0~--------~---------+---------+---------+--------~ 
I Q.QQ 0.02 0.0-1 0.06 0.08 o. 10 

T [s] 

Fig. 7 nme response of the slldlng frlction force actlng ln the rear gulde rod of the sled 
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Flg. 8 nme respons.es of the aled velcx:lty x5 (top) and the printer head front end veloelty xN (bottom) 
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Figure 8 shows a comparison bctween tbe horizontalll-velocities of tbe sled is (top) and tbe 
printer head front end x111 (bottom), see point N in Fig. I. Both, xs and X:111 approach lhe sarne steady 
state v alue uoo = r~00,see Eq. ( 17). However, the vibration amplitudes of xN ate somewath higher 
lhan lhose of is . This ls due to lhe presence of printer head vibratlons relative to lhe sled because of 
lhe visco-elastic head suspension system. Beside the belt damping the damping in the printer head 
suspension is responsible for the decay of the vibration levei in the whole system. The time wben lhe 
applied currents ~orne steady s tate is marlced by l:s""t Tk , and il can be seen, th.at tbere is stiU no 
constant speed xN 5 ~ u c:o approached at this momthl The required begin time of tbe printing 
process is marked in the figure at = tBP = Àt (À 2: 1 . lt ean be seen that even at t = taPthe 
vibration levei ofthe prioter head frontcnCI is still~oo hlgh, which leads to a distortion ofthe prmted 
characters. 

There are severa! posibilitics to avoid a character distortion. First. lhe begin ofprinting could 
be delayed until the printer head vibrations have died out However, ln practice this is not possible, 
s ince the head position N (t8 p) a t tB is fixed to the left paper margin and the final sled 
velocity u.., would then become too small for high printing capacity requirements. Second, an 
increase of damping in the system would suppress the vibrations before the printing begins. However, 
in order to increase t.he criticai damping of the printer head suspension. in general. its stiffuess would 
decrease which is not acceptable from a design standpoint for hlgh printing needlé forces . A third 
possibiHty to reduce the start up vibration level in the system is an optimlzation ofthe applecl current 
parameters so that the cost functional CF in Eq. (22) becomes a minimum. Figure 9 shows the cost 
functional CP in terms of the current frequency modulatjoo parameters (x, T ,,), see Fig.4. lt can be 
secn, that there exists a minimum CFoPT for the parameters (XoPT "" 8.4, T0pr911~ts) wbict 
guarantees a practicable s tart up procedure without violating start up time and sled position 
requirements at lhe begin of printing. 

CFfor 
standard 

parameters 

)( 10~ 

X10-3 

step time lnterval Tx (s] 

local 

1.4 7 step number x 

Fig. 9 Cost functlonal CF ln t.rma of the two cu,..nt modulatlon parame!MI atep number X and atap time 
lnterval T 11 ( ... Fig. 4) 
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Pigure I o compares tbe time ~esponses xl'l (t) of the printe:r head front end for lhe Cllfl'ent 
standard ·parameters x=7, Tx"" 810J.Isand the optimJZed parameters XoPT ,T0 PT.It can be seen, tbatin 
the optimum case the head vibrations have practically vanished when tho prrnti):ig starts at MBP. This 
result is obtained by just coanging the current control frequency modulation parameters without any 
change of damping and stiffness of the system. 

o 

~ 
t.:> 
-I/) 

~ '+-----~;h~--~-+------~--------~----~ o o 
a 
z 
X 

o 
0~------~------+-~--------L--------L------~ 

o 
tBP begln of printing1 

o 

2 4 6 8 
T •to- 2 (s) 

v_ 

Fig. 10 Comparlson between the standard start~o~p velo~lty time response iN (t) (top) and the optlmlzed start 
up response of xN (t) (bottom) 

Conclusíon 

A higbly nonJinear and complex electromechanical driving system of a needle printer sled 
has becn ntodelled and numeri·cally integrated by ACSL. The 6-deg.rees-of-fteedom model includes 
nonlinear magnetic torque characteristics ofthe step motor, pos.ition dependent driving belt stiffuess, 
constraint guide forces which generate dry friction forces. visco-elastic suspension systems. anda 
complex open loop v.oltage control of frequency and amplitude modulated currents in the step motor 
stator windings. An optimization with respect to the frequency modulátion current parameters has been 
carried out in order to minimize the ptinter head vibtations during. tbe start up petiod and therefore 
avoid a distortion of printed characters. ln a future work the optimization wiU be extended to other 
adjustable parameters oftbe applied currents. 
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Abstract 

This artícle analysis lhe generation process oflmowledge by technology fusion system as a self-organizing 
process and new product development catalyst. As a result of teebnology fusion lhe conoept of adaptability of 
engineeriog system withto an integrated product development cnviroment is considered. 
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Resumo 

Este trabalho analisa o processo de geraçlo de conhecimento desencadeado pelo sistema de fustlo de teaJolosias 
como um processo de aut()-()rganiz.açlo, catalisador do desenvolvimento de novos produtos. Cc>mo conseqll!ncla 
da fusilo de tecnologias é discutido o conceito de adaptabilidade dos sistemas de engenharia aplicado a um 
ambiente de desenvolvimento integrado de produtos. 
Palavras-chave: Adaptabilidade dos Sistema& de Engenharia, Fuslo de Tecnologias, Diversificaçlo 
Tecnológ.ka, lnovaçlo Tecnológica, Engenharia Simultlnea. 

