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Abstract 
I he pape r clescnbes a11 ad•·anced dri•·e r_ntem t'tmtrol júr a solar pou·ered J•ehicle. Tlw cl!·il·e 'Y·'tem control extracts 
tht• IIUHimum f!let·tnral pnwer from a di.1trilmtetl solar array thaJ cm·ers tlw ,\Urftwe oftlte l'dlide. with distribuiNi 
RISC ba.ll!tl pt•aÁ po11·er tracÁer cuntrollt•rs Jin· t•cwlr indil•idual .<o/ar panei. Tlw \'t•hicle propul.,irm lws two .1/eering 
wiwl'l.\ wul one l'~'~'fmlsion whee/ basetl 011 a bru1hless de machi11e dril·e i'OIItml. The .1yMem is capable to sequem·e 
from 111/rt ttfl 111 ,,/wtdnmt. it is /11/'lfll<' nr .vpeed t'lllllmlled ond ti 1111 -boart! cOIItflllll'r .fi~r system monitorin.~ a11d 
rmnmtuticatimt for energy mallagelllf!tll it1 lhe rw·e .\lmtegy which OtJiimi;:e.\ the t'llergy mwtagemenl. The dri1•e 
system lra.1· lu•r•n .fitlly implememed in a fii 'O .1ea/ carho11 jiber prototype ll'ith .lati4itctm)' per:formance mui t'llfl he 
easily ll'llll.lilllt'tlto ntlta /_l'f)('S 1!( eh•t•trica/ ••eh ir/e.,·. 
Key words:Solur C ar. Electric Vellide. Control Dril·e. 

lntroduction 

Altcmativc cnergy solutions are getting a lot of attcntion on the last few years due to Lhe 
requirement!> of clean and safe renewablc cncrgy sources. Solar photovoltaic and thermal energy, wind 
power, and biomass generation are gaining more acceptance because of environmental and safety 
problcms of conventional power plants and advancement of technology. Elcctric vehicles are also focus 
of imensc rcsearch duc to the necessity of pollution contrai and dccrease of oil importation. ln addition, 
thc need for more energy to supply the overwhelnúng industrial growlh usuaJJy requircs cost­
competi tive solutions with local energy production or co-generation (de Haan, 1996). 

Severa! countries have in.itiated policies aimed al lhe development of altcrnative cncrgy resources. 
ln Braz.il , lhe Polyteclmic School of the University of São Paulo (EPUSP) has taken sleps to include 
new undergraduate and graduate training programs in alternative energy related education. The World 
Solar Challenge (WSC), a solar race acro~>s lhe Australian outback, has been adopted as an unique way 
to bring together and molivate studenL' to get involved in university project<; and studies in solar encrgy 
tcchnology and clectric vehicle construction (Rache ct al. , 1997; Godoy Simões et ai.. 1997). The race 
regulations allowed only sun-derived propulsion energy, with battery ~toragc of tbc sarne. The race 
rule:- ~pecilied thatthe maximum vchiclc di mensions should be 19.7 ft long, 6.6 ft wide. and 5.3 ft high. 
Therefore. thc solar cell arrangement W3l> lit ioto a box having thc dimen~ion;, of a two-seated car. Thc 
vehiclc rcquircd thc capability to pass an articulated truck travcling in lhe opposite direction at 50 mph, 
on a narrow two-lanc highway, withoullosing contrai. To racc in Lhe WSC, a car was to be designcd to 
optimize ( I) aerodynamic perfonnancc, since the highway used as thc coursc was straight with only 
small c lcvations, (2) the solar encrgy uti lízation, which must be Lhe only source of electrical energy, and 
(3) lhe vchicle stability. to cross thc 3,000 km from Darwin to Adelaide, with articulated LJUcks t)O both 
sides. The car was named Poli-Solar. ~hown in rig. I with lhe charaetcristies given in Table I. 

Drive Control System 
TI1e complete drive contrai system i~> ~hown on Fig. 2 and tbc chamctcristics are given in Table I. 

Thcrc are eight solar paneis distribmed on thc vchicle s urface, four paneis are constructcd with 16 % 
ASE cells (ASE. 1996), and the rcmaining four paneis with 15.5 % ASE ceUs. Tbe solar cclls are 
connectccl in .-.Lrings. forming a zigzag pattcm across Lhe surface. Thc back of lhe cell is prcpared to 
rcccivc SN-CU leads with a si lvcr bascd sold and each cell is adhcrcd to Lhe vehicle carbon liber 
surface with a two-side coating tape. Evcry group of 20 cells has a parallcl diode rectifier to keep 

Manuscript received· September 1998, Technical Editor: Paulo Eigi Miyagi. 
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Fig. 1 Photograph of lhe solar powered vehícle 

Table 1 Solar vehicle characterístícs 

Dimensions 
Total solar surface 

are a 
Occupants 
Front suspensíon 
Back suspenslon 
Steering 
Solar power ratlng 
Battery capactty 
Maximum speed 
Solar array control 
Machine drive control 
On-board computar 
Energy management 

6 mx 2m x 1.6 m 
12m2 

2 
Double A 
Pro-línk 
Steel cable driven 
1.800w 
200Ah 
56mph 
RISC PIC16C74 based 
Analog control based 
68HC11 based 
Based 

energy 
on captured 

the string operating in case of ceU damages. Each solar panei is connected Lo a Maximum Pcak Power 
Trackcr (MPPT) system for maximum energy transference, by matching the panei impedance to lhe 
drive systcm (Bose et ai.. 1984), as cxplaincd latter. The total solar cncrgy is either stored in lhe ballery 
or llows to the machine according lo thc demand (Patterson. l990). Energy monitoring and 
management is also explained latler. 

À 

À. 

Solar Pànelll I 

·hl~ 
Sol•r Panei ff 8 

· {~" 

1.1PPTIII 

• Maximwn 
Peak Powcr 

Tracker 

MPPT I/K 

I \1Q.'C.Í!l1Unt 
Peak Powcr 

Tra<:kcr 

., 

120V 
• •i.. Regen. . 

i. "'"• Stcp-vp 
• . 

I O flaneries OnJOff 

Radio 
Data Link 

Faull 
Signats 

On-Board 
Computer 

Ml'PT C'ommuntcation l.lus 

1G8Tinvemr Brusbkss 
DC Machinc: 

210V 

I· I •. 
• 

l.Jwerttr 
I'Ubcs 

Rcsct. 4i. 
Orusbloss . I. T; WC . 

Drive 3 H,. H,. H, 
Control • Hall Sensor 

Signals 

Display and 
Keyboard lnterfaoe 

Fig. 2 Block diagram of solar powered vehicle drive control system 
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Thc battcry bus is composed by two parallel sets of ten batteries. with a torai voltage of 120 
V. This voltage is funher incrcascd lo 210 V by a stcp-up switching rcgulator with rcgencration 
capability, as shown in Fig. 3. The trade-off sludy of total battery weíght versus physical step-up 

L ~Tl 

fwm r To 

Battcry < 

Bus ( 1 20Vl --------11---~--1---1-~-
C Machine IGBT Inverter 

Input Vollage (2 I OV) 

On/Off 

Reset 

Fig. 3 Regenerative voltage step-up diagram 

size yielded an inverter bus voltage of 210 V for a given weight as lhe optimum configw·ation 
(Magliaro, 1987). There are two cm1trolled switches (lnsulated Gate Bipolar Transistor - IGBT) with 
frec-whecling diodes. the IGBT T 1 eontrols thc input-output ratio by PWM. while thc IGBT T1 operates 
during rcgeneralion. i.c .. wben the inverter bus voltagc incrcascs, tbc rcgcncrativc logic turns T1 off 
and T1 on wi th a hyslercsis control, allowiJJg the power to now back to the ballcries as sccn in the 
experimental data of Fig. 4, where the machine Iorque was reversed with conslant speed. The bus 
voltage has a LC ringing response, as lhe current nows back as indicated by a higher inductor 1ipple 
skewed non-symmetrically to the negative rate. ln order to reduce transients superimposed on the 
inverter bus. a dynamic brake set for 400 V, and high-voltage zcner diodcs for spikcs have been 
provide-d. 

i 
·: .I 

: 

' ' I I I 

• • 20 J-I.Sec/div 

,, ,. • • Step-up output 
vollage (50 V/div) 

• T1 voltage (50 V /div) 

• lnductor currcnt (I O A/div) 

Fig. 4 Regeneration results for machine Iorque lnversion showlng: step-up machine bus voltage, 
IGBT T, voltage and the inductor current 
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Tbe step-up system can be turncd off by the on-board computer whicb during the system start-up 
reseL'i thc brushless machine drive control as indicated in Fig. 2. Tbe IGBT inverter was constructcd 
with Semikron leg module~ and gate-drives, commanded by thc inverter pulses of lhe brushless 
machine drive contro l system (Sakmann, 1987). Figure 5 depicts the machine drive control system, 
lhe Iorque levei (T;) is either a manual command givcn by a potentiometer on lhe driver's dash, or it is 
a signaJ from the on-board compu ter during cruise-control. Thc rcfcrcncc torquC< (Te") is compared to 
lhe eslimalcd torque. The eslimaled torque is reconstructed from Lhe inslanlaneous machine currcnts i" 
and ib with one analog swilch based circuit commanded by the look up lablc whicb addresses the 
invcrsions and additions necessarics to build lhe torque current JT. The PI control output is pulse-width­
modulated with a triangular carrier frcqucncy of 20 kHz. The Hall sensor signals (H., Hb and Hc) 
addresses lhe ROM look up table of the maehine phase sequence lo generate the inverter pulses which 
are separated for the up and down devices wilh a dcad-time circuit (5 llSec). 

T,* + .. 
A • • 

T, 

HA 

H. 

H.-
c t• 

.,. PT ~> PWM 

Sign Control 

lr Torque 
CutTent 

Reconstruction • 

.. 

.. Look 
up 

~ Tablc 
.. 

I, 

s,. Dead 
.,.up .. - Time .,.dowm 
.,. up To s. Dead .. Inverter . .. Time .,.dowm 

Sr 
uead 

.,.up 

• Time .,.dowtn 

~ Fault 
1 Management i . . i . i 
Inverter Bus Temperature Reset 

Fault Voltage 
Fig. 5 Brushless machine drive control 

The fault management circuit receivcs the inverter, bus-voltage, temperature and reset signals, in 
order to turn-off lhe inverter pulses in case of any faull. Figure 2 shows lhe on-board computer which 
receives lhe total solar panei current (i111), the battery currcnt (ib,,). and the battery vol tage (vb><) with 
DAC c hanne ls and lhe individual solar panei data with a point-to-point serial MPPT communication 
bus. The information is sent for the support car by a radio data link for energy management as 
explaincd Jattcr. There is a LCD display and keyboard interface with lhe driver, who can also observe 
thc gcncrated energy, the vehiclc specd, a11d command the drive control system lo slay cilher in torque 
or in speed loop contrai. Figure 6 shows lhe drive systcm control sequencing diagram. During lhe 
start-up Lhe baUeries are connected (manually) and after lhe bus capaciLOrs are charged (sensed wilh 
analog comparators), thc Maximum Peak Power Trackers (MPPT) are connectcd wilh internal relays. 
There is a • oft-start procedurc. which is pcrformed by gradually increa:;ing of lhe MPPT duty-cycle. 
and the search algorithm is started. When lhe solar paneis are ready and providing encrgy to the 
baueries, lhe on-board computer is booted and severa) checks and tesls are performed. Thereafter the 
pilot can ei ther opcrate the vehicle wilh a manual set-point in torque control mode, or vary lhe speed 
set-point in c ruisc control mode. When lhe brake is depresscd, the Iorque contrai loop is always 
activated and lhe driver should command the torque levei manually. Thc shutdown ean either be 
initiated by the driver or automatically by any fault signal. 
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Fig. 6 Drive system control sequencing diagram 

168 

Thc drive system control was tested in laboratory, with lhe complete sct of whecl and gear 
connectcd to thc machine shaft, in botb torque loop and speed k10p control modes. The drive system 
perfom1ance is shown in Fig. 7. A positive and negative torque responses are depicted in Fig. 7(a) and 
7(b) for sel-point commands of ± 15 Nm. (dwing the torque transient the machine was kept in constant 
speed of 650 RPM). Thc spccd loop rcsponse, with the cruise-control mode activated. is displayed in 
Fig. 7(c), which shows the con·espondent instantaneous machine Iorque aud spced, for a spccd stcp 
rcfercncc of 250 RPM. The steady-state terminal machine voltage and currenl signals can be obscrvcd 
in Fig. 7(d). Thc drive system was intensively tested in Lhe solar vehicle, in order to buiJd-up lhe air­
drag efGciency curves, but the responses are not shown here 

V / ôliv- C:H I -·- .lV 
'-' 11 2 -+~ 1V 

(a) 

V~<l i,·- C1 1 1 -*~ tv Tin.,.u tõv- o a .. 
<'H 2-~::v 

(c) 

c-'1-I I •> ' V 
Qi2-:-2V 

(b) 

J <~no.•cJ•v- tJ. Iill 

(..'H t -> :5:0 V T t,.,.,J,Uv - I Ono10 
Cl l 2-.> ~donV 

(d) 

'"' 

Fig. 7 Drive system performance, (a) Positive torque command (+15 Nm), constant speed {650 RPM), 
{b) Negative Iorque command (- 15 Nm), constant speed (650 RPM), (c) Constant speed command 
(+ 250 RPM) and actual machine Iorque response, {d) Steady-state terminal machine voltage and 
current. 
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Solar Array System Control 
Thc design. construction and opcration of lhe vehiclc solar array as the source of ali clectric power, 

required thc grcatest carc. bccause of lhe fragility aod high cost o( solar cells. A dctailed descriptioo of 
solar array design requirements falis outside lhe scope of Lhis papcr which has beco focused on the 
descriptioo of controls aspccts. Each panei delivers power subjected to different leveis of sunlight duc 
to thc car·s surface curvaturc, and also to Lhe temperature._Figure 8 shows Lhe clcctrical characteristies 
for the 16% l>Oiar cells u~ed in lhe back of Lhe vehicle, Lhe froot cells are similar ones but havc 15.5~ 
rated efficiency. The current produced by the solar cell is proportional to lhe solar intensity normal to 
thc cell surfacc, whereas lhe voltage-lempcraturc characteristics are symmctrical diode-likc curves 
(Raushenback, 1986). The mathcmatical modeling for the solar array is givcn by the followiog 
equations: · 

J =kl·Â-k2-eaV- fJT-r 

v=- ln---- +f3T+r 1 [ [ Â ip l l 
a k Acel 

Nn·f 

v P = L v j - Ncel · Rs · i P 

j = l 

( I) 

(2) 

(3) 

whcrc J is the curreot density (mNcm2
), v is the singlc voltage cell (V), vP is the total voltage (V) in lhe 

array, ir is lhe array current (A), ).. is thc solar intensity (mW/cm2
) and T is the tempcrature (''C). The 

parameters kl (non-dimcnsional), k2 (mA/cm~). a (voltagc coefficient v·'). f3 (temperaturc cocfficient 
''C'1) and y (non-dimcnsional) are adjusted from Lhe maoufacturer curves with a muhi-linear 
regression algorilhm (Rawlings, 1988). whcre the parameters are calculated to minimize lhe quadratic 
crror. N<d is lhe number of cclls in a series-string connection lhat makes thc array, and Rs is thc 
individual contact resistance bctweeo the cells. 

(a) (b) 

Fig. 8 Electrical characterlstlcs for solar cells, 
V x I dependence on solar intenslty, 
V x I dependence on temperatura. 

The maximum powcr occurs at Lhe intcrsection of Lhe voltage-current curve and the hypcrbolc of 
the correspondem power as show ou Fig. 9. Of course, such maximum power point chaoges as Lhe solar 
intcnsity and thc temperaturc vary (Rawlings ct al., 1993; Salamch and Taylor, 1990; Sulli van and 
Powers. 1993). lt is thereforc nccessary to use a converter capablc lo locate and opcrate at Lhe voltagc 
that maximit.e~ thc output powcr. as shown in Fig. 9. Such maximum-power-point-tracking can be 
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perfonned by a boost type switching rcgulator indicated in Fig. lO. Thc boost regulator is drjven by Lhe 
RISC PIC 16C74 microcontroller which calculatcs thc instantaneous powcr and scarches ~Lep-by-sLcp 
Ll1e optimum duLy-cycle ~o as Lo maxilnizc the power drawn from the panei and dclivcred Lo the 
baucry/machine invener syslem (Microchip, 1994). 

Â 

,.--.. 

-< '--" 
....... s:: 
Q) 

t:: ::s 
u 

Maximum power poínts 
I 

lntensity 
Output optimized variation • 

À) • 
~ 

•. A 
~ 

À, • B 

T TC 
• 

z-1 

Voltage (V) 

impedancc on-line 
se are h 

Fig. 9 Search method of maximum power at solar array with duty cycle programming 
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Fig. 10 Power circuit for lhe MPPT 
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"ohage 

currcnt 
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The nowchart of Llle algorithm i1> ~hown in Fig. 11. h is basically a real-time routine that reads 
voltage and currcnt at lhe battery bus, averagcs Lhe last tcn power readings. calculatcs thc variation of 
powcr 6P0 , compares to Llle last variation of power and decides if the pulse width should incrcase or 
decrcasc. When lhe variation of powcr is ncgligible no aclion is tak.cn, and Lhe search is altaincd. The 
microcontroller also monitors thc panei powcr and send. such inforrnation to the on-boai'd computcr via 
serial communication and detccts opcn output by sensing the battcry voltage, shutting down thc scarch 
for voltagc protcction. 
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DECREASE I'WM 
DUTY-CYCLE (Õ} 

PWM DUTY-CYCLE 
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Ffl\ lSHED 
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•CALCliLATE 1'0\VER I' o( k) 
• SeNO DATA TO ON-BOARD COMPUTER 

Fig. 11 Flowchart diagram for duty-cycle search procedure 

The PWM switching waveform of the boost transistor is shown in Fig. 12, the solar cell current and 
thc battcry current tracking for two leveis of intensity. ln both cases the machíne torque load was kepr 
constant; therefore, any increasc in the solar levei results in thc correspondíng increasing of current 
flowing t() the battery. As ú1e solar levei increases, Lhe PWM seltles down to a new pulse width, as 
showed in figure, ind.icating Lhe solar cell current, PWM swilching and batlery cunent wavefonn, the 
h.igh frequency current ripple is filtered oul al lhe ballery. MPPT efficiency was aiways belter than 
96%. 

So lar Cell C urr~nt ( I A/div) PWM Switching (50V/div) 

Ba ttery Current ( IA /dil') 

Fig. 12 PWM swítching, solar cell current and battery current tracklng, (a) Results for solar intensity 
at 55 mW/cm2

, (b) Results for solar intensity at 90 mW/cm2 
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Energy Monitoring and Management 
The ullimale goal in a solar powcrcd vehic le is lhe achievement of lhe maxi.mum average efficiency 

al the minimum wcight. Thc avcmgc cfficicncy is a combination of system components integration, 
which Lake imo account road gradients and surfaccs, prcdictcd mctcorological condilions and race 
strategies. Por a given amouni of collecled energy, there is <Ul optimum average speed whicb should be 
kept constam. The vehicle must undergo road rests in order to build a look-up rablc ofvch.iclc cfficicncy 
in te1ms of speed. There are severa! forces opposing motion: rolling resistance, aerodynamic drag and 
gravity when climbing hills. For a givt:n slored energy in lhe batteries and lhe predicüon for a certai.n 
amount to bc collected i.n the next period of hours, the driver should keep thc spccd as closc as possible 
to t.hc optimum value. Severa! variables on the car are monitored by an on-board computcr based on Lhe 
microprocessor 68HCII shown in the block diagram of Fig. 13. Such variablcs wcre sent via a radio 
link to a computer for a team-support car (Motorola, 1991). 

l/0 Interface 

Dclink 
measurement 

Radio Data 
Interface 

+ Monitoring data 
to support car 

68HCI1 Based 
Controller 

Torque Control 
Analog Interface 

i + 

PeakPower 
Track Comunication 

Interface 

Brake Motor reference Data from 
MPPT signaJ set-point 

Fig. 13 Block diagram of on-board computer 

The measuremenl:; of power on each solar panei, vehicle speed, brushless machine torque and 
battery currenl are monitored by a management software. The on-board computer can also perform 
speed comrolloop as diclated by lhe race strategy. ln a competitionlike the World Solar Challenge, thc 
race starts at 8:00 AM and stops daily at 5:00 PM. The sunlight at the cnd of thc day can still be 
collcctcd. The portablc computer on thc supp011 car must calculate how much charge is in lhe battery, 
with the integration of t.he battcry current on a sampling basis; in order to predict lhe collected power. a 
model bascd on lhe celestial sphcre (Walraven, 1978) was implemented in a portable computer, which 
could communicale wilh lhe on-board cornputer Lhrough a radio link lo predicl the amonnt of power 
that each panei was delivering. This model was fine tuned with Lrial-and-error ex.perimentaLion, wilh lhe 
help of a reference cellmeasuring the solar intensity. The collectcd cnergy changes dra~lically in shiny, 
cloudy or rainy days, as depictcd by two typical day insolation curves on Fig. 14. The calculalion of lhe· 
oplimum average speed is valid for periods of stable weaLher conditions, which is evaluated by the 
leam experience. For a given period of Lime, lhe following procedure must be done oo estimate the 
amount of available energy: 

• Gct geographical position coordinalcs 

• Get local solar incidence reference 

• Calculale Lhe power on each panei 

• Eslimate the total encrgy capturcd for thc routc 

• Estimatc lhe slored ballery energy 

• Calculale lhe oplimum speed for lhe route 

• Keep Lrack of the average speed 
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Fig. 14 Typical actual day sunlight data on two Australian routes 

Conclusion 
This paper described an advanced drive system control for a solar powcred vehicle. The system has 

beco fully implcmentcd in thc univcrsity car called Poli-Solar, completely designed by students for a 
solar race. The nature of U1is projecl has given motivation for other investigations on solar cnergy 
systems and electric veb.icles teclmology. The drive system operates with full performance, extracting 
U1e maximum e lectrical power from a distributed solar array that covers the surface of the vehiclc, by 
distributed RISC based controllers with individual solar panei peak power tracking capabilities. Such 
energy is used to drive a four quadrant brushlcss de machine based vehicle propulsion with battery 
surplus storage. The control functions includc suut-up and shutdown sequencing, feedback with torque 
or spccd loop. systcm monitoring, communication for energy managemenl, and calculation of speed for 
race strategy a.iming the optimum energy managemenl. Further slltdies on the drive performance are 
still in progress and new advancements will be reporled. 
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Abstract 
Tlw equalitlll' nf mnfinn of both free:flying wu/ elastic base robot,, hal'e o similar .~lrtlt'ILire. Parlicularly. we shnw 
rlmr c1 so ,-alled inerlia rnupling mm ri.\ Jllci)W 11 ,,;~11~/imnl role for rhe dyHwuit·,,, We deri••e neressary conditio11s.(or 
the cxi.,·tt·ncl' nf rhe nu// space oj tlli.1 mou·i 1. 'f'he nu// space aims in derouJIIing mrmipulator m(}(Íons from hase 
mvtillfl. Del'oup/in~ memJS that jàst motio11.1 t't/11 he pe1jormed willwut disturbing tlte hasl'. Also, l'{ficient inertial 
,·mcpling Cllfl '"' achieved, which is helpful jin· n mtml/ing basl' motion rhroufth mw•ipulator-índuced reactions. 
Keywords: Rc•ac//0/1 Nu// Space Contml. Rnbo1.1 

lntroduction 
Spacebomc tclerobots are charactcrizcd wilh a relatively low-mass movablc base. Palh planners and 

contmllers must take care of the dyoamic interaction between manipulator(s) and base, in addition lo 
end-effector motion planning and control. 

A typic.:<ll examplc of a space telerohot is a frcc-floating robot (FFR) comprising a manipulator ann 
attached to a satellite base, sucb as the ETS VIJ (0da,l996). During lhe las! dccadc, a number of 
mclhods for motion planning and control of such systcms have been developed (Xu et al., 1992). 
Anolhcr cxnmple is a syslem cousisting of n dextrous manipulalor altachcd to a large ann, such as tbc 
Spec.:ial Purposc Dextrous Manipulalor (SPDM) mounted on lhe Spacc Station Remote Manipulator 
System (SSRMS) (see Fig. 1 ). or lhe Small Fine Arm mounted on Lhe largc Japanese Experimental 
Module Remotc Manipulator System (JEMRMS) (Xu et al., 1992). The large arm can be regarded as an 
clastic base with referencc to thc dextrous manipuJator. Opcration of Lhe dextrous manipulator induces 
rcaclion forces at the base. and hence, vibrations of lhe large arm. Again, motion planning and control 
of thc dextrOUl> manipulator for reducing Lhe disturbance on thc elastic base is necessary (Book et al .. 
1989), (Torres et ai.. 1994). We shall furthcr on refer to a system like thc SPDMJSSRMS as a nexible 
structure mountcd manipulator system (FSMS). 

Fig. 1 SSRMS with SPDM 

To tackle the dynamic intcraction problcm described above, wc introduced recently lhe conccpl of 
reaction mail space (Yoshida el ai., 1995), (Yoshida et ai. , 1996). The idca originates from our previou~ 

Presented at DINAME 97- ?"' lnternational Conference on Dynamic Prob/ems ln frlechanícs, 3- 7 March 1997, Angra 
dos Re1s. RJ, Brazil. Technical Editor: Agenor de Toledo Fleury. 
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work on free-tlyi ng robots, where thc null spacc of a ccrtain inertia-mass matrix was used to plan so 
ealled "fixed-attitude-restricted (FAR)" molions (Nenchev et ai.. 1990), (Nenchev et aJ., 1992). The aim 
of this papcr is to show that the reaction nuU space concept is a suitable approach to thc dynamic 
interaction problem in the sense thal (i) full dynamie interaction deeoupling is provided. and (2), the 
approaeh is general and can be applied Lo Lhe various types of spaee-born telerobots. 

Equation of Motion 
We base our discussion on the general model of moving base robots as describcd in (Yoshida et al. , 

1996). The model comprises a moving base and a oumber of mechanilmlS allached lo il, such that a 
tree-like slruclure is fonned (Fig. 2). We distinguish thc following thrce lypes of mechanisms: (I) 
manipulat<Jrs; (2) compensalors; (3) other mechanisms. 

First. we note that manipulators comprise usually open kinematic chains: sometimes lhe structure 
can be tree-like (e.g. the structure of the SPDM/SSRMS system). Next, the term "compensator" has 
been introduced here to emphasize the role of mechanisms able to compensate fully or to sorne exlent 
base reaetion induced by the manipulators. A lypical example of a eompensator is an attitude control 
mechanism. FinaUy, the group of "other mcchanisms" covccs antenna poinling mechani.sms, solar <may 
pointing mechanisms etc. The first and thc Lhird group of mecbanisms are considercd LO be "disturbance 
gencrawrs;" they inducc some undesirable motion to lhe base. For conveniencc, we shall fu rther on 
refer to lhe mechanisms in Fig. 2 as lhe generalized mechanism . 

. -- ... -. 
I - 1- I 

0 bl 

Fig. 2 General model of a space borne telerobot 

Our main foeus is in reducing/eontrolling the total base disturbance through inet1ial coupling with 
manipulator motions. At this point wc can ignore thc structw·c of thc generalizcd mechanism, jusl 
focusing on the wrenches acting al the base. The wrenches of disturbance generators are dynamic ones. 
They can vary significanlly in direction and magnitude. depending on lhe ~ource. Manipulalors, for 
example, induce lypically low-frequency variations (between 0.01 Hz and 1 Hz) with poinl-to-poinl 
motiohs, and higher-frequency variations (between 10 Hz and 100Hz) with smooth motions (Rohn et 
ai.. 1990). Other sources are tlexible bodies which induce also quasi-periodic components. and impaets 
having quiet a diffcrent reaction eharacteristics. Obviously. the total disturbing wrcnch is of compJex 
nature. 

The system dynamics can be represented gencrally a$ 

(1) 
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where x. E 9\"' denote.~ lhe positional and orientational coordinates of the base witb rcspect to lhe 
inertial frame 1• e E 9~" stands for thc gencralizcd coordinatcs of thc gcncrali7,cd mechani~m. H ,, D ,, K,, 
E 9\"' " "'denote inertia, damping and sti ffness matrices of the base. respeclively H, .. , D .• E 9\" x" denote 
incrtia and damping matriccs. rcspectively, of tbe generalized mechanism. c, and c'" denote vclocily­
dependent nonlinear terms, and 't E 9\" is thc joinl torquc. /h,. E 9\111 

• " will be called the inertia 
coupling matrix. The above equation is similar to thal used in (Torres etal., 1994), (Book et ai.. 1989) 
for an FSMS. ln Lhe particular case of an FFR, the base damping and stiffness are set to zero: 
Db=Kb= O. 