Introdução 

O mundo está vivendo uma tpoca de transição nas organizações: da era industrial para a era da 
infonnaçào. Nos primórdios do capitalismo a princípaJ fonte de riqueza era a posse da terra; no inicio 
do período índustriaJ era o trabalho; atualmente, no que é considerado o fim do perlodo industrial, a 
principal fonte de riqueza é o capital. Já no novo perfodo que se inicia., o da organização ou da 
informação, a principal fonte de riqueza é o conhecimento (Drucltcr, 1992; Keys, 1991; Savage, 1990). 

Na era da infonnaça.o, apesar de o conhecimento ser a principal fonte de riqueza para os individuas 
ou para a economia de um modo geral, não quer dizer que terra, trabalho e capital, os tradicionais 
fatores de riqueza, desaparecerão . Eles continuarão lmportantes, porém, exercendo um papel 
secundário no processo produtivo (Druclter, 1992~ Savage, 1990). 

O conhecimento especíalizJido por si só produz. pouco. Ele toma-se produtivo quando integrado a 
outros conhecimentos especializados para realizaçlo de uma tarefa. Essa é uma das razOes pela qual a 
era do conhecimento é também chamada de a era da organização, onde todas as unidades da empresa 
operam com objetivo de integrar especialistas na realização de tarefas comuns (Agostinho, 1993; 
Keys, 199 1 ). Outros autores chamam esta integração de redes humanas ou de "times virtuais". 

Esse conceito surge como conseqUência de as inovaV(Ies tecnológicas ocorrerem em prazos cada 
vez mais curtos e exigi~m um conteúdo tecno-cientltico cada vez mais complexo. A complexidade t 
de tamanha grandeza que as inovações não mais estão restritas às fronteiras de domlnio tecnológico de 
uma única indústria. 

Lnovações nos produtos demandam inovações no processo produtivo. A transformaçlo do modo de 
produção de bens ~ mais sentida nos chamados palses desenvolvidos como Japão, Estados Unidos e 
pai ses da Comunidade Européia. No entanto, no Brasil, apesar da defasagem tecnológica, jfl. se notam 
sinais de mudanças através de iniciativas isoladas de empresas de padrão internacional (Krugllimskas, 
1992). 

Manuscript received: Juty 1994 - Technlcal Editor: Leonardo Gotdsteln Jr. 
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O sucesso das empresas devido às inovações caracteriza-se principalmente pelo modo como são 
defmidas as diretrizes para a pesquisa e desenvolvimento (P&D) tecnológico c não apenas com o 
montante a ser investigado. Existem dois modos de estabelecer as diretrizes: substituição ou 
descontinuidade de tecnologias e combinação ou fusão de tecnologias, que estão intimamente 
relacionados ao modo de produção. 

O enfoque de substituição das tecnologias convencionais por novas parte da definição de 
Schumpeter que define a inovação tecnológica como um processo de "destruição criativa" (Drucker, 
1992). O processo de substituição é linear e segue uma estratégia de alterações tecnológicas . 
incrementais até o ponto de descontinuidade: o transistor substitui a válvula. o "eompact dis.k" 
substitui o disco de acetato. 

A fusão de tecnologias procura combinar as tecnologias existentes e reuni-las no que se 
convencionou chamar de tecnologias hlbridas. O processo de fusão é não linear, complementar e 
intensivamente cooperativo. O processo mistura desenvolvimentos técnic{)s incrementais a partir de 
diferentes tecnologias previamente escolhidas, para criar novos produtos que revolucionam o mercado: 
a optoeletrônica decorrente da combinação da óptica com a eletrônica, proporcionou o surgimento dos 
sistemas de comunicação baseados na fibra ótica; a mecatrônjca decorrente da combinação da 
mecânica com a eletrônica que proporcionou grandes avanços em sensores muito utilizados na 
indústria automotiva e de bens de capital e, em particular. nas de máquinas-fe-rramenta e de robôs; a 
realidade virtual proporciona, através da combinação de recursos de multim{dia (som, imagem. vídeo, 
informâtica), computação gráfica e simulação, possibilidades quase ilimitadas para as pessoas 
transformarem seus computadores em máquinas de criação de mundos. 

Este trabalho analisa o processo de geração de conhecimento ou de diversificação tecnológica 
desencadeado pelo sistema de fusão de tecnologias como um processo de auto-organização e mostra 
como ele pode se tomar o principal elemento catalisador do desenvolvimento de novos produtos pelas 
empresas industriais inovadoras. 

Num mercado competitivo onde o tempo é fundamental , obtém vantagens a indústria que mais 
rápido se adapta para primeiro chegar ao mercado oferecendo os produtos que os consumidores 
desejam. Este trabalho analisa também, como conseqüência da adoçílo da estraiégia de fus.ão de 
tecnologias, a aplicação do conceito de adaptabilidade dos sistemas de engenharia para um ambiente 
facilitador das atividades de desenvolvimento integrado de produtos. Como conclusão, o trabalho 
mostra que as decisões por fusão de tecnologias, adaptabilidade dos sistemas de engenharia, 
flexibilidade dos sistemas de manufatura e desenvolvimento integrado de produtos são solidárias e 
complementares no processo de inovação tecnológica. 

Desenvolvimento Tecnológico 

O Processo de Inovação Tecnológica 

A tecnologia é definida como a aplicação de conhecimentos à produção de bens e à prestaçã.o de 
serviços. Como o volume de conhecimentos é cada vez maior, é natural que as empresas e a socie{iade 
estejam constantemente solicitando e produzindo inovações tecnológicas. 