The inertia coupling mallix H,111 appears in both upper and lower parts of thc dynamic cquation. We 
will show that this matrix plays a key role in the dynamics of spacc-bom telerobots. and can be useful 
in designing motion planning and control laws. First, note that lhe total base reaction wrench W can be 
represented as follows: 

(2) 

where rem denotes the center of mass position of the generalized mcchanism, li> Wj, mi, ri stand for lhe 
inettia matrix, angular velocit_t. mass and center-of-mass position, respcctively. for body j, a.nd 
m =I: mJ' Tbe cxpression ~ (I j(J) j +m j" ·><fj) denotes angular momentum and imposes a 
nonholonomic consti·aint in case' of an FFR. Ón the other band, the uppcr part of Eq. (2) denoting the 
reaction force, represents a holonomic constraint. Under the assumption that tbe inertia coupling matrix 
H,,. is a function of thc joint positions only, which is strictly true for FFR. Eq. (2) can be rewritten in 
tenns of generalized coordinates. as follows: 

(3) 

Tbe last equation can be integrated: 

(4) 

We shall refer to L as the coupling momentum of an FSMS. 

The Reaction Null Space 

Reactionless Motion 

Here we shall examint! lhe special case of motions that do not inducc any base reaction. rt should 
be apparent that in thjs case tbe coupUng momentum will bc conserved. 

h can be shown (Nenchev et ai. , 1996) that ata configuration fi o[ lhe gcneralized mechanism. 

such tbat rank H J1111 ( 6 J = 1/l(l.lfflllk Hbm/6 J : 
6 

I. Zero reaction is achieved with the joinl acceleration 

1 
Generally, m=6 (n 2: m) 

(5) 
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where H1~11E9t"-'111 denotes lhe Moore-Pcnrosc gcncralizcd invcrsc of thc inertia coupling malrix, E E 

9\" ~" stands for the unil matrix, 8 and Ç E 9~" are arbitrary; 
2. Coupling momenlum conscrvation is achicvcd with thc joint velocity 

(6) 

where Ç denotes again an arbitrary vector, and L=const. 
The condition for maximum rank of lhe incrtia coupling matrix is in fact a controllability condition, 

as discussed by Spong with regarei to passivc-joinl tmulipulators (Spong, J 994 ). Below we refer to the 
maximum rank case as well-conditioned inertial coupllng; otherwise the contiguration of the 
generalized mechanism will be characterized as ill-condiüonc.d inct1Üll coupling. 

The expression PR.vs=< E-H1;m H11111 ) appearing in both Eqs. (5) and (6), smnds for lhe projector 
onlo the null space of the ine11ia coupling matrix. This mail space we call lhe reaction null space of a 
space robot. 

Existence of the Reaction Null Space 

Thc rcaction null space exists (i.e. dim N (H 1,,) > 0), if lhe gcneralizcd mechanism has some 
redundancy with respcct to tbe base variables: 11 > m. The redundancy can appear in various forms: 

• Kinematic redundancy; 
• Dynamic redundancy; 
• Redundancy from the selectivc rcaction null space; 
• Redundancy due to singularity of the inertia coupllng matrix. 
First we note that kinemaric redw1dancy is availablc whcn lhe DOF of the manipulators is larger 

than thc DOF of the base. As an example we point out the SSRMS/SPDM system (Xu et al., 1992). 
Second, recall that lhe concept of dynamic redundancy was imroduced by Arai et ai. (Arai eL ai., 1992). 
Dynamic redundancy implics thc existence of controllable dynamic parameters, which are not direcUy 
related to manipulaqilily. One possible interpretation of such dynamic parameters would be in terms of 
the DOF of the compensators. Third, wc point out some applications when the reactions in certain 
dircctions can be ignored. For an FFR, reactions yielding translational motion of the base are one 
example. For an FSMS, one could ignore reactions in thosc components which correspond to high­
stiffness dircctions of the elastic base structure. To tackle such cases, wc introduccd tbc selective 
reaction nu li space (Nenchev ct ai., 1995). Denote by S = diag (s1, s2, ... , s~) a selection matrix, where s, = 
1 specifies a Cartesian-space dircction requiring zero base reaction, while s; = O otherwise. Then, we 
denote lhe selective reaction null spacc as N(SH1,,). Obviously, dim N(SH11..,) ~- dim N(Hb..,). 
Ocnerally. a reaction null space of higher dimension is dcsirable sincc it yiclds a larger DOF when 
planni.ng thc reactionless motion. 

Finally, the reaction null space will also exist when the inertia coupling matrix H,111 is singular. 
There will be, however, singular d.irections in which no inertial coupling/decoupl.ing would bc possible 
at ali. Further analysis is necded, which goes beyond tbe scope of lhe present work. 

Decoupled and Strongly Coupled Motions of Space Robots 

Tbe reaction null space projector P11.vs ensures total inertial decoupling between lhe base and tbc 
generalize<! mechanism, in case of an FFR. ln case of an FSMS, some nonlinear coupling remains. On 
thc other hand. for some tasks, such as corrcction of spacecraft attitude errors or changing the 
spacecraft attitude through manipuJator motion (the so-called manipulator invcrsion task (Nenchev et 
al., 1992)), in case of ao FFR, or suppressing structural vibralions of the base through a proper motion 
of Lhe generalized mechanism, in case of an FSMS, a very efficienl inertial coupling motion should bc 
generated. Efficienl coupling is relatcd to efficient transfer of the generalized mechanism energy toward 
a specific base energy (i.e. FFR: kinctic encrgy, FSMS: strain energy), or vice versa. The most efficicnt 
inertial coupling in a least-squares sense is ensured through lhe projector Hl,

11
H,

111 
since it is orthogonal 

to tbe null space projector. 
Note lhal tbe general solution of Eq. (3) is 

(7) 
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Note also that with wcll conditioncd incrtial coupling (i.c. nonsingular l h ,.). 
H,:m=H/,;11( H,,, H/,,, r'. which clearly shows that Lhe firsl tcrm on lhe righL-hand-side of Eq. (7) 

come~ from the orthogonal complcmcnt of the reaction nu li space. and hence. en,urcs lhe most efficicnt 

ancrtial coupling 111 a lcast-square~ ~em .. e. 

Decoupling Control 
From the 1>y~tem dynamicl- Eq. ( I) we can eliminatc the joinL accclcration: 

whcrc 

H=H L~~-'''" H,;,, H h. 

c=c111 +D11/J-I/ 111 HI:,c1, 
- I - I D=- H,,H,,11,D,,,K=- H 111 lft,,KI> 

and 11 denotes an arbitrary vector fmm Lhe rcaction nu li space. 

(8) 

The structurc of the last cquauon suggests thc following dccoupling control ~lrategy: (I) dcsign a 
control loop for cxact feedback linearization with regard to thc base coutrol subwsk. and (2), 
nccomplish cnd-cffector control within the reactíon mail spacc, by proper definition of vector n . These 
two subtasks can bc rcalized with thc help of the following comrol law: 

r = u ,.c1+c +H 111 n (9) 

Thc closed-loop system is 

( 10) 

Base Reaction Control Subtask 

u_.r is dcsigned to achieve the spcciftc base reaction coulrol, depcnding on the particular type of 
space robot. ln case of an FSMS. ba~e vibration damping can bc achicved with: 

(11) 

whcrc G,. '':i H 111 H ,;m C, .C, denoling a constant vibration suppre:-.sion gain. ln Ca),c of an FFR. Lhe 
following PD ba~e motion control law would be appropriatc: 

( 12) 

where x /Jd denotes a desired value, G • ''!/·_H, Hb,, C ... C.. being a constant gain, and subscript ** 
indacating cither 'btl (basc-dcrivative) or 'btf (base-proportional ). The crucial point with thc above 
controls is tbe well-conditioning of Lhe incrtial coupling, such that matrix fi is of full rank m. 
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End-effector Path Tracking Control Subtask 

ln order to dctcnninc the oull space vector 11. wc shall make use of the general sulution (8). Tbe 
arbitrary vcdor Ç appearing there, is detcrnuncd by substituting the joint accclcratioo into the eod­
cffector ldnematic:-: 

>:,.=;ii-1 jiJ. ( 13) 

where x , E ~W' denotes end-effec10r task coordinatcs and ] (0) e 91" ., is the end-cffcctor Jacobian. Note 
that lhe refcrence frame is atthe base. Aftcr sorne fonnula maoipulation. onc obtams 

( 14) 

where ]'i;;1;PI<N!; is a restricted Jacobia~ matrix appcaring typically in redundancy rcsolution schemes 
(Nenchcv, 1993 ). lt can be shown that .f 1 E K( H,

111 
) • and hence, the sewnd lcrm on thc right hand 

si de of the la~ I cquatíon is índeed a reaction nu li spacc vector. 
Let the controllaw bc given by ( 10) wi lh 

( 15) 

whcrc x ,J il> the desired end-effector palh. e, = x,.,1 • x , is the path tracking e rror and G,d and G,, denote 
propcr gain matrices. Under wcll-conditjoncd incnial coup1ing and fui! rankJ1css of the restricted 
Jacobian 1 • a~ wcll as when 11 ~ m+p. lhe ba:,e subtal>k can bc pcrfonncd (vibration suppression or 
moLion Lracking). and simultaneously Lhe end-cffcctor crror converges to zero asymptotically. 

Examples 
Wc illustratc thc reaction nulll>pace bas~.:d control by means of Lhree examples of rSMS. 

Kinematic Redundancy 

Firsl, we t:(>nMdcr a planar 3R mampulator mounted on a base tranSlaung horizontally, which i<> 
attached to the inertial frame through a linear spring and a darnper. The pararnctcrs of the base are: 
ma~s m . = I kg, damping d = O.l N~m 1• suffnes~ k. = I 00 Nm '. 

Thc parametcrs of Lhe manipulator are: línk length /, = 1 m. (i= 1.2,3), link ma~s III;= I O kg lumpcd 
atthe center ol cach link. link moments of inertia havc beco ignorcd. 

Thc uppcr part of Fig. 3 shows thc syslcm. tracking wíth iLs end-point a path without inducing any 
I disturbam:e:, 10 thc base. Since Lhe reaction null spacc is 2-dimcnsional. it is possible to track any path 

in lask spacc which complies with well-conditioncd incrtial coupliog and non-singularity of matrix j. 
1 Bc~.:ausc or thc ·clccoupling property nf lhe rcaction nu li space, the selection of the feedback gains is oot 

I criticai: for examplc. for tbc end-point control high gains are U!icd (G,." = diag[400,4001 s ' , 
G"1= diagl200.2001 s·. Thc gain for base vibration suppres~ion contro1 was g,. = 10 rad··. The desircd 
end-poim pmh was planned through a lifth ordcr splinc. Othcr planning can be ~1so uscd; lherc is no 
requircmcnt for z.ero boundary conditions. From Lhe rcsults shown in Fig. 3 ll is sccn that thc reference 
path is trackcd perfect1y. with pracllcally z.cro base disturbance. 

Herein "rcr' denotes thc reference path. whik ":td" :,lands for thc actual one. 
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Fig. 3 A Redundant FSMS tracking a reactlonless path 

os 1..o6 

0.~ 11- ~7 

' 12 ·-· 
I k -47 

0.3 \ 13 
7~7 

0.2 

\ j k-47 
0.1 Se-07 

\ 
~7 o 

7 3e-07 .0.1 l 2.07 
.0.2 1e-D7 
.0.3 o 
.0.4 -1~7 

o 0.2 0.4 0.6 o. 1 1.2 1.4 1 .• o 0.2 0.4 0.8 0.8 1 
t (1) 1(1) 

2.35 !: ral -

I 
2.3 ect -

2.25 

2.2 

t 
n. 

2.15 

i 
2.1 

2.05 

2 
o 0.2 o.4 o.& o.e 1 1.2 1.4 1.6 

I( I) 

Fig. 4 Redundant FSMS end·point path track-ing 

1.2 1.4 1.8 

Selective Reaction Null Space 

The experimental setup TREP, designcd at Tohoku Univcrsity. consists of a smaJI 2R rigid link 
manipulator attachcd to the free cnd of a tlexiblc double beam reprcsenting a tlexiblc base. The TREP 
FSMS is modeled according to Fig. 5. The local coordinate frame, fixed at the point of attachment of 
thc manipulator to lhe beam, is refcrrcd to as lhe ncxible base coordinatc frame. Since thc flexible ba~e 
has been designed as a double beam, lhe reaction Lorque can be neglcctcd as a disturbancc. This is also 
the case with the reaction force component along the longitudinal axis of tbc base. Thus, wc shail 
consider just thc reaction force along the so-callcd low stiffncss direction, which coincides with thc x 
axis of the llexiblc base coordinatc frame. This mcans that m= I. Since the manipulator has two motors 
(11=2). there is a onc-dimensional sclcctive reaction null space. 

The manipulator is driven by DC scrvomotors wilh velocity command input. There is no hardware 
limit for the rotation of the second joint. Joint positions are mea<:urcd by optical encodcrs and are fed 
back for posilion control. Base denections and base reactions are measured by the strain gaugc and the 
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force/lorquc sensor, respcclivcly. Real-time feedback vibration suppression uses data from the slrain 
gauge. 

We demunsu·ate lhe eftlcicncy of tbc conu·oJ for botb vibralion suppression and reaelionless path 
motion. Rcactionlcss path motion is generated via lhe null space vector n. Such molion can be 
perfonned in a cyclic manner since lhe second bnk has endless rotation capability. An exlemal force is 
applied LO lhe t:laslic base during the motion. Details on other experimental conditions can be folllld in 
(Nenchev et aL 1997). Figure 6a <U1d Fig. 6b display lhe resulls in lhe ca~e wilh <md without vibration 
suppre:,sion control, respcclivcly. 1n Lhe ftrsl case, wc sec thal base vibration is very effectively 
suppressetl, and the joint motion continues to t.rack thc reactionlcss path. 1n thc case without vibration 
suppression, it is intere~>ling to note that lhe vibralion of Lhe ba~e is nnl "disturbed" at ali through tbc 
joint motion. This clearly demonsu·ates lhe dynamic decoupling abi lity of the controJ. 

Y (high sti ITncss Llircctlon) 

z 
(low stil'fness dinx:tion) 

Elasúc Base 

Fig. 5 Model and photo of TREP 
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Fig. 6 Reactionless motion and base vibration of TREP: (a) with vibration suppression; (b) without 
vibration suppression (experiment) 
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Dynamic Redundancy 

We attached a second arm to ou r experimental FSMS TREP (Yoshida et ai., 1997), as shown in Fig. 
7. Thc upper ann task is defined as end-point control (keeping a fixed position in inertial space) in the 
presence of vibrations. Obviously, 2 DOF are needed for this task; therefore the sarne arm cannot be 
used for vibration suppression. We use the second, lower arm only for vibration suppression. This 
means that lhe dynamic redundancy condition will be met. Experimental data is shown in Fig. 8. It is 
seen thal vibration is effectively supprcssed by the lower arm. Jn Lhe sarne time, the upper arm is able to 
keep Lhe end-point f ixed. 