Inovação tecnológica pode ser defmída.como sendo as novas tecnologias que chegam ao mercado 
na forma de novos produtos e serviços de modo que a sociedade seja mais bem atendida. 

Uma empresa domina a variável tecnológica quando ela internaliza o processo de inovação 
tecnológica, administra proftssionalmente a função de pesquisa e desenvolvimento (P&D) e promove 
seu espírito empreendedor interna e externamente. Assim, a capacidade de obter ou produzir novos 
conhecimentos e com eles gerar inovações tecnológicas torna-se um fator determinante de 
competitividade - um meio pelo qual as organizações podem aumentar seus padrões de eficiência e 
eficácia (Kodama. 1992). Neste nlvel a preocupação das empresas se concentra DO$ temas 
relacionamento entre desenvolvimento tecnológico e planejamento estratégico, estudos 
mercadológicos, relações -de trabalho e capacidade de inovação, adaptabilidade dos sistemas de 
manufatura e aspectos sócio-técnicos. isto é, o relacionamento entre a avançada tecnologia aplicada à 
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manufatura e a estrutura orga.nizacional, já que nil.o se pode implantar novas estrat~gias de 
desenvolvimento de produtos e de inovaçlo tecnológica sem pensar na forma de organizaçllo mais 
adequada. 

A Estratégia de Fuslo de Tecnologias 

A variável tecnológica é fundamental na definiçao da estratégia dos negócios de uma organização. 
Além disso. atualmente nlo se pode pensar em empresas com domlnio de uma única tecnologia como 
faz supor o enfoque de substituição de tecnologias. A simples substituição não é mais suficiente. A 
organizaçllo deve enfatizar também a diversificação te.cnológica para promover a combinaçil.o de 
tecnologias no desenvolvimento de novos produtos e serviços. Esse é o espirita da fusão de 
tecnologias. 

Com o enfoque da fusão. as empresas adicionam novas tecnologias àquela inicialmente dominada. 
Combinam tecnologias de modo a ampliar a funcionalidade dos produtos, proporcionando soluções 
mais abrangentes que as decorrentes rla soma de soluções oferecidas isoladamente por cada uma das 
partes (sinergia). Podem ser encontrados na literatura inúmeros casos de aplicação do eofoque de fusão 
de tecnologias (Kodama, 1992; Sorensen e Levold, 1992). No entanto, a fusão de tecnologias requer 
novas práticas gerenciais e comportamentais e habilidades intelectuais. 

Para a implementaçllo do enfoque de fusão de tecnologias três principias essenciais devem ser 
seguidos pelas organizações: sensibil'idade às necessidades e anseios do mercado, capacidade de 
intemaliução dos conhecimentos e P&D em parceria. 

Sensibilidade às Necessidades do Mercado 

Ser senslvel às necessidades dos clientes representa uma nova interpretação do papel do mercado 
como o principal fator de definição das atividades de P&D e para o desenvolvimento de novos 
produtos, com variedade e customizaçllo suficientes para que a maioria das pessoas possa obter 
cxatnmente o que se deseja. 

Sensibilidade às necessidades do mercado demanda novas formas de se identificar os desejos dos 
consumidores ou de oportunidades de negócios. Trata-se de traduzir os des~os e anseios, explicitas ou 
irnpllcitos.. dos clientes em um conjunto muito bem definido de produtos. t um processo que envolve 
duas etapas: a primeira, converte os dados de mercado em especificações de produtos; a segunda, 
decompõe os produtos conceituais em um conjunto de projetas de desenvolvimento. 

Capacidade de lnternallzação de Conhecimentos 

O ambiente deve promover o envolvimento de todos os empregados e em todos os nlveis na busca 
e disseminação da informação tecnológica onde quer que ela esteja. Para isso é necessário um eficiente 
sistema de comunicação e uma moderna estrutura organizacional de modo a facilitar o fluxo de 
infom1ações. 

As diretrizes de P&D são inócuas sem o conhecimento completo de todas as alternativas técnicas 
envolvidas. A amplitude das alternativas técnicas abrange, entre outros, um sistema de monitoração 
das inovações tecnológicas externas à organização c externas ao setor industrial ao qual a organizaçllo 
cstâ inseri da. 

As indústrias necessitam coletar informações de todo espectro de competidores sejam eles visiveis 
ou invisíveis (Kodama. 1992). Nos competidores visiveis estão incluidos os concorrentes conhecidos 
do mesmo setor industrial, os que uti lizam tecnologia similar ou têm sistemas de produção similares. 
Nos competidores invisíveis estão os potenciais concorrentes desconhecidos e não familiares por 
estarem em setores industriais diferentes. 

Manter sob observação o freqtlente e diversificado crescimento das tecnologias demanda 
sofisticada forma de aquisição de conhecimento que Inclui capacitação formal e informal. A 
capacitaçllo formal envolve a implantaçllo de uma rede de escritórios espalhados pelo mundo para 
monitorar aplicações de patentes, analisar publicações tecno-cientificas e descobrir empresas e 
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empreendedores inovadores. A capacitaçllo informal. baseia-se no entendimento por todos os 
empregados- executivos, pesquisadores, operários - da responsabilidade pela disseminação da 
informação e pela promoção da inovação tecnológica. 

lntemalizando os novos conhecimentos associados à demanda de mercado, a organiza.ção seguirá 
um caminho progressivo na diferenciação. evoluindo para estados de maior complexidade. 