Fig. 7 Experimental dual-arm FSMS TREP-11 
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Fig. 8 Dynamic redundancy utilization with the dual-arm FSMS: (a) Base deflection and lower arm 
(vibration suppressing) end-tip path; (b) upper anm (end-tip positlon controlled) end-tip x­
coordinate time history and end-tip path 
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Conclusions 
We proposed a control law for space-bom robots, based on the reaction null space conccpt. Tbc 

control is ablc to satisfy two subtask simultaneously: the convenrional end-effecror subtask and in 
addition, a control subtask for base motion control via inertial coupling/decoupling. We have shown 
that lhe meU1od is e fficienl for vruious systems comprising kinematic redundancy and/or dynamic 
redundancy, but also for a nonredundant system with the notion of sclective reaction null space. 
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Abstract 
11ti.l work 1·mwrmç the app/ication of Jl·.nmhe.\ÍI to the integrated de.1ign of a fli~t./11/propu/sirm contml system for a 
l)picalluxh perfnmumce single-main·mtor helicopter. ln order to impro•·e the lumdlinp, qualities, lhe contmllers are 
designed w )'ÍI'Id acmrate contra/ of n>rticalw!lodty. yaw rate. pi1cl1 and rol/ altitude. Multi.-ariable robust control 
l/teor;. 1.1· req111retl in l'iew ofthe /JI'eSetu·e r~( un·modt>lled rotor dynamic.• wu/ paramNt'r wtcerlainly a.• well "·' 
exnlietultiS dislurbmn•es .1uch as u'ÍIIll gusl.\', l'ufr>mwnre and stability /ests are carrird 0111 bolh in .frequency· 
domoi11 ond time·domain. 111e end re.mlt ;,, a flif!/11/propu/sion mnlrol system lha/ is .Hable. robuslwul ensures p,ood 
closed lmw trt11'ki11g, tlisturbance rejection w td decouplinp, properties. 
Keywcmls: 1/elii'OJ)ter, Robus/ Crmtrnl. Mullivariohle. p-Synthesis. 

lntroduction 
Effective control of large-scale, muiLivariable, nonlinear, naturally unswble and highly cross­

coupled systems such as helieopters prescnts a significant challenge to control engineers. Two of thc 
general issues wiLh importance in the control of hcljcopters are handling quaiities and robustness. 
Handling qualities define its opcrating characteristics: how easy and effective it is to ny and perfonn 
particular tasks wilhout demanding exccssive effort or unreasonablc skills from the pilot. Robustness 
specifications conceming helicopter stability and controlare dueLo model uncertainty, whicb is usually 
represented by un-modelled rotor dynamics and variation of Lhe st.ability dcrivatives along lhe tlight 
envelope, approximations due Lo lineariza tion, actuator nonlioear dynamics such as deflection and rate 
saturalions. <mel off-design operation l>f lhe closed-loop system. 

This work proposes thc applicatioo of j.l-synthcsis to design a flight/propulsion control system for 
lhe UH-60. a typical Sikorsky high performance si.ngle-main-rotor helicopter. Propulsion is considered 
in an explicit form because the pcrformance of Lhe hclicopter is highly depcndent upon it. The 
integrated design can be carried out effectively by breaking Lhe overall problem into a night control 
problem anda propulsion control problem (Rock and Neighbors. 1994). 

Additionally, structured variations in lhe aircraft's aerodynarnics propcrties suggest lhe use of j.l­
synthesi~ as a possible design melhod, sincc it is a very powerful design tool to aecount for such 
unccrtainties in the plant dynamics (Jackson, 1990). 

H .. Optimal Control and the Structured Singular V alue 

The importance of f1 optimaJ control arises from Lhe natural characterization of unccrtainty 
provided by thc H~-nonn of a transfcr matrix (Zames, 1981), which is the maximum over aiJ 
frequencics of itl. largest singular value. A more detailed explanaLil>n about the H"' spaee, including Lhe 
detinition of the H"' norm. ean be found, for instance. in (Francis, 1987; Zhou and Doyle, 1998). 

Thc standard block ctiagrarn used in H- control synthesis is shown in figure I, where w represents 
tbe cxogcnous input vector (typicaJJy consists of cornmand signals. disturbances, sensor and/or actuator 
noi~cs): u is the control signal: z is lhe crror signal vector (typically rcpresents. for examplc, tracking 
error!. and fiitercd acruator signals): y is lhe vector of measured outputs. Thc augmented plant P(s) 
usually conUtins lhe nominal plant model G0(s) and frequency-dependent weights rhat rellect lhe 
stability and perfonnance design requirements to bc met by the closed-loop system. The uncertainty 
block is represented by J . This bloek-diagonal structure is assumed to be stable bul unknown, although 

norm-bounded <i~IL 51). 

Manuscrlpt recetved: June 1997; revlsion recelved: February 1999. Technical Editor: Agenor de Toledo Fleury 
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Fig. 1 Standard representation of a plant with uncertalnties and under feedback control 

Assuming initially that .J is absent, lhe 11 contra i problem is to de~ign a controller K(s) such lhat 
lhe closed-loop transfer function from w to z is minimized. lf z = P11w + P12u and y = P21 w + P22u. 
then, provided that u = Ky, it is possiblc to write: 

(I) 

Thereforc. the H"' control problem can bc statcd as: 

(2) 

The exprcssion whose f1-norm is to be minimized in (2) is commonly known as ··Linear Fractional 
Transfonnation" and will be denoted by LFT(P, K ) in lhe remainder. By suítably dclining w and z it is 
possible to cast a number of practical design problcms into tbe form of expression (2) (Macicjowski, 
1989: Balas et ai. , 1994; Skogcstad and Posllethwaite, 1996), wbcre the speeifications are met by thc 
nominal systcm if and only i f the cost function is less than I (nominal performanee criterion). 

Tbc solution to the H"" problem is weU established in literature, includíng the frequency-domain 
approach (franeis, 1987; Xu. 1989; Kwakemaak. 1993) as weU as the traditional statc-space approach 
(Giover and Doyle, 1988). However. as far as robust stability and performance are concerncd, tbe H"' 
control and ~>ingular valuc tests may be conservative. Thercfore, it is of paramount importance to define 
the so-called "structurcd singular value·· (1-t) which may reduce considerably the conservativeness 
imposed by Lhe 11 design. 

Let Q bc a transfer function matrix, and considcr a block-diagonal structurc L1 whicb depends on the 
uoccrtaimy and performance objectives of thc problem (Balas et ai .. 1994). Denoting by "80"' lhe set of 
block-diagonal L1 pcrturbations satisfying 11•11.. s~ • Lhe structured singular value of Q(jro) wilh respcct to 
lhe block-diagonal su·ucture L1 is defined as: 

1 
O. if det [1 -Q(jw )L1(ja> >];tO 'v' a> E 9t, V L1 E fJ~ 

Jl ll( Q! ja>))~ . ~ 1 
. j" if 3L1e 8.., ,3a>e 9tldet[l -Q(jlu)L1()a>)]= O 

mm <T( L1ljw )) 
~8, 

(3) 

Since Jl.J(Q(jw)) is frequency-dependent, it i1> intcrcsting to define 11. 11" a.~ 

11011 = sup J1 (Q(jw)) 
J.l (I) 

(4) 
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ln thc general case 11.1111 does not constitutc a norm because of the failure to saüsfy the triangle 
inequality al. shown in (Macicjowski. 1989)). lt is used in the specializcd litcrature (Maciejowski, 1989; 
Jackson, 1990; Balas et aL, 1994) becau~e some important propenies of the structured singular valuc 
(Doyle. 1982) are uscful in lhe investigation of lhe stability and pcrforrnance of systems when modcl 
uncertainty is explicitly considcrcd as in figure I. 

Two importanl results related to robust stabi lily and performancc of thc closed-loop system are 

givcn in lhe ~equel (Doyle. Wall and Stcin, 1982), where Q(s) denotes thc closcd-loop lransfer function 
/' I' T T . T T 

from lwinc w ) to [Zinc z ) : 

a) Robust Stability: The systcm shown in Fig. I achieves robust stability (the closed-loop systcm 

rcmain stablc for aJJ .J e o1 ) if and only if ~11( < 1- wbcrc tbc f.l is computed wi th respcct to lhe 

block-diagonal structure J . · 
b) RobuM Performancc: Thc systcm shown in Fig. 1 achieves robust pcrforrnance (lhe closed­

loop system remain stablc and satisfy the design requiremcnts for all J e n, ) if and only Lf 
IIQII, < 1 • where lhe f.l is computed witb respcct to lhe hlock-diagonal structure :J = diag{J . .~0 }­
Thb "performance block" do is fictitious and connects w and z. 

The objective of !-L-synthcsis is Lo solve lhe following frequcncy optimization problem: 

minimize IIQ( P,K )11 
K ual>ilr: llrfl /1 

(5) 

Robust perfonnance is achicvcd if thc cost function is less than I, which also implies robust 
stabil ity and nominal perfonnance. Thc problem can also bc stated in the forrn: 

!"inim_i~e IIDL<s)Q(P.K )Da -
1(s)ll 

K .llffbtb:,tn~ 0<1 

(6) 

Ol ,OREI) 

whcrc thc diagonal matrices DL and DR are stablc, minimum phase and have a similar structure Lo the 
block-diagonal matrix :J . Unfortunatcly. only approximate solution to thc problem can be found and, 
lhcrcforc, 1-1-synthesis involves a sequcncc of minimizations, first ovcr thc conlroller variable K 
(holding lhe D variables fixcd), and thcn over lhe variables D (bolding thc K variable fixed). This is 
often refcrred to as thc ,;D- K iteration··. 

lntegrated Flight/Propulsion Control Systems Design for Helicopters 

This scction presents a methodology for the design of flighúpropulsion control systems for 
hclicoptcrs. using linearized models for rigid body fuselage, rotor and cnginc dynamic:. . 

ln urder to develop the integratcd dcsign of the FCS (Flight Control Systcm) or ''autopilot" aod thc 
propulsion system, rigid body and rolor/engine dynamics are scparaled (Rock and Neigbbors, 1994) 
according to Fig. 2. 

The rig id body dynamics model generates outputs (YR • w.J in response to inputs (d , Ôg , W~<;)- The 
outputs of intcresl (YR) include vehiclc attil'udc, position and lheir associated rates. The inputs include 
cxogcnous disturbances such as wind gusts (d), rotor or tail cyclic and collcctivc (ÔR) and rotor/engine 
statcs (w t:). The rotor/engíoe dynarnics modcl generates outputs (wE) in rcsponse to inputs (wR , ÔE • 
w1). The outputs might includc internal engine quantiúes (c.g., prcssure and spool speeds). rotor 
dynamics (e.g .. inflow, flapping, lcad-lag. blade torsional modcs) as well as rotor speed (Q). Thc 
rotor/enginc dynarnics inputs include rigid body statcs (w.J, rotor or tail cyclic and collcctive (Ôt;) and 
fuel flow (w1) . 

Thc outcr control loop is closed by thc autopilol and adjusts lhe contro llcd variables in response to 
command l>ignals (Ycn1d) and measorcd outputs (YA)- The performance rcquircmcnts for this loop are 
dcrivcd from mission-level objectives or thc helicopter and includc !lying and handling quality 
spccifications. 
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I 
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Fig. 2 Separalion between rigid body and rolor/engine dynamics for the integraled design of 

flightlpropulsion control systems for helicopters, where lhe outer-toop concerns the design of the 
autopilot and lhe inner - toop refers to lhe propulsion sub-syslem 

The inner control loop is closed by Lhe propulsíon system and adjusts the fucl tlow (wf) in responsc 
to rotor speed variations (.Q) and ve:tical collective generated by lhe autopilot (u,,1). lls primary 
purposc, as viewed from a míssion-level perspective, is to regulale the rotor speed. 

Cicarly, the designs of these rwo control loops must be coordinated since Lhe perfom1ance of one 
affects greatly Lhe performance of the other. 

The integraled design is lhcn a scqueuce of itcrative procedures that lead to the synthesis of llight 
and propulsion control laws. Thc councction between these two systems is represented by the vectors 
w~. WK and o". The vector W.: will be considered as an exogenous pcrturbalion on the rigíd body 
dynanúcs as welJ as the vectors wK and ô~ will be on lhe rotor/engine dynamics. ln lhe H~' framework, 
Lhese vcctor-valucd time signals are properly modelled as: 

(7) 

(8) 

(9) 

where Lhe diagonal matrices WF., Wn and W~> are weigbts uscd to shape thc spectral content of lhe 
siguais. 

The iterations should be interrupted when simulations related Lo lhe propulsion syslem show thaL 
Lhe actual componcnts of the vector w~ have lower magnitude than those associated to Lhe matrix 
weighl WE uscd in lhe autopilot dcsign, or wben the relative difference between them is less than apre­
specilied lolerance. ln this work, thc magnítude of each vector or matrix component will be expressed 
by Lhe H~-norm, which can be applied either in time-domaín or (requcncy-domain (Doyle, Francis and 
Tannenbaum, 1992). 
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Application Example 
Thc proccdure described abovc is now applied to an cxample. A 13 OOF (degrees of freedom) 

mathemalical rnodcl which characterizcs the open loop UH-60 flight dynarnics in hovcr wbose stability 
derivatives were idcntified from night tcst data using a frequency-rcsponse-error ideotification method 
(Fletcher, 1995) is considered. Thc model includes rigjd body fuselage dyuamics, regressing rotor tlap 
and lcad-lag dynamics, main rotor inflow, rotor RPM, and engine torquc. The helicopter modcl has 18 
statcs and 5 inputs, and is unstablc and non-minimurn phasc.at lrimmed hovcr condilion. Actuators are 
modcllcd <IS Grsl-order lags wiU1 a time constant of 50 ms and are included in lhe original plant 
descriplion for 11-synthesis design in order to avoid a sluggish aircraft rcspon1-e (Yue and Postlethwaite, 
1990). Rate and amplitude saturations are cousidered by suitably dcfining weights ou lhe control 
signal~. Sen~ors are rnodelled a~> fir;t-order lags with a time constant of lO ms, but Uleir dynamics will 
be left out of the nominal plant description. 

Thc ~tatc-space descripóon of thc linearized equations of motion. taken from (Fletcher, 1995) is 
exprcsscd in lhe standard forro as: 

x = Ax + Bo 

y = Cx 
(lO) 

The slate variablcs, measurcd outputs and planl inputs are describcd in Tables I and 2 .. 

State 
u 
v 
w 
p 
q 

~ 
9 
'V 

Table 1 State variables descriptlon 

Description State Description 
horizontal velocity (lt/s) \1 vertlcaiJnllow (lt/s) 
lateral veloc1ty (lt/s) n rotor speed (rd/s) 
vertical veloc1ty (lt/s) o eng1ne Iorque (lbl.ft) 
roll rate (rd/s) a,. longitudmalllapping angle (rd) 
pitch rate (rd/s) bt. lateralllapping angle (rd) 
yaw rate (rdls) x, longitudinal lead-lag 
roll angle (rd) Xz longitudinal lead· lag 
pitch angle (rd) y, laterallead·lag 
yaw angle (rd) Y2 lateral load·lag 

Table 2 Plant input descrlption and actuator rate/amplitude saturations 

Input Descriptlon 
B.a1 lateral cyclic (ln) 
&o., longitudinal cyclic (ln) 
~ tail rotor collective (in) 
lico. vertical collecllve (in) 
w, fuel flow (lbls) 

Actuator Rate Sal. 
24.0 (in/s) 
20.0 (in/s) 
20.0 (1n/S) 
20.0 (inls) 
2.0 (lbls~ 

Actuator Ampl. Sal. 
6.0 (ln) 
S.O(in) 
S.O(in) 
S.O(in) 

0.5 (lbls) 

The 1-ingular value plot of thc linearited helicoptcr model is shown in figure 3, where each curve 
corrcsponds to one singular valuc of GU(I))Kx~ as a function of (1). This figure shows Ulat lhe plant is 
almost singular at low frequencies, sincc thcre's a considerable diffcrencc in magnitude between the 
largest and lowest singular values ( 'Qh = f04 ). The design implicarion of thi:. fact is that any attcmpt lo 
provi de compensation at low frcqucncy by inverting the planl (LQGIL TR. loop-shaping) may lead to 
crroncous results (Yue and Postlctllwaitc, 1990). 

Table 2 also provides the maximum actualor rate and amplitude a:.sociated to each of thc five 
contro1 inputs. Tbe 11-syntllesis design musl take Ulese values into account if acceptable pcrforrnance 
and stabi1ity propenies are requircd. 

Performance Requirements 

Thc specifications outlined in this scction concem Levei I lland1ing Qualities (Sun and Clarke. 
1994) andare related to: helieoptcr rcsponse modes in each of thc four input channels (vertical velocity, 
yaw rate, roll and pitch angles); disturbance attenuaóon; cross-coupling effects: actuators rate a.nd 
amplitude saturation Limits; robustncs~> lo un-modelled dynamics and parametcr uncertainty; main rotor 
spccd regulation: maximum cngine torque excursion duc to power li rnitations (ProuLy, 1990). 
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Frequency (rd/s) 

Fig. 3 Singular value plot of uncompensated helicopter at the hover 
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The helicopter response modes are formulated as a series of transfer functions rclating pilot inputs 
and vehicle response. Th.rougb assessment of rotorcraft mission objectives, handling qualities 
specifications for three response lypcs bave been developed (Sun and Clarke, 1994): 

1. ACAH (Attitude Command wilh Attitude Hold): "A control input results in a proportional 
attitudc displacement, for hover and low speed operations in conditions of degraded visual 
cuc.ing." 

2. RC (Rate Command): "Angular velocitics about the vehicle roll, pitch or yaw axes are 
proportional to control inputs, for fully auenti ve operations in cond.ilions of good visual 
cueing." 

3. TRCPH (Translational Rate Command with Position Hold): "A constant control input must 
produce a constant translalional rate, and tbe rotorcraft must hold position i.f the control input 
is zero. The mode is required for prccision hovering tasks and for achieving Levei 1 Handling 
Qualitics in NOE (nap-of-the-earlb) mancuvers in fair-to-poor visual cucing cnvironments." 

For ACAH, the roll attitude and Lhe pitch attitude are of great irnportance. Desired transfer 
functions are: 

Roll: _4'_ 
tp cmd 

ú), 
2 

( l J) 

Pitch: 
o 

(~ """' 2 2 
s +Z?;owo s+wo 

(12) 
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where typical values for the natural frequency (I); and lhe damping Ç; that will satisfy Levei I HQ 
rcquircmcnts are (I);== 2.071 rd/s and Ç.; == 0.707. 

For RC and TRCPH, lhe desired transfer functions for vertical velocity and yaw rate are: 

Vertical Velocity: 
w 2 

( 13) 

Yaw Rate: 
r 2 

(14) 
f ('11ul S + 2 

Additionally: 
• Tbe steady-state en·or must be less than 0.1% in each channel; 
• Disturbance attenuation must be grcater than 40 dB at tbe frequcncy range O< ro < 0.43 rd/s: 
• Roll-to-pitch and pitch-to-roll couplings must be less than 25%; 
• Tbc stcady-statc en·or must be less than 1%: 
• The maximum excursion speed of lhe rotor must be less than I rd/s; 
• The maximum engine lorque excursion musl be less than 200 lbf.fl. 

Uncertainty Models 

Ali of thc unccrtainty in modelling the helicopter is captured into thc normalizcd, unknown transfer 
l'unction Jc; . uscd to paran1etrize the evenlltaJ differences between tbc nominal modc1 G 0(s) and thc 
actual behavior of lhe real hclicoptcr. denotcd by G(s). 

G(s)= G0 (sJ[l 5 +.3'c W111 ] , 4;stable, 1Pd~5 ' (15) 

Thc unccrtainly wcight Wm is of thc form W no(s) == Wm(s)l5, for a particular scalar valued funclion 
wm(s). 

s+l 
W111 ( s )=0.5---15 

s +IOO 

Hence the sct of plants represented by this unccrtainty weight is: 

(16) 

( 17) 

This particular cboicc for w ... shows that there are potcntially 0,5% of modeUing error at low 
frequenc ies. This percentage tends lo be increased up lo 50% al higher frequencies. The magnitude of 
these modelling etTor percentages indicates tbar lhe unstructured uncertainty model is a high-pass fiJter, 
which is a typicaJ feature of aerospace control systems (Sun and Clarke, 1994; Jardim. 1997). 

The major source of structured uncertai.nty in the helicopter model is in the stability dcrivatives. 
Thesc paramctcrs were idcntificd by a frequency-rcsponsc-crror method (ClFER) and therefore some 
levei o f uncertainty due to Lhe inaccuracy of this numerical metbod still remains. Given lhe Cramer-Rao 
bound and insensilivity associaled to the identification of each stability derivalive, ir is possible lo 
verify that lhe more significant leveis of parametric uncertainty are in derivatives Zp, Nu and N,. 
(Fletcher. 1995). The nominal values, positions in the stabili ty matrix A of lhe opcn-loop dynamics 
model and amount of uncertainty associated to these parameters are shown in Table 3. 

Table 3 Uncertainties on elements a1J ot the stabillty matrix A 

Derlvative Position Nominal V alue Uncertainty 

Zp 3,4 ·2.495 0.8856 
N,. 6,1 and 11 ,1 ·0 .01260 4.1 31e-3 

x_Nu 10,1 ·0.0174 5.705e-3 
Nv 6.2 and 11 .2 9.6819·3 4.095e-3 

XNv 10,2 0.0134 5.655e-3 
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Autopilot Design 

The autopilot design concerns the synthesis of a controllcr for thc rigid body dynamics as .shown in 
the outer-loop of lhe diagram in l'igure 2. Therefore, the helicoptcr modcl should be partitioned. Only 
the first 9 states will be considered as the rigid body modes, whereas the remaining are considercd as 
perturbations from the rotor/engine dynamics. 

Thcre are thrcc basic sourccs of exogenou~ signals in the autopilot design: perturbations from the 
rotor/engine dynamics. conunand signals and wind gusts. 

Tbe perturbations from thc rotor/cngine dynamics are modelled according to expression (7). The 
command siguais are provided by the pilo! and/or the guidance law andare modelled similarly as: 

Ycmd = Wcmd 1lcmd, li Tlcmd IlM 5{ f (18) 

where 

W.:md = diag { W cmd.w; Wcmd,r; W cond,<i'; Won>d.tl} = diag { 5.0; 0.2; 0.2; 0.2 }. (19) 

The wind gusts are naturally represented by stochastic signals and can be incorporatcd into the IJ· 
synthesis design by introducing thc vector d =/d" d. d.,. (~' into Lhe helicopter model force and 
moment equations. They have the effect of modifying the translational vclocilies by a quantity "d;" at 

each integration path of lhe cquations of motion. ln lhe I-1 framework, such signals are modeUed as the 
unit ball in U[O. =) filtered by a problem dcpcndent weighting function that shape rheir spectral 
content. ln this example, the vector d is properly modelled as (PcgoUo, 1996): 

(20) 

where 

_ . f.., • • r }- . { 0.0043 . 0.043 . 0.043 } W., -dcagpVgu·W~v·~•rw -dtag ---,---,--- . 
" -· -· .,. s+0.43 s+0.43 s+0.43 

(21) 

Therc are severa I variables which are to be kept "small" in the face of those exogenous signals: 
Control signals leveis: The control signals amplitude and rate should rcmain bclow certain limits lo 

avoid actuator saturations. This can bc cffcctively done by introducing lhe penalty weight W.: 

(22) 

where 

W = d' { 0.5s . 0.5s . 0.5s . O.Ss } 
u wg , . . . 

s+20 s +20 s+20 s+20 
(23) 

The first-order highpass filters with a cutoff frequency of 20 rd/s were introduced tQ limit lhe 
magnitudes of poles of tbe controllcr. in ordcr tbat any digital implementation of it would not be an 
issue. 

• Tracking erwrs: The u·acking enors are defined as lhe difference between lhe aircraft actual 
and ideal responses to each of the four command signals. They are weighted according to: 

(24) 

wherc 

(25) 
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Thc wcighting function W, is selected to ensure good lracking accuracy in each of the controlled 
outputs w, r,$ ande. This can be accomplishcd (Yuc and Postlethwaite, 1990; Balas et ai .. 1994) by 
using high-gain lowpass fil!ers to ensure good tracking, disturbancc attenuation and dccoupling 
properties. The design weight W, can be chosen as: 

We =diagf s+12 : s+12 : s+40: s+40} 
ls+U.012 s +O.UJ2 s +U.04 s+0.04 

(26) 

Fictitious sensor noises were inlroduced into lhe problcm to make matrix D11 full row rank (Glover 
and Doyle. 1988). Tn this example, the sensor noises are modcllcd similarly as the wind gusts, wirh a 
diagonal weight equal LO I 0'4T7. The controllcr has 11 inputs and 4 outputs, and the block diagonal 
~tructurc Li can be expressed as: 

(27) 

Propulslon System Design 

The propulsion systcm dcsign concerns the synthesis of a controller for lhe mtor/enginc dynamics 
as shown in lhe inner-loop of the diagram in Fig. 2. The Jast 9 states related to rotor vertical inflow, 
regressing flap, lead-lag, RPM and enginc torque are the dynamic modes, whereas lhe remaining are 
pcrturbations from lhe rigid body dynamics. 

Thcrc are two basie sources of exogenous siguais in lhe propulsion system design: perturbations 
from the rigid body dynamies (wH) and perlurbations from the autopilot dynan1ics (8E). These 
penurbalions can be mathematically described by exprcssions (8) and (9), where the weighting 
funetions WR and W6 should be iteratively ch<mged during lhe design unlil a salisfactory solution is 
fonnd. Funher detai Is about lhis iteration eould be found in (Jardim, 1997). 

Tn the propulsion systcm dcsign, thc so-caUed "performance variables" are: 
• Conlrol signal levei: The amplitude and rate of the fuel flow should remain below lhe limits 

imposed by table 2 lO avoid actuator saturalions in face of the exogenous signals. Similarly to 
the autopilot design case, this can be effectively done by introdueing the penalty weight W,: 

Zu: Wu H't (28) 

where 

w = __!!!!___ 
u s+20 

(29) 

• Output excursion levei: ln order to limil the output excursions from the corresponding nominal 
values according to lhe design spccifieations. it is necessary to introduee the weighting 
funclion WP whieh can be defined as: 

Z11 = ~>."1: = ~~ W t (30) 

whcre 

W _ d' { 0.02 ·o _ s + 1 . o.o1 . 20 . 20 } 
1(s) - wg --, .) ,--,--,-- . 
I s + 2 s + OJJ05 s + 2 s + 2 s + 2 

(31) 

A fictitious sensor noise was introduced inlo lhe rotor spced ({.l) output ehannel to make mabix D21 
Cu!l row rank. where rhe noise weighting function magniwdc is lhe same as in thc autopilot design case 
( I o·~). Thc controller has 2 inputs and I output, and thc block-diagonal structure Li ean be expressed 
as: 
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(32) 

DK lteratlon and Control Systems lntegrated Design 

This scction presents the rcsuhs of lhe D-K iteration 11pplied lo lhe intcgratcd design of 
tlight/propulsion conLrol systems for the UH-60 he licopter. The proccdure previously dcscribcd 
converged when: 

W . ..(.. } . { 10 0.5 20 0.05 0.05} 
E = dta!JlWv :Wi1:WQ:W"1 :Wb1 = dtag --:-- ;--;--;-­

s r s+l ,ç+ J s+l s+l s+l 

W R = diag~, :W,.:W,..:W1,:Wq ;W, }= diag{_!!!_:_!!!_:_!!!_: 0.2;0.2;0.2} 
s+2 s+2 s+2 

W6 = diag {w1111 : W1011 : Wped : W('/)1 }= diag {6.0:0.06; 1.0; 0.6} 

(33) 

(34) 

(35) 

The D-K iteration summary is presenteei in Tables 4 and 5 for thc autopi lot and propulsion system 
designs, rcspectively. Il can be seco lhat bolh closed-Joop subsystems achieve robust pcrformance, since 
the corresponding cost functions are lcss lhan I. 

Table 4 D-K iteration summary for autopilot design 

lteration 1 2 3 
Controller order 39 53 53 
Total D-scale arder o 14 14 

Ymax 5.0 1.249 1.006 
Ymin 0.6 0 .6 0.6 
to I 0.1 0.01 0.01 
Yopb!'oal 1.3562 0.9543 0.9400 
IIQ(PA, K")ll1, 1.221 0.953 0.9400 

Table 5 0 -K iteratlon summary for propulslon system design 

lleration 
Controller arder 
Total D-scale arder 
y,.,.. 

Ym1n 
tol 
Y<>Ptimal 

IIQ(PE, Ke)ll1, 

Analysis of the Controllers 

2 
24 42 
o 18 
5.0 1.340 
0.6 0.6 
0.1 0.01 
3.3156 1.3205 
1.279 0.899 

The design proccss leads lo high order controllcrs, which is a typical fcature of )1-synthesis design. 
The frequency responses of the autopilot and propulsion systcm, which have 53 and 42 statcs, 
rcspcctivcly, are shown in Figs. 4 and 5. lt can be seen tbat they have high gain at low frcquency, for 
good tracking. and low gain at high frcquency. for robusmess. 