Pesquisa e Desenvolvimento em Parceria 

O processo de internalização de conhecimentos ou de competências favorece o dominio crescente 
de tecnologias externas à empresa. No entanto, para melhorar a eficácia e eficiência do processo de 
capacitaçã.o, as empresas devem promover projetas cooperativos da pesquisa e desenvolvimento. 

Conhecendo-se as necessidades do mercado e conhecendo-se a disponibilidade de tecnologia. a 
escolha de parceiros e projetos ocorre naturalmente. 

Para que as parcerias sejam qualificadas como adequadas à fusão de tecnologias, elas devem ser 
substanciais e reciprocas. Para uma parceria tecnológica ser substancial necessita de: 

Um comitê conjunto de P&D que coordene os projetos desde seu inicio (exploratórío) até o 
estágio fLnal de desenvolvimento do produto, e 

Garantias de que os altos dirigentes das empresas envolvidas encamparão a idéia e darão 
continuidade do projeto de inovação até o seu estágio final. 

A parceria reciproca constitui a essência da fusão de tecnologias e parte do principio de que todos 
os parceiros silo iguais e assumem n responsabilidade pela sua especialidade, bem como compartilham 
de todos os benefícios. Em outras palavras. responsabilidade. respeito, confiança e beneffcios mútuos 
são exercidos em sua plenitude. 

Sistemas de Engenharia e Fusão de Tecnologias 

Sistema Aberto 

O modelo descreve as organizações como um sistema que recebe, transforma e produz energia 
(inclusive matéria e informação), com parte do fluxo de salda retornando para o sistema 
(retroalimcntaçllo). 

As manufaruras são sistemas abertos, porque a entrada de energia sob diversas formas e sua 
transformação em produto proporcionam um fluxo de retroalimentaçao que consiste em um intenso 
intercâmbio de informações entre a organização e seu meio ambiente (Bresciani, 1993; Katz e Kahn. 
1987). 

Como sistemas abertos, as organizações sobrevivem somente quando forem capazes de manter 
entropia negativa, isto é, importação de energia sob todas as formas, em quantidades maiores do que as 
que devolvem ao ambiente sob a forma de produto. 

Os s is temas ou subsistemas voltados para Jnovação consomem energia sob a forma de 
conheclmento e proporcionam novas tecnologias que chegam ao metuado na forma de novos produtos 
e serviços. O fluxo de retroalimentaçao proporciona mais ou menos energia conforme a sensibJildade 
da organização em atender as necessidades dos consumidores. 

Auto..Organizaçio 

O fenômeno de auto-organizaçao é um processo que pode ocorrer em um sistema aberto 
(organizado) e sua presença se verifica pelo aumento da complexidade, variedade, informação e ordem 
e pela redução da redundância, incerteza. ambigUidade e entropia desse sistema. A forma mais comum 
de um sistema auto-organizado é aquela onde a organização segue um caminho progressivo na 
difcrenciaçllo. evoluindo naturalmente de estados de menor para maior complexidade com a 
conseqUente diminuição da entropia (Bresciani, 1993; Katz e Kahn, 1987). 
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A adoção da fusão de tecnologias e a conseqUente capacidade de operacionalizar recursos variàveis 
e virtuais (conhecimento) ao ínvés de recursos flsioo·s (capital) para atender a demanda de mercado em 
tempo adequado e. ainda. a capacidade de integração efetiva entre empresas, fornecedores, parceiros e 
c lkntes proporcionam as principais condições favoráveis para que ocorra o fenômeno de auto­
organização. 

A manufatura. que busca, através da fusão de tecnologias, vantagens competitivas em um mercado 
dinâmico e instável. deve proporcionar o balanceamento energético (fluxo de conhecimento) adequado 
de maneira a compensar o aumento de entropia causado pdos processos internos de organização (por 
exemplo. projetos de inovação ·envolvendo especialistas de diferentes disciplinas e parcerias 
tecnológicas). A colocação de novos produtos que atendem às necessidades do consumidor é a energia 
que real i menta o processo e dá motivação ao grupo. 

As organizações devem criar as condições ambientais para que o fenômeno de auto-organização 
ocorra. A implantação de rede de comunicações não basta para interfacear processos. banco de dados e 
pessoal. É necessário também uma reorganização das athddades e disposição para o trabalho em 
equipe. ou em rede de equipes. para que a informação flua rapidamente e a empresa possa ser ágil. O 
trabalho c::m rede de equipes constitui o núcleo do processo de desenvolvimento integrado de produtos. 

Adaptabilidade dos Sistemas de Engenharia 

As ferramentas mais comuns utilizadas pelos sistemas de engenharia são: CAD ("Computer Aided 
Design"), CAE ("Computer Aided Engineering"), CAM ("Computer Aided Manufactoring"), CAPP 
(''Computer Aided Process Planning"). CASE ("Computer Aided Software Engineering"), CAT 
("Computer Aided lnspeclion and Testing"), GT ("Group Technology") e outras. 

A eficácia da utilização dessas ferramentas e da capacidade de adaptação dos sistemas de 
engenharia está na facilidade de integração dos recursos computacionais e no compartilhamento (e 
transparência) da base de conhecimentos, bem corno na disponibilidade de um sistema de auxilio à 
tomada de decisão e de controle de versões. 

Adaptabilidade ou capacidade de adaptação dos sislemas de engenharia. segundo Agostinho 
( 1993). pode ser entendida como a capacidade de implementar novos produtos seqüencialmente. Ela 
mede o estado de organização desses sistemas, quando acionada para introduzir novos produtos em 
regime de alta diversificação. necessário às novas regras de mercado. Esse conceito pode ser 
formalizado pela equação abaixo: 

onde: A; ; + 1 representa o indice de adaptabilidade do sistema de engenharia para produzir o produto 
L±..l. apÓs ter produzido o produto ~ T; + 1 representam, respectivamente, os tempos para produzir os 
produtos i e i..±..l.. ambos seguindo atividades comuns do ciclo de desenvolvimento, envotvendo as 
atividades de marketing, engenharia e produção, ou seja, I é o tempo ou a capacidade de implementar 
novos produtos. 

A adaptabilidade será neutra para A;. i + 1 : 1, com Ti= T1 'I; 1, progressiva quando A;, i+ 1 > I , com 
T; > T; + I . e regressiva quando A;, 1 .. 1 < I. com T1 < T1 + 1. A organização cabe proporcionar meios 
para que ocorra a adaptabilidade progressiva para. assim, alcançar a desejada redução do ciclo de 
desenvolvimento de produtos (Agostinho. 1993}. 

É na capacidade {)e adaptação dos sistemas de engenharia que residem as facilidades de 
implementação da fusão de tecnologias e, conseqüentemente. do desenvolvimento integrado de 
produ.tos e da engenharia s imultânea como resposta à complexidade crescente e à redução do ciclo de 
vida dos produtos. A mecatrônica é um caso tlpico. 
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Desenvolvimento Integrado de Produtos 

Produtos são objetos tangiveis, coisas que pode m ser vistaS. tocadas e usadas. O processo de 
desenvolvimento de novos produtos depende do fluxo de informaçoes da mesma maneira que o 
produto depende do fluxo de materiais para sua fabricação. 

A empresa pioneira no lançamento de um produto inovador tem melhores condições de estabelecer 
preços que permitam um retomo adequado sobre os custos de desenvolvimento, bem como assegurar 
uma fatia melhor do mercado. 

O fluxo de informações para o desenvolvimento integrado de produtos provém das ãreas de 
marketing, engenharia e processo. A empresa deve promover transformações organizacionais e 
culturais de modo que os obstáculos normalmente existentes entre marlceting, engenharia e processo 
sejam superados. Deve-se proporcionar um ambiente que permita, simultaneamente, a contribuição e 
interaçào entre os profissionais dessas áreas no desenvolvimento conjunto de novos produtos. A 
Engenharia simultânea (ES) é a técnica eficaz que permite o desenvolvimento integrado de produtos. 

A implantação da ES no ambiente de desenvolvimento de produto da empresa envolve a criação de 
times mult idisciplinares, a implementação de mecanismos que assegurem a qualidade durante o 
desenvolvimento. o melhoramento continuo. o aumento da sensibilidade aos anseios dos clientes e a 
implementação de mecanismos que agilizem o fluxo. ve rtical e horizontal , de informações , 
possibilitem a tomada de decisões de forma negociada e cooperativa, e motivem os profiss ionais 
abrirem m4o de prerrogativas inerentes ao cargo que ocupam em prol ao objetivo comum. 

O time de desenvolvimento atuando confonne os principias de ES atuará como um sistema auto­
organizado, recebendo influências externas - no caso dos clientes e fornecedores - e evoluindo para 
uma complexa e e fetiva integração humana produzindo as inovações tecnológicas esperadas. A 
interação entre os membros do grupo tende a aumentar a entropia. porém a união é mantida se os 
objetivos visando atender as necessidades do mercado são mantidos e constantemente relembrados. 

Os produtos refletem o estágio da organização e o processo de desenvolvimento que os criou. A 
plena aceitação do produto pelo mercado consumidor demonstrará o sucesso da aplicação da ES pela 
empresa e a integração, consistência e evolução profissional da equípe de desenvolvimento. 

Conclusões 

A eslTalégia da fusão de tecnologias amplia a visão de mercado permite um fluxo intenso e 
estimulante de informações para dentro da empresa. No entanto, exige uma postura avançada de 
organização que dê margem ao surgimento do processo de auto-organizaçAo. A empresa deve ser ágil o 
suficiente para faze r os ajustes necessários entre as exigências dos clientes e seus objetivos 
institucionais. As oportunidades de negócio incluem parcerias tecnológicas que, conseqüentemente. 
dào maior alcance à capacitação multi tecnológica. 

Se a estratégia de fusão de tecnologias direciona as atividades de pesquisa e desenvolvimento a 
médio e longo prazos.. a opção pela engenharia simultanea permite a organização ser eficiente e eficaz 
no desenvolvimento e fabricação de novos produtos em prazos curtos. 

Assim, as decisões por fus!lo de tecnolog ias, adaptabilidade dos sistemas de e ngenharia. 
flexibilidade dos sis temas de manufatura e desenvolvimento integrado de produtos (engenharia 
simultânea) sllo solidárias e complementares no processo inovação tecnológica. 
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ln this sense, even the inquiry of function costs, foreseen in the V alue Analysis methodology 
as an "assessment step" (Csillag, 1985), seems to be more adequate for the judgement of already 
existing technical systems design, than foT the conoeption phase. 1t should also be useful in the 
detection of weak spots andlor improvernent of products which have already been devcdoped. 