Figure 6 presents the plot of f.I J [Q 11 (P, K)) versus frequency in the inlegrated case. Thc system 
achieve~ robust stability to unstructured anel structurcd uncertainties, since thc corresponding ~t-norm is 

lcss than I. 
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The wind gust disturbance atteuuaúon can be se.en in Fig. 7. which compares Lhe open and closed­

loop disturbance to output transfer funclions. ln Lhis figure, llcr[We(j<v)] is also shown to illustrate 

how the value of W,.(s) was chosen. 
Thc closed-loop lracking relates the helicopler rcsponsc to the pilot input commands. (Sun and 

Clarke, 1994) presenl the dcsircd transfer functions that relate Lhe aircraf1 vertical velocity, yaw rate, 
rol! and piLch altitude responscs lo vcttical collective. ta.il rotor collective. lateral and longitudinal cyclic 
inputs, respectively. Thc most important and significam results are demonslraled in Figs. 8-11, wherc 
the transfer functi ons in lhe four input channels of interesr are presenteei and compared with lhe 
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desired handling qualilies speciftcations in transfer function fom1. Tbese figures show that tbe !l­
synthcsis dcsign metbod produces a closed-loop system that achicves acceptable handling quality 
tracking properties, although it is possible to view some distortion in tbe yaw rate response (Fig. 9). 
Such a distortion is probably caused by the effect of the rotor lead-lag dynamics which responds at 
about 20 rd/s (Fletcher, 1995). 
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ln ordcr to evaluatc the proposed comroller, a general simulation using the helicopter lincarized 
model presented by (Fletcher, 1995) was developed and cmbcddcd within lhe ©MATLAB-based 
©SIMULINK environment. ln this matmer, both linear and parlial nonlinear ilight simulations of thc 
helicopter were carried out effectivcly and conveniently. The helicopter model, sensor dynamics <md the 
conlrollers are loaded di.rectly from a ©MATLAB illc in malrix forrn. Aclualor dynamics and relevant 
non-lineadties are propcrly modelled. The nominal rnodel, worst-case unstructured uncertainty 
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and significant changes in the ai rcraft response profiles due to stability derivativo variations (Zp, Nu and 
N,.) wcrc simulatcd. Wind gusts (1lg) were considered as band limited white noises wilh z,ero mean, 
ullitary variance and sampled at every 0.5 s. As expected, an accurate decoupling control effect was 
obtained. The integrated contrai system also exhibi ted good robus toess to un-modcllcd sensor dynamics 
(even tbougbt they wcrc not included in the original nominal plant description). 
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Fig. 10 Roll altitude handling qualities matching for the integrated system 
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199 J. of the Braz. Soe. Mechanical Sciences - Vol. 21. June 1999 

Conclusions 

This work presents a straightforward and systematic methodology for tbc design of a robust 
flight/propulsion control system for a typical bigb performance singlc-main-rotor belicopter. The j.i­
syuthesis approach is used, since ii is a powerful design tool to account for structured variations in the 
plant dynamícs. ln this particular example, it incorporates a model-following approach to acbieve the 
handling quality specifications and improve tbe aircraft robustness to un-modelled dynamics and 
parameter unccrtaintics. The cnd result is a closed-Ioop system that simultaneously salisfics critcria of 
robustness and dcsigu perfonnance. 

However, lhe jl-Synthesis design method usually lcads to higb order controllers. Thus, controller 
model reduction is required in order lo reduce lhe complcxily of thc tlight/propulsion control systems. 
This could be effeclively done, for example, by balancing and tnmcating the small Hankel singular 
values (Jardim, 1997). 

Furthcrmorc. as a suggestion for future works. after the requirements for a continuous-timc control 
law are satisticd, a djscrete-time version for implementalion in an onboard computcr should bc designed 
such that tbc resulting sampled-data system retains lhe required robustness and pcrformance. 
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Abstract 
A model desif:ned fi'r the rm•dktitm of hew and nw.l's tran.ifer effect.< in lhe bmmdaty fayer of a rea1:1ing coa! 
ptll'lirfe was extended lo aualyze the lreJU/; <1S the pressure is increa.ved we/1 e~!J1we atmospheric corulitions. The 
oxida1ion of volati!e :,.pecies in the boundary layer is based on a two .wep meclwnism where the dependence 1~( she 
j7ame speed m1 fJre.\'Sure is accuunled for. The mode f wa.,· able to porfie/e lemperarure in a hroad range o.f gas 
t·mnposilion tmd pre.rsure as we/1 asjue/1ype. 
Keywords: Coai Combtwion, Clwr Combus1ion. Pressuri?.ed Comlmslion. Combusfion Modeling. 

lntroduction 
The field of pressurizcd coai combustion has gained great attention recently. The aim is mainly to 

improve thennal effic:iency and reduce gas emissions. With prcssurization, a 50% fuel energy recover 
can be attained using combined power cyclcs. against 38%, in avcragc, without pressurization. 
Furthem1ore, a reduction in Lhe s ize of Lhe furnaces can a lso bc accomplished. 

Combustion of pulverized coai can be divided in four processes: particle beating, coai thermal 
degradation, homogeneous reactions in the boundary layer, and heterogeneous reactions at lhe walls of 
lhe porous nctwork of the rcmaining char, as well as at the outer surface. Ali of these processes can 
somewhat occur distinctly in time or overlap to some extent. A numerical model, which simulates Lhe 
buming of single coai particles. must rely on experimental paramctcrs from aJJ the processes cited 
above in order to dose the mathematical formulation. Therefore, to simulatc ali thc stcps, experimental 
parameters for devolatilization. usually taken under inert reactor atmosphcrcs, and char oxidation data 
from a wide range of reactor pressures and temperatures ought lo be providcd. Por hydrocarbon 
reacLions, data from atmosphcric conditions give reasonable results as a first approximations lo solve 
such a complex pheuomenon. NeverU1eless, modeling validation wilJ be supported onJy by experiments 
laking place i.n a well controlled reactor atmosphcrc, in which the burning of the patricles wiJI be closer 
to a real situation. 

l11vestigators have already studied the effecl of increasing pressure on lhe producl yiclds from 
pyrolysis of coai (Anthony. 1976; Griffin,l994). There seems to have a common obscrvation, 
experimcntally and theoretically, about the reduction in the total yields due to secondary reactions in the 
coai voids and pores (James, 1976). Mass transfcr effects in the coai matrix were inferred as lhe reason 
why more char is fonned. Since the escape of volatilcs ln rcduccd duc to pressure effects, the more 
reactive compounds (tar) have an extra lime insidc thc coa] porous stmcture to undergo secondary 
deposition reactions. 

Thc overa!J behavior of combustion of pulvelized coal particles under pressurc has beco studicd 
(Monson el ai , 1995; Mühlen, 1995). It has been shown that. to a less or greater extent, pressure alters 
lhe ignilion, temperature, and rcactivity of coai particles. Up to 10 atm and 20 ~m particle diarneter lhe 
pressure effects on volati les yields can be assumcd o.f littlc importance. As the particle size and externa! 
pressure increase, Lhe escape rale of volatiles becomcs a competitiou bctwecn thc internal transport and 
1 Currently at Laboratório Associado de Combustão e Propulsão. Instituto Nacional de Pesquisas Espaciais. 12630-
000, Cachoeira Paulista, SP. Brazil. 

Manvscript received: May 1997: revision received: October 1998. Technica/ Editor: Angela Ovrívio Nieckele. 



201 J. of lhe Braz. Soe. Mechanical Sciences · Vol. 21. June 1999 

the secondary deposilion reactions. For pulverized coai combuslion, lhe devolalilizalion lime is lhought 
to bc onc order of magnit11de smaJier tban char oxidalion. As a consequence. surface reacrion 
parametcrs for pressurizcd conditions must also be sought for proper modeling on char oxidation. 
Monson et al (1995) have performed many char oxidation experimenls at atmospheric and elevaled 
pressures allowing dctcrmination of global reaction rate coefficients which can be applied to coai 
combuslion. The lemperature range, in lhcir cxpcrimcnls. comprisc~ wcll those found in actual 
pulverized coai combustors. 

The Combustion and Convcrsion Tcchnology Research Group at the Tcchnical Research Centre of 
Finland (VTI/Energy) has done studies of pulverizcd particlc combusliotl and gasification in a 
pressurized entrained-flow reactor (PEF). The maximum operating temperalure of the PEF is 1673 K 
and pressures as high as 2 MPa can be reached. Thc PEF is ablc to pcrform cxpcrimcnts uudcr high 
precision controlled operating condilions. The resulls from a set of tcsts are uscd in Lhis work, for modcl 
validation. Particlc tcmpcraturc and 90% burnout times are employed for comparison, since gas 
coruposition and temperature distribution in the boundary layer of a burning particle are still a challenge 
to bc dcterm.ined experimentally. 

We presenl in this work a numcrica] ruodcl, novcl in many aspects, whích gives a good insight of 
the most imponant physical aud cheruical processes cncountcrcd in pulvcrizcd coai combustion. Thc 
model is fully transicnl and may Lrcat particles of any sizc under a widc range of combustion conditions. 
Musarra et ai ( 1986) presented a numerical model to describe heat and mass transfcr in thc vicínity of a 
single reacting cal particle in an atmospheric em~ronmenl. The modcl is two dimensional, but one­
dimcnsional simulations have shown meaningful results at low particle Reynolds numbers. TI1e 
predictions were restricted to atmosphelic pressure. Aho el ai. ( 1995) have investigaled the cffccls of 
prcssurc. oxygcn partial pressure and temperature on lhe formation of N20. NO and NO, from 
pulverized coai. A rcduction in NO cmissions was idcntificd as the reactor pressure was increased. 
Saastan10incn ct ai. (I 996) presented a lheoretical and experimental study on pressurized pulverized 
fuel combustion in differcnt conccnlration of oxygen and carbon dioxide. The experiments were 
perforn1ed in lhe PEF reactor menLioned above. Their theorelical analysis cnvered the hcal and mass 
lransfer effects under pressure and, more importantly, lhe initial heating stage of a particle. Their rcsults 
agreed well. in some cases, wilh experimental data from lhe PEF reactor. 

-- Nomenclature 
Ap partícle externa I area (m') Mo = particle initiat mass (kg) ex volatile mass fraction 

Ac CO!C02 apparent freqvency m"= mass ttow rate per vnit area particte emissivity 
factor (kg m·' s·'l I. therm~l C?,nductivity 

B, pre·exponential factor for NS number of species (Wm· K') 
pyrolysis (s-') P, partia! pressure of species I f.l dynamic viscosity (kg m·• s·') 

a, coefficient p pressure (MPa) p density (kg m·'l 
Cg specific heat of gas (J kg'' K'') R partlcle initiat diameter (m) Pv underwaded part of coai 
Cp specific heat of particle (J kg·· R, gas constant (Jkmor' K' 1

) 
(kg m) 

1\') 
distance lrom particle center cr Stefan-Boltzmann constant 

Dl\m= binary diffusivity of specie k (5.67 x 1o·• W m·• Km'') 
into lhe mixture (m' s·') (m) 

SR 'V fraction of CO/CO, production 
E activation energy (J kmor') total number of heterogeneous 

reactions 
E r. COIC02 activation energy s" particle surface reactivity (kg Subscripts (J Kmor') m·~s') 

1 votatile 1 GR total number of homogeneous s rate of combustion of char reactions (carbon) (kg s· ') 2 volatile 2 

h, heat of reaction I time (s) c surtace heterogeneous 
(homogeneous) (J kg' ') reaction 

hri heat of reaction T temperatura (K) g gas 
(homogeneous) (J kg 1

) u velocity (m s .. ) 
p particle 

h v pyrotysis heat of reaclion v volume or volatile s surface (J kg) w molecular weight (kg kmor') volatiles v k .. ~ rate of pyrolysis (s'') ~v"'= rate of reaction (kg m·' s·') 
kH rale of homogeneous reaction w wall 

(kmol m·' s·' ) 
y mass fraction 
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Mathematical Formulation 

lo ordcr to make tbe problem numerically lreatable, some assumptions have to be made. ln U1c solid 
matrix, the particle temperature is time-dependent and a function of radi<tl position. Thc particlc is 
divided in shells where the local temperature history is used for pyrolysis rcactions. This gives a local 
convcrsioo for thc particle interior. DevolatiJization takes place with decreasing density and escape of 
volatiles i~ assumcd to bc instantancous. Particle swelling is not considered. With no volatile matler. 
burning takcs placc with a sbrinking radius. Nevertheless, as long as oxygen is reaching the particlc 
surface, pyrolysis and char combustion may occur simuJtaneously. Radiation from lhe reactor walls is 
possible in the heat transfer to the panicte. Oxidation of some species (tar) wbicb are precursor of soot 
formation is observed during coai volatiles burning. As pointcd by Cbo et ai. (1995), nonuniform 
mixing and particle dispersion on pulvcrized coai flames ensure that the products of primary 
devolatilization are transformed by secondary pyrolysis beforc thcy burn. Their experiments also 
sbowcd an incrcasc in burning velocities as the extent of secondary pyrolysis increases. Soot fom1ation . 
however, is not accounted in the model. Therefore, soot radíatíon is ncglectcd. No further 
simplifications of major importance were made. 

The foll owing system of cquations is solved along with appropriate initial and boundary 
conditional. For lhe gas phase. conscrvation of mass, specics, cnergy, and momentum and the state 
equation are g iven by 

ilp8 1 a .z 
--+--(1 p u)=O ot r2 or g ' 

(I) 

(2) 

(3) 

- ( p u) + --( r p uu) = -- r J.l - - - , o I () 2 l au ( 2 au ) ap 
Ot I< r2 ar K , 2 ar dr CJr 

(4) 

(5) 

CH,,C.H., O,, CO. CO~, l'hO and N, are the chemical spccies considered in lhis work. However, not ali 
species rates are integrated since the mass fraction of N, is provided by balance. Equations rclatcd to the 
solid fuel are presented next. 