Thus, durirrg this phase of product design, the comparativo assessment of conception 
variants is expected to be more significant as an aid for lhe decision-making of adequate conception 
solutions. More often than not, despite the unfavourable assessment results, some conception variants 
can still be utilized, and the definitive decision can only be taken after a gteater concretixation of the 
solution and as the idea takes shape - something that should occur in the following phases of the 
embodiment design and detailed design. 

Therefore, lo "asse!is" a solution altemative, at thls point of product conception, means to 
analyze this solution in lighl of objectively defined criteria- bearing in J;Dind that lhis could result in a 
merely provisional classification. 

ln case there is more than one alternative, each one of them must be submitted to the sarne 
criteria., so that a hierarchical order of importance mnked among the severa! solutions can be defined. 
After lhe ranking, it is possible to make a choice among them, that is, it is posslble to identify lhe most 
favo\lrable conception. according to the designer's view and design objectives. 

An additional aspecl is notewortby: product design professionals know that a choice must be 
made as objectively as possfble. However, ver)' often the flnal decision falls upon an altemative whích 
is not in the top ofthe ranking. Uoweighted criteria- such as "solution originality", "beauty", decision­
maker's "feeling" - sometimes overlap wíth purety technical crlteria, and are those criteria adopted as 
elements ofthe final judgement for deterrn.ining an alternative purported as the most adequate. 

ln spile of Utis, tbe technical evatuation of choices among conception alternatives is 
conducted considering the overall solution syntheses obtained for the product under study. Therefore, 
this work Is carried out based on lhe set of conception altematives which have beeo developed so far, 
and establishes a comparison between the avaílable conception altematives. 

The specific bibliography includes severa] methods for the evaluation of solution 
altcmatives (SeeL 1992; Blanchard and Fabrycky, 1990: Pahl and Beitz, 1988; Back, 1983., to name a 
few), which offer differeot approaches to analyz.e objectively product conception alternativos. 

As far as the designer's pojnt of view is concerned. it might be interestíng to choose an 
evaluation method that is mrunly based on the Requirements List (VD12225. 1984; Beitz, 1972). lt is a 
simple method that can be quíckly applied; it weighs Lhe degree to which each conception variant 
meets the needs of design requirements classi fied in the early stage of lhe study as "desirable". lt goes 
without saying lhat ali requirements classified as "compulsory" have be-en met by the conception 
alternativc being analyzed (otherwise. lhis conception wouJd be incomplete and. therefore, it would 
have been ruled out as unacceptable in one of the previous evaluation stages). 

The classification method mentioned above asslgns different values to each of these 
desirable requirements, For example, grade 3 can be assigned to lhe desitable requirement of minor 
importance that is fulfllled; grade 6 to the desíred requirement of medium importance, and grade 10 to 
lhe desirable requirement of great impo.rtance; grade tero will be assigned to a desi:red requ.irement that 
is not fultilled by the conception varianL ln recoràing the desirable requirements that are individuaUy 
fulfillcd by lhe solutlon altematives, it is possible to calculate an average grade for each ofthe existing 
conception alternatives. This average grade will be useful to compare solution alternatives. and it will 
establish a hierarchy among the compared conccptions. 

ln thís way, lhe relative importance of solution altematives wiU be establisbed in function of 
the average value that is calculated, which represents how each alternative rneets lhe "desired" design 
requirements. 

Another evaluation model - more complex and more complete - which also uses the 
Requiremcnts List initially establíshed to create value assignmeot criteria of concept solutions, was 
suggested by Beitz (1972, 1973) and referred to in otbe.r publications (Pahl and Beitz., 1988; Back, 
1983). 

ln this model, lhe des1gner. aided by the Requirements Llst originally created, must establish 
his own conception ass.essme:nt criteria., 1rylng to spot important qualities ofthe product to be evaluated 
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and, after doing so, set objectives to verify the fulfillment of these qualities and then create the 
e vai uation cri teria. 

Special care must be taken to make sure that the individual objectives on whicb the 
assessment criteria will be based are as independent as possible from the one another (Beitz. 1973). 
Thís aspect was also stressed by Sell ( 1992), and is meant to avoíd a possible contradiction. lfthís 
contradiction occurs, the measures adopted to increase the utility value according to a criterion of some 
variant (or the extent to whlch an objective is fulfilled) might provoke thc decrease ofthe utitity values 
of other objectives. Therefore, care must be taken so that the fulfilment of an objective will bring, by 
ítself, a contribution to the general utilíty of the conception variant, regardless of conflicts with the 
fulfillmen1 of other objectives. 

ln the event that tbe starting point for the searcb of conceptions has been thc Requirements 
Llst created with the "house of quality" (Hauser and Clausing, 1988), these assessment critería can be 
adapted directly from the design requ.irements developed by the utilization of that techníque. Tbe 
cri teria obtained through the "house of quality" would probably encompass a larger portion of the 
company's, consumer's and design's interests. Nevertheless, in order to get to the criteria of tbe "house 
of quality", the company needs a proper managerial and operational infrastructure to collect and to 
loterpret the necessary data. infrastructure not commonly found in most companies nowadays 
(Campos, 1992). 

Back to the systematic procedure for the assessment of conception varianls discussed by 
Beitz ( 1972, 1973), in order to create its own cri teria and to make the evaluation of conceptioo 
varíants, the designer must pay special attention to the foUowing working steps: 

I) ldentification of evaluation cri teria; 

2) Weighiog of evaluation items; 

3) Weighing of evaluation sub-items; 

4) Definitioo of evaluation parameters; 

5) Setting of parameter values; 

6) Calculation of overall value for each conception variant, and 

7) Ranking of conception variaots. 

Tbe first step (''identJflcation of evaluation criteria") consists of establisbing a set of 
objectives from which the evaluation criterla may be derived. 

Taking the Rcquirements Llst into account, the factors that will be useful for evaluatlng 
conceptions are listed. For example, should there be an "assenibly" requirement, factors such as "smaU 
utilization of movable parts", "low sucep!ibility to vibration", "small number of compooents", "low 
complexity of componeots", etc. , can be established. Thus, the item "assembly" will have some sub­
items (Fig. 1). 

ltem/Sub-item 
1. Assembly: 
1. 1 - small utllization of movable parts; 
1.2 - low suceptibílity to vibratlon: 
1.3 - small number of components: 
1.4 - low complexity of components. 

Fig. 1 Exampte of Item and sub-items ldentlfled as conceptlon evalulltloo critel'lll. 

Two leveis were adopted here (item and sub-item) in order to create the evaluation criteria. 
With them .. the obtalned results are already considered sufficient for the purpose of thís paper. There is 

no other restraint to establisb more leveis, except for some additional -efforts to be made on the 
evaluation procedure: in lhe sarne way that it was developed for two leveis, the procedure can be 
extended to others, soas to meet the needs ofjobs that require it. 

The selection of evaluation items and sub-ltems from the desígn Requiremeots List is 
justified by the fact that it is in this list - and nowhere erse - that are found ali the requirements that 
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must be fullilled by the product under study. This list is. then, the starting point from which evaluation 
cri teria are built in arder to assess lhe conception variants that have already been obtained. 

Therefore. with the Requirements Lísts, the designer writes down as many items and 
respective sub-items he considers important ln order to compare his conceptions. 

ln the second step (Hweighing of evaluation items"), weighting factors of each one of the 
previously listed items are judged, establishing their differences in function of their importance to the 
product and to lhe design. Accord.ing to traditional theory, judgement factors are chosen based on a 
scale with grades ranging from O to 100 (which indícate nill or maximum importance, respectively). ln 
addition, the sum of the factors assigned to the cri teria must be equal to 100. Evidently, in case there is 
a single criterion item, it will be assigned ma.ximum importance, with a weighting factor 100. 

Likewise, in step three sub-items related to each listed item will be weighed according to a O 
• 100 value range. 

For each evaluation criterion, it is useful to have a parameter with which to compare with the 
conception. Thus, step four ("deftnition of evaluation parameters"), tries to spot the parameter that is 
more suitable for this comparison. lt must be quantifiable or, ifthis is not possible, it must be expressed 
by statements constructed as concretely as possible. During this step parameter magnjtude must also be 
evaluated. considering that this "magnitude" represents the value (quantitative) regarded as ideal for lhe 
criterion that is being applied; I ater, conceptions will be graded in function of their "distance" from this 
"ideal" quantitative value, the highest grades are assigned to those conceptions that are closer to the 
"magnitude'' value. 

For exarnple, in Fig. 2 one ofthe evaluation criteria is "low fuel consumption"; in this case, 
lhe pararneter wíll be "fuel consumption", and lhe unit of measure, NglkWh" • that is, fuel mass relative 
to the energy that this mass generates. The magnitude regarded as ideal, in this case. was 240 glkWh, 
and will serve as a comparison standard to assess ali conceptioo alternatives lhat have been created. 
Another example, also from Fig. 2, has the evaluation criterion "ligbtweight construction"; tbe 
parameter is "mass per unit power", wilh a unit of measure "kglkW". Its magnitude was set in 1.7l(gl 
kW. establishing a comparison standard for the conception altematives tbat wcrc analyzed thereafter. 
On the other hand, if the evaluation criter lon ís not quantifiable, such as "simple production", the 
comparison pararneter could be "component simplicity", without a unit of measure for this factor. The 
magnitude of tbis parameter will be "great slmplicity". meaning that the greater lhe conception 
s implicity, the higher the grade that it will be assigned to this item during the evaluation process. 
Another example of evaluation criterion can be "long service life'' , the parameter of which will be 
"service life", and can be measured in kilometres covered during this service life. The ideal standard, in 
this exarnple. is expressed in a magnitude equivalent to 180,000 km. 

Beitz ( 1973) warns that magnitudes of objects adopted as a basis for evaluation must be 
mentioned only wben it is possible to assign quantitative numeric values to the respective criteria with 
sufficient accuracy. Or else, it is more convenient to make verbal statementS of assessment (ex.: high, 
medi um. low), with a degree of accuraçy that can be clearly recognized. According to lhe author, it is 
dangerous to assign numeric values that are likely to be íncorrect, because it might convey an 
information reliability which, in fact, does not exist. 

ln the exarnple of Fig. 2 "Nr." means the order in which appear the evaluation cri teria to be 
applied to the conceptions; lhe "criteria" tbemselves are the sub-items identifted in the previous step; 
"weight wl" is the weighting assigned to this sub-item i, calculated as a product of tbe weighting 
assigned to the item by the weigbtlng of each one of its sub-items: "parameters" are the reference 
v alues which thc designer will use to assess tbe cooception, andare measured in their respective ''unit"; 
"variant Sj" represents each of tbe conception variants available for analysis, with gradings based on a 
scale of values ranging from zero, assigned Lo tbe Jowest end ("absolutely useless solution") to ten 
("ideal solution"), in the upper end; and "weighted value" will be the result of product (Vij.wi), lhe 
addition of which will represent the value of each conception altemative that is being evaluated. 
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Evaluation Criterion Parameter Variant sj 