For thc solid pbasc, conversation of total mass and energy is given by 

op" 1 a 2 .• -a- =--;:-a (r m., ), 
t r r 

(6) 

(7) 
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The initial condition& (al l = O) are 

Y( (O. r)= Y'-"' ~~(O, r)= Y~.~~ u(O.r) =O, p(O.r) = Po: 1;/(r), 

Thc boundary conditional at particlc surfacc and l>O are 

T" (O,R) = ~•.11· p( (O.R) = Ppo· 

(1i1~ +li( JY1. (t,R)=[Pg uYk +p11 Dkm ~] , T!!(t,R)=TI'(t,R),p.~ u(l,R)=TÍI;.+,;,;., 
" r=R 

whcrc 

SR VI' d . . • f P, IÍI~ = L, .~; wulm,.= A,. --dV, 
i=l o dr 

( ar" ) ( ar.~ ) " ., ~ . . Àr - . -. =À_~-- + ê6(T,,-T")+ L.,s;h,.; .for re{O.Rl. 
di •·= R dr r=R i = l 

and at the undisturbed 11ow: 

To complete the bóundary equations, symmetry coodition is applied at particle center. 
The heterogeneous reactions are considered to be fast enough to takc placc only at thc patticlc 

surface. Oxygen thus cannot penetrate in tbc char porous structure. Hcncc, lhe partide is impcrmcable 
and thc cquation for thc receding surface is given by 

dr SR " " .,. -p,-= L.,S; 
dt i=/ 

(R) 

The transport coefficients for the gas pbasc are takcn from kinctic thcory of gases. Specifically in 
this work, propetties cakulatcd from the theory of Chapman and Enskog (Chapman and Cowling, 
1939) are employcd. Viscosity, tbcrmal conductivily, binary diffusivity are ali functions of mixlure 
mass fraction, tcmperature or pressure. The specific heat is given as a polynomial function of 
lemperature. The coefficients were taken from the NASA SP-273 computer code (Gordon and McBride. 
1971): 

(9) 

Speci fi e heat and thermal conductívity for thc coai are gívcn by Mcrrick's formulation ( J 983). thal 
is based on the Einstein form of quantum theory. 

Devolatilization Model 
The presenl fonnulation describcs lhe combined phenomena thal tnkes place in the boundary layer 

and lhcir feed-back innuence to the solid fuel parlicle. Devolatilization of coai particles io an oxidizing 
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environmenl may prnceed at different temperature leveis . The presence of a voJatile tlamc in the 
vicinity of a particle undergoing pyrolysis affccts thc particle heating rate and ils Lime-dependem 
tcmperatun.:. Thc devolalili7ation model associated to its kinetics seems to play an importam role in 
su<.:h trcalmcnl. ror moclcling purpose&, lhe devolalilization mechanism must aJso be related to 
composition of lhe volatiles rcleascd by co<tl pyrolysis. This is not a concern when the predictions are 
made on char comhu:-.Lion. A~ poinled by Anlhony anel Howard (1976), thc sequencc of cvolution is 
such that. after drying, water produced by chcnúcal rcaclions is released firsl. followed by carbon 
dioxide, carbon monoxide, higher hydrocarbons (includcd tar). cthanc, mcthanc, <tnd fmaJJy hydrogen. 
This order is not precise anel substantial overlap occurs. For a coai wilh 36.4% volatile mattcr contcnt. 
18.9% of the products appcar as tar (in a mass basis) while lhe lighl gases reach 12.6% of the total 
volaüles rclcascd whcn parti eles are hcaled to J 050 oc ai 1500 °C/s. The composition of light gases in a 
volumetric basis is 20.6% for co. 6.1% for co2 13.1% for H~ 50.3% for CH I anel 9.9% a mixed or 
other spccics. Suubcrg and co-workcrs ( 1979) have studied exlensively lhe product composilions and 
formation kinetics in rapid pyrolysis of pulverized coaJ. In thci.r cxpcrimcnts. CO, CO~ and H20 
dominalcd the lignite volatiles, while lhe main products from bituminous coais are tar and light 
hydrocarbons. Ung..:r and Suuberg ( J 981) developed a model to explain the devolatilization behavior of 
~oftening: coai. ln the cases of softening coaJ, water and CO~ are libcratcd first. prcceding mctaplasl 
fonnation. This metaplast is thc sourcc of tar and gases, including hydrogen. However, lhe mechanism 
of formation of hydrogcn is vcry distinct from thc other gases. Hydrogen is liberated during metaplasl 
repolymerization (char formation). Thcy also obscrvcd that very lillle evolution of H, occurs while tar 
or hydrocarbon gases are bcing cvolved. The evolution of hydrogen starts above IIOOK and the yields 
(in a mass basis) ncvcr cxceeded I%, while lar yields were over 20%. More recent devolatilization 
modcls are baseei on thc phenomcnon of disinlegralion of the coai macromolecular stmcture into 
smallcr volatiles fral;.'l11enls with subsequent reintegration of largcr intcrmcdiatcs into char (Niksa, 
19951. ln this model, called FLASHCHAIN, prcdictions are madc for gas and lar. in the same way of 
thal prnposed hy Granl et ai. ( 1989). named Chcmical Pcrcolation Devolatilization (CPD) Model. ln 
both models. predictions are madc for tar and gases. Gas composition is more diffi<.:ull to predict. at 
least wilh grcal conridcncc. Currcnlly. such models are being employed in comprehensive coai 
combustion codcs. Another widely used moclel to predict volatiles release rates from bit1.1minous and 
lignitc coai whcre lhe coa1'1' chemical diversity was brought to the devolatiJization proccss, was 
introduced by Kobayashi el ai. ( 1976). This model allows prcfcrcntial char formalion at lower 
lemperatum>.. The model consists of two competing Ctrsl ordcr overall reactions, each degrading coai lo 
residual chars (R, and R,) and volatiles (V, and V~) as shown in Fig. I. 

~ 
• Coai 

~ 

Volatile I + char 1 
0- 1 V 1 + (1-a,) char1 

Volatile 2 + char 2 
a2 v2 + (l-0-2) char2 

Fig.1 Schematic of thermal degradation of coai (Kobayashi et ai. , 1976) 

Thc parti ele wcighl lo~s due to lhermal decomposilion is modeled wilh a pair of paraJJel first-order 
in·eversible reactions. The rate equation is 

(lO) 

Thc in~lantancous mass produ<.:lion rale of volatiles is pwporlional to lhe undergradcd prut of the 
coai parti<.: I e p,. The parameters for lhe two compeling reaclion~ are given in Table 1. 
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Table 1 Kinetic torthe Pyrolysís Model (Kobayashi et ai., 1976) 

K, = B, exp(·E, I R.T.) K, = 82 exp(·E2 I RuT0) 

ex,= 0.4 a, = 0.8 
B, = 2x105 (1/s) B2 = 1.3x1 07 (1/s) 

E, = 1 04.6x1 o• (J/kmol) E2 = 167.5x1o• (J/kmol) 

The Reaction Mechanisms 
The mechanisms proposed by Westbrook and Dryer (198 1) are used for the homogeneous reaclions 

in lhe boundary layer. The term bmmdary Jayer refers to the gas layer surrounding the particle, where 
concentrations, temperature and other properties are distinct from the stagnant gas. To use lheir 
mechanisms, the composition of the volatiles released must be known. The devolatil.ization of a coai 
particlc produccs innumerablc compounds ranging from light hydrocarbons to large macromolccules 
(tar), water, CO, C02 and many othcr spccies. ln lhe prescnl work lhe ligbter hydrocarbons are 
rcprescntcd uniqucly by C~. while thc bcavy oncs (tar) by C6H6• Thc mass fractions of volatile 
components are takcn from Anthony and Howard ( 1976). Volatile products (% by weight) contain light 
hydrocarbons, lar, water. CO, and C01• In the flame region. at high temperatures, there is an increase in 
the amounr of free radical species and, more importanrly, in the CO/CO, ratio, with lowers lhe adiabatic 
flame temperature. The detailed chemical kinetics takes such behavior into account at the expense of a 
large number of species being considered. Without increasing substantially the number of equations lo 
bc solved and still giving good results. Westbrook and Dryer (1981) havc discusscd thc propcrties of 
lhe two-stcp rcaction mcchanisms bascd on lhe rcsults from thc detailcd mcchmúsms. Parameters for 
lhe lwü-Slep rcaction mechanisms in which the hydrocarbons oxidize l'irsl to CO followcd by thc 
conversion of COlO C02 are given by: 

kf( 
CO +J02 =>C02. 

k R 
co2 => CO+ f o 2, 

8 106 I r y.o kR4 =l .Ox JO exp( - 167.4x IRT LCOz . 

(Ri) 

(R2) 

(R3) 

(R4) 
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Thc reserve rcactiou (R4) is neccssary in order lo kecp lhe CO/CO, cquilibrium ratio bounded for 
propcr hcal~ of rcaction and dcpcndcncc in l:hc llame rcgion. 

Monson et ai. (1995) presented a global modcl for char oxidation related lo the externa! surfacc arca 
for four different leveis of pressure. This heterogcneous surface reaction for a single spherical parti ele 
in kg/m·s of carbon is 

. • A ( E I R1' ) ,o.' s = exp - r0 2 . 

The values of A andE for different pressures are given in Table 2. 

Table 2 Global Char Reaction Rate Coefficients (Monson et al., 1995) 

Pressure (atm) A (kgfm2 s) (atm)-<l; E (J/kmol) 

17.8 60.21 X 106 

5 0.382 14.24 X 106 

10 0.227 15.90 X 10" 
15 0098 20.51 X 10" 

(li) 

The oxidation reaction atl:he surface of lhe particle may give CO or CO, at differenl amount a~ a 
function of surface particle lemperaturc. Below 1400 K the CO, production is much greater Lhan CO. 
As particlc lempcraturc incrcascs, a shift lcading to improvcmcnts in CO formation is expected, and 
abovc 2200 K CO is Lhe only product. Thc hetcrogcncous rcaction is givcn by 

(R5) 

where. lhe ralio of CO lo C01 fonned by the reaclion R5, is 

( 12) 

The parameter~ Ac and li determined by Monson et ai ( 1995) take lhe v alues 3.0 x I 0' and 251.2 x 
I 0'' J/kmol, resp~::cti vely. CO, gasification is also laken into accounl and lhe paramelers from Bradley et 
ai. ( 19R4) were employed in this work. The heterogeneous reaction is 

(R6) 

Numerical Formulation and Solution Technique 
The set of conservartion equations was discretized through using the method described by Patank:ar 

(1980), resulting in a system of algebraic equations, which were solved in sequence by a Thomas­
algorithm. Nonlinearity and interlinkage are treated by iteration. To improve convergence, an adaptive 
grid generation routinc was includcd. Thc stccp gradicnts and high valucs of tcmpcraturcs, oxygen and 
carbon monoxide concentralions served as a basis the equidislribulion of a positive weighL function 
technique employed for lhe grid poinllocations. The pre:,sure 1em1 in the momenlum equalions broughl 
an additional problem when calculating lhe field from the particle 10 ils boundary. The SlMPLER 
procedure was employed in a staggered grid for the velocity field calculations. The compuler program 
was wriuen in FORTRAN 77 and calculations were canied out with double precision. The program 
runs in a HP-9000 series 700 workstation. When reactions are on the way, the number of itcrations 
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averages from 100 to 1000, for one time step. Total computational time averaged betwecn 5 to 15 
hours. Computatious were carrieel out until 90% of lhe original mass of lhe p<uticle was bumcd. 

The inilial griel is ::;et for lhe elomain of calculation, which consists of thc coai parücle anel its 
bounelary layer. The particle is divided in 20 control volumes (shells) and lhe bouudary laycr in at least 
80 control volumes. 

The stagnant film sunounding lhe particle is thought to bc largc cnough so that particle interaction 
does not occur. lu this, the numerical boundary exteuds to 40 limes the particle radius. This system 
(particlc and its surrounding stagnaut film) is brought to one hol environmenls (reactor tube) which 
gives the boundary conclitions for lhe unclisturbed flow. Temperalure and gas composition for this point 
is kcpl invariant throughout the simulation. 

Results and Discussion 

A set of simulations was carried oul. Two different coais wcrc choscn, one bituminous (coai B), 
with 3 I .9% volati le maller conlenl, anda lcss reactive onc (coai A), <mthracite, with au average of 8.5% 
volatile. A lhird fuel was also invesligaled in order lo check the parametcrs for global heterogeneous 
rcactions: char particles, with initial density o f 820 kg/m\ buming at differenl gas temperaturc aud 
prcssures. Experimenta] results for the three fuel burning under pressurized conditions were availablc 
(coai data from Saastamoincn ct ai 1996, <md char data from Monson et ai, 1995) 

Although lhe C02 partia! prcssure in thc experiments was set to L atm. form the numerical 
simulations half of that value was used. Such a high conccutration in carbon dioxide affects much the 
CO lo CO, ratio in Lhe flame region due lo the reserve reaction R4. Howcver, increasing the pressure of 
the reactor the effect is somewhat diminishecl 

lu Figure 2 the unsteady particle surface temperalw·e is shown along wilh lhe nonnalizcd ovcrall 
mass of Lhe burning particle, as functions of time, for a 160 ~un initial diameter particle of lhe 39.5% 
volatile matter coai, in an environment at 1450 K anel 2 atm. 
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Fig. 2 Surtace temperatura and normalized mass loss of a 80 l-lfT1 bituminous coai particle at 1450 K and 2 
atm reactor gas 0,27 atm 0 2 partia! pressure 

The curve of lhe normalizcd mass has two distinct regions. The first characterizes lhe 
devolatilization phase (decreasing density) which is followcd by a second region (receding surface) 
where mass consumption rate is Jow. ln spile of lhe fact that lhe coal has 31.9% volatile matter. 
dcterm.ined by proximate analysis, a further L5% increase in volatile yield was oblaincd as a 
consequencc of thc hcating rates aud temperature reached by lhe parti ele. 

This trend was obscrved cxpcrimcntally by Kobayashi et al (1976). Tbis enhancemenl in lhe yields 
is favorable on accounl of lhe particle mass consumption rate, since homogeneous reactions are much 
faster than the heterogeneous ones, which resulls in reduced reactor volume requirements for 
combustion. A peak in particle temperature is seen at aboul 32 ms, aftcr escape of volatile has 
tcrm.inated. A this temperature levei, CO is the sole gaseous product at particle suáace. This CO is 
further oxidized dose to particle surface but the he.at generated is not enough lo balance the combined 
conduction-radiation energy losses from the parücle. However, a pseudo sleady ~tale may bc assumed 
for lhe eh ar oxidatiou phase as indicatcd by thc mass curve of Fig. 2. 
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Figure 3 :.hows lhe time dcpcndcnt hi~tory of ga<; mass fraclion at lhe particle surface towards itl> 
bumouttunc. 
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Fig. 3 Mass fraction of different species at surface as a function of time. Condllions are the same of Fig. 2 

Couph:d with fig. 2. this figure g ivcs a good insight of the highly unslcndy combustion bchavior of 
Lhe coai particle bdore char ox.idation prcvaib. Ga.s pha~e ignition takcs placc al nearly 19 ms, 
t.:nnsuming ali oxygen available in lhe immcdiacy of the parti ele. The fonnalion of CO increases as well 
as that of water vapor and CO,. A fraelinn of the heat generated by lhe rcactions raises particle 
temperaturc. thc leftover diffuscs away. Thc mass Oow rates of lighl and hcavy hydroearbons increasc 
sharply. prevcnting oxygen to reaeh the particlc surfacc. Heterogcneous reactions are not possiblc and 
the namc moves away from thc partic.:k 'urface where stoichimctry i~> more favorable for hydrocarbons 
and CO oxidation. By the end of the de\ol:uilitation. lhe tlame is mo\ing back to the part.iclc surface 
and heterogcneoul- reaetions resume, as dep1ctcd by fig. 4. At this point. the part1clc surface reache~> its 
maximum temperature. 