Nr. Crtterlon Weight (w1) Parameter Unit Magnitude Value <Vu) rv"Veighted V alue 
. (Vi. w,) 

1 lowfuel o:3 fuel consump- g/I<Wh 240 tion 

2 lightweight 0.15 rnass per powe KglkW 1.7 product 

3 simple product 0.1 lcomponent sim 
plicity - great 

4 long service life 0.2 life service Km 180,000 
... . .. ... 
i ... ... 
... ... . .. 
n ... ... 
Addition (w1) "' 1 Addltion (V11 • WJ 

Fig. 2 Typlcal crlterta for selectlon of an automoblle Internal combustlon englne 
(source: Pahl and Beltz, 1988 • adaptatlon) 

ln step fi v e ("settín,g of parameter values"), the designer must assign,values to eacb one of 
the evaluation criteria which bave been previously determined, considering one criterion at a time. 
These v alues are sbowo in grades, accordiog to a previously defined scale. An exarnp-le of sucb scale 
can be seen in Fig. 3: points are placed between the ends zero (indicating that that particular evatuation 
item is not fulfilled by the solution variant in question) and I O (showing that the solution -varian.t 
fulfills that evaluat.ion item in the best possible way). Intermediate situations between these two ends 
will be represented by internal points ofthe referred intervaJ. 

The designer must grade lhe evaluation items of each one of the conception variants. Ali 
available conception variants must be analyzed for each criterion. 

V alue scale for the grading of criteria 

Meaning 
Absolutely useless solution 
Very lnadequate solution 
Weak solulion 
Tolerable solution 
Adequate solutlon 
Satlsfactory solution 
Good solutlon wlth few drawbacks 
Good solutlon 
Very good solution 
Solurlon exceeding the requirements 
Ideal solution 

Fig. 3 EXample of value scale for the gradlng of criterla. 

Pts. 
o 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Step six ("calculation of overall value for each conception variant") occurs after the 
assignment of the last value to the last conception variant, referring to the last evaluation criterion: the 
sum of grades obtained by each conception is tben caJcuJated. Thís sum of grades can either be 
calculated through the addition ofvalues assígned to the parameters (addition ofthe Vij, varying i), 
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without weighting the cr ileria; or through the weighted addition of the values assigned to the 
parametcrs (additioo of Vij.wi, varyiog i). These sums indicate that the highest value of addition of Vij 
(obtained with the variation of i) is the best solution> or, in the other case, the hi~hest value of the 
addition ofVij. wi (obtained with lhe variation of i) is the best solution. 

ln step seven ("ranlcing of conception variants'!), solution variants are rank.ed according to a 
sequence based on the addition of the (Vij), or through the addition of the (Vij.wi). The comparison, 
according to either addition (with or without weighing the criteria) can lead to diffetent results for 
rankings of conception varlants. 

Given possibility of mistakes and un1:ertainties due to evaluation errors, its is likely lhat the 
conreption variant with the highest total of weighted value is really not the best solution among ali the 
possibilities. ln addition, wben the weighted vaJues are to close, there might be uncertainty as too the 
correct ranking- since it is always possible to expect inaccuracies to occur during the evaJuation. ln 
fare ofthese problems, a Solution Profile (Pahl and Beitz, 1988; Back, I 983; Beitz.. 1973) can be built 
to aid in the comparison of solution alternatives. 

Conclusion 

Although the evaluation models that have been analyzed in this paper can be utilited 
satisfactorily, this field probably still needs improvement witb regards to conception evaluation. 1t is 
possible to verify that the model described by Beitz is not sufficiently generic; the "house of quality" 
model is demanding in terms ofcompany organization; lhe VaJue Analysis model is more suitable for 
redesign, and so forth: there is no model objectively developed to evaluate products during the 
conreption pbase. Moreover, none is specifica.lly designed for use wítb CAD systems. 

This seems to be a promising field for researoh, especifícally if the current trend of 
attempting to fmd conception with the aid of computers is taken into account (Fiod, 1993). This trend 
aims at the integration of thís product ideallzation phase to CAD systems tbat are available in the 
market today. 

Wilh assessment mechanisms integrated to a computerized system for product conception 
research, we can hope that automation of ali design process is very close to becoming a reality. 
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ncw product devetopment catalyst. As a result of technology fusion the ooncept of adaptability of eoginecring 
systcm within an integrated product devclopment enviromcnl is considered. 
Keywords: Adaptabílity ofEnginecring Systoms, Teclmology Fusion, Tcctmology lnnovation, Concurrent 
Engineering. 
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Flodi Neto, M. and Back, N., 1995, "A:ssennient of Product Concêption: A Criticai 
Review", RBCM • J . of the Braz. Soe. Mechanical Sciences, VoJ. 17, no.1, pp.109·11'5 
During lhe product-conception phase assessmcnt crlteria are used to select promising alternatives among lhe 
optimal solutions encountered by the designer. A correct evaluation of the obtained results is necessary during 
lhe conception phase, so lhat further eff~rts for product realization are not wasted on ídeas which are identlfied 
as no promising at an early stage. 
Keywonb: Conception Evaluation, Conception ofProduct, Mcthodology ofProjcct. · 

"Srs. Autores, os artigos poderio ser entregues em meio mamético, editados por qualquer processador de texto 
do ambiente Windows". 
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