1~ ~----~----~----~--~~--~~--~ 
o 5 10 15 

r/R 

20 25 30 

Fig. 4 Temperatura distrlbutions in lhe boundary layer at different times (ms) 

Figure 4 shows the boundary laycr tcmperalure distribution for the case prcscnlcd in Fig. 2. The 
oxidalion ol volatiles to CO. followed by ihe s lowcr conversion of CO to CO., takes places in a broad 
region. which cxtends 8 particle radii. Su~h bchavior indicates thal a thin llamc approacb for thc 
combustion of volatiles muM be taken with carc. For char oxidation. lhe conversion of CO to co .. i~ 
mcaningfulto 3 partide radii from thc surface. Thi:. rcgion produces almost 80'fl· of cnergy on ace1;unt 
of homogeneous reactions. 

Figure 5 shows a compari~on bctwccn experimental and simulation tcmpera.ture data. The 
parametcrs concerning rcacwr ga1. and thc fuel compositiou cmploycd are listed in Table 3. Thc 
predictcd tempcratures are taken for pyrolysis corresponding to 90t}r humnul. The experimental 
temperaturc data also correspond to approximntely 90% bumout. for which lhe flamc is attachcd to Lhe 
surface of thc parlicle providing a more co_ntidcnl valuc of the particle lempcraturc. Sunulations wcrc 
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perfonncd at· low and clcvatcd prcssures. A reduclion in the particle rcaction rale is cvidenl by 
comparison belweeu cases S and 9, whcrc Lotai prcssure i ~> re::.dm:ed from 8 to 5 atm. al constanL oxygen 
panial pressure, and near lhe sarne gas bulk tempcralurc. Ou thc othcr hand. incre::.asing oxygen partia] 
pressure at constam total pressure greatly improves thc char oxidation rate - cases 2 and 6. Such a 
behavior wa.s observed for ali simulations can·ied out. exccpt whcn thc total pressure was 15 atm. ln this 
case, lhe experimenl providcd parlicle lemperatures ncar 19(X) K while lhe lhcoretical simulation 
produccd 1650 K. as a maximum. at 70% bumouL time. 

b. .1 
2400 • #2 

o o .3 

g X • ll4 

• 115 1- t o 
X 

"' 116 
~ 

1700 X + 

'· • 117 j 
a.. b. . 118 

o 119 

1000 • 1110 

1000 1700 2400 X 1111 

Measured T (K) • lt12 

o 1113 

Fig. 5 Predícted particle temperature, comparison between modelíng and experimental for two different 
coai and char 

Particle's temperature higher than 1900 K for thc I 5 bar case was predicted whcn thc global kinelic 
parameters, for the hctcrogcncous reaclions, given by Hobbs et al . (1993) wcrc cmployed. For coai A 
(anthracite) and coai R (bituminous) Lhe trends werc exaetly thc same. As pressure increases from 5 lo 8 
aun (cases 9 and ):{, r.:speclively) a reduction in parücle tcmpcralurc was obtaincd either experimentally 
or theoretically. The observed increase in the overall rcaction rale, as oxygcn partia! pressure increascs 
(Lhe olhe::.r condilions remaining constant) is a conscquencc o!' U1e::. rasler heterogeneous reactions rates 
leaning lhe syslem more lowards diffusion conlrollcd. The model has a tendeney of giving highcr 
reaction rates than the measurcd ones. Ncvcrthcless. Lhis Lendency is the smne for a broad range of 
reactor's aunosphercs anel fucl sizes and lypes. As a whole. theoretical resull:, are in good agreement 
with experimental oncs, for most of lhe. cases amLiyz.ed. 

Table 3 Parameters for the Cases in Fig. 2. Units: atm and Kelvin. Coai Data Taken from Saastamoinen 
et ai (1996) and Char Data from Monson et ai (1995) 

Case# TF (experimental) P,otaJ P02 T_g,ts Fuel 

1350 15 0.75 987 char 

2 1500 10 0.50 1170 eh ar 

3 1510 8 0.50 1150 coai A 

4 1580 15 1.50 987 char 

5 1610 5 0.50 1150 coai A 

6 1700 10 1.00 1170 char 

7 1705 8 0.50 1150 coai B 

8 1720 8 0.50 1450 coai A 

9 1790 5 0 .50 1450 coai A 

10 1900 15 3.25 987 eh ar 

11 1910 5 1.00 1130 eh ar 

12 2000 10 200 1170 eh ar 

13 2100 5 1.00 1330 char 
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Conclusion 
Thc numerical modcl prcscmcd in this papcr can simulatc prcssurizcd combustion of singlc 1-.olid 

fuel particlc:-. like coai and char. The modcl w<ts ablc to predict thc tcmpcrature of lhe panidc in a hroad 
range nf burning condi tions. Thc ~imulations indicall.:d an increase in p<trticle reaction rate when Q , 
par11al pre1-.sure was incrcascd. 1-t:eping the othcr properties con~tanl . For pressuriz.cd condilions. 
impro-vemcms m the hunung are attained hy virwc of the fast CO oxidation in lhe boundary laycr. 
Furthc:r mcrcase in 0- conccntralion did not improve thc rcac.:lion rates at thc cxpectc:d proport10n. A 
tendenc) towards diffusion controllcd proccs-. w<h idcnllficd. Thi ' l>uggest~ the cxil>tence of an ideal 
parriclc si7c for co::rtain furnacc condition. Simulations with the modcl hcrc prcscnted may givc a lirst 
insight in tht: overall bchavior of lhe pressurized burni ng system. Sue h a too I thus avoids th..: nccd nf 
earrying out t:Xpt:n~o.ive expcrim..:nl:-,. 
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Abstract 
I IJic>rmrnrl.l 111'1<' fll'ljormed /IJ dt•tt•mmlt' on·m/1/l('a//rarl\/t'r coe(ficiellls 111 tllc fttlllllltiii'II/IIIIIC<' r<'Jilfll1 of30. 45, 
fi(/ mui 'Jfi dcgnn iw.11 ·ele.1 trittngular dt~c/,1, fite rcll/ltx 11'1'1'<' o/1/amed '" apf'/inl/1111/ 11( tlw ww/og1· heAreen ltl'al 
o11d 111<1.\,1 lltlll\/1'1 111 t'IIII.Junction cnth tlw ll<lflhtlwlelll! suhlillwlltm lt!rlmique. 111 111 nmlmwt• "ith t/11• ww/og1 . tlw 
t'.\f'l'llllll'llllll colui11inn.1 1imulutcd 11 ht:tl/ lrtlll,\/1'1 .1111111/111/1 c'iwmcleri:.ed i>y .lilllllflllllt11JII\ tft•t•t•loping •ll'efudty wul 
ll'lllfJ<'rtl/1111' j/t•ldl 111 w1 i.IO.\r't•lt•' lrtllllglllcll tfud ll'ilh i,l(liherma/ ftlleral 11 tdf., mui m/iabwu· hme. 'f'il<' 

lllfi/IS/1/'t'llll' lll.\ 11'1'/'t' pe1:timued Júr Reynolds 11/lllllwr.~ Hlllf.llllg frow 100 10 Jti()() cmd 11 1hwt ln1gth to hydraulit· 
dil1me1N mtio }rn111 2 111 -10. ln tfti, lllatllll'r. ti lo11~ !'IIII~<' ~~r r/te dimensionlc.\S 1/I'I'IIIIIWi,H· n"'nlinale ntl1ws 1rct,1 

Cri\ ererl, intl/1/ltllg the neighbor!wtu.l t(/ t'l/llt/11< ,. ll'gÍmr. Crm·e1itríntt l'lfiiCiflllll\ III' fi' prodllt ed, prm·rcling tile 
Sill'rii'OOtf 1/lllllln·r 11.1 a jimctiu11 o} thc Gmt'!~ 1111111/wr. t. \lt'IISÍon ol the rl'su/11 .for otht'l llfll'X cmg/e.1, ,,·itilin iltl' 20 
I()(/ tfc~/l'/'\ IWIJ?I', IIII\ llf.w fiii.HÍhlt'. 
11 itlt thc rmalog1 ht•fll 1'1'11 Item mui mm.• Jrrm'.fá, 1Ímilar u,rreJatimrs 1\'l'rt' fU'tll 1dr·djilr tlu· rmn·spondirll/ Nu\\elt 
numlwr I lu· trwngular duct .f~t'ometn jiml' llf'{llil'llllll/1 111 lh<' cmupar·t lwat t•\dlllll~u tlt·,iell such as .wlur 
'ollc< ton 11·irlr rmmgulw ccti'Í/Íl'' jin· dirat <III lwatmg. 
Keyw11rd.1 · I le111 tmtl .lftJ .\\ Trm1'if(•r Analog1, nw·t Flmt·. I ~llllllltlr Cntrtmt ,. Rr·xu•n 

lntroduction 
Thc noncircular duct gcomctry is commonly cmployed i11 engineering application~. ~uch a~ cQmpact 

heal cxchnngers, .~olar t.:ollectors and othcrs. ln particular, triangular ducls are vcry suitable for Lhe 
construction of compact conjuucts. A survcy of thc availablc published !itcraturc on thc heat transfer 
charactcristics of triangular du~:ts rcvcab :l great lack of information about developing laminar tlows. 

Sparrow anel Haji-Sheikh ( 1965) rcpor1ed analytical rcsults for laminar full y dcvclopeel beat trnnsfer 
in i~o~celes triangular ducts for a large rnnge of apex nngles. Thc thcrmnl boundary condition was 
constant heat !lux at the trinngle wall:.. ln addtlion. pressure drop coefTictcnt:. wcrc presented 

Schmidt and Newell ( 1967) ga"e rcsult:. that can be applíed to hurunar tlows. Severa I thermaJ 
boundary conditions were consídered. Ali thc srtuations were concemeel wrth fully de\elopêd tlow~. 

One of Lhe most exlensive sets of re~ult~ ín noncircular ducts is lhatuf Shah and London ( 1978). 
Although only laminar tlows wcre sllldied, the situation characterized by undevcloped vclocily nnd 
temperature field~ in triangular ducts wns not presenteei. 

Braga and Saboya ( 1986) presenteei experimental results for laminar heal tran!.fer in lhe entrance 
regiun of <111 isoscelcs triangular duct with apex anglc cqual to 120 degrees, isothermal lateral walls and 
insulated base. Thc experimental conditions wcrc characterized by simultaneous developing of velucily 
anel tempcmlllre ficlds. 

Recently, Braga and Saboya ( 1996) detcrmincd experimental infonnatiou for turhulent beat transfer 
anel prcs~urc drop iu nn intemally linncd equilateral triangular duct. Rcsuhs for unfinned duct wcre also 
reported. 

Thc presem research was undcrtakcn to determine average heat tran~fcr cocfficíenL~ for devcloping 
laminar tlow forced convectíon ín í~o:.c.:cle~> triangular ducL<;. The \elocity and temperature field~ werc 
both de\eloptng. The thermaJ boundary conditwn~ wcre isotbermal lateral wall ~ and adiabatie base. The 
apex angle of the isosccles trinngle a1.sumcd valuc:. of 30. 45. 60 and 90 degrees. Mass trnnsfer 
experimenl~ wcrc pcrformed using the naphthalcnc sublimatiou technique (Mcndcs.l99l ). During the 
cxperiment~ thc tlnw Reynolds number was varied from 100 to 1800 aud the duct length to hydraulic 
diameter ratio from 2 to 40. That allowcd a long range of thc dimensronless strcamwisc coordinate 
v alues to be covered, including lhe ncighborhood of emrance region. 

Manuscnpt rece1ved. July 1998: revisíon received. November 1998. Technical Editor. Angeta Ourivío Nieckele. 
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For thc thermal boundary conditions of the prcscnt experimental work. Schmidt and Newell ( 1967) 
gaYe thc \alue:,. of the overall hcat tran~fcr codficienL~. as function of lhe apex angle, for fully 
developcd velocity and temperature tit:ld:,. A~ it will be seen !ater. these valuc~ will bc useful to the 
objecti\c~ of lhl! presem rcsearch. 

The experimental method employed in this work make~ use of lhe analogy between heat and mass 
transfcr in conjunction with Lhe naphthalcnc sublimation lechniquc. Thc ovcrall heat lransfer 
cocfficicms may he inferrcd from mass Lran~fer experiments in wbich overall mas:- transfer cocfficicnts 
are mcasured. Saboya and Sparrow ( 1974, 1976) showed Lha! such technique is a vcry succcssful and 
powcrful too!. lt results from castiug ~olid naphthalcnc plates in the form of lhe duct or t1ow cbannel. 
The naphthalcne plates simulatc isothcrmal walls whik a mctallic sbcet simulates an adiabatic wall. 

Duc to lhe airtlow through the duct. naphthalene 1.ublimation occurs. The ovcrall mass transfer rales 
are dett:mlincd by weighing lhe naphthalcnc pieces before and after a data run and measuring the 
duralion ümc of the data run. Thc air mass flow rate (dischargc) is also monitored. The nexl step is to 
calculate the avemge Sherwood numht:r and thc Gractz number that characteri;res thc data ruo. The 
objecthe is to produce curve-firting equation~ provtding the Sherwood number al> function of the Graelz 
number. The Shcrwood number is analogous to thc Nusselt number of lhe hcat transfer problem. 
Extension of lhe.: rcsults for other apex anglcs, wilhin thc 20-JOO degrees range, could also be done. 

Experimental Procedure and Test Apparatus 
Figure I shnws a schematic of lhe tesl section arrangemcnt used for the expt~rimcnLs of the prcscnt 

work, whcre: 
a Buffer 
b l~oscl!lcs triangular duct with a mctallic hase and two naphthalene lateral wall~ 
c Plcnu 111 chamht:r 
d Pre~:-urc tap~ 
e Calihratcd rotameter to measure ai r ma.;:, flow rate 
f Vahe to controlthe air flow 
g Cut-off vah·c to stop the air flow 
h By-pasl> valvc 

Blower 

i 
Fig. 1 View of the Test Section Used in the Experiments 

A~ ~hown in Fig. I, air from the laboratory room is suctioned through thc triangular duet (analogous 
system) in <til opcn-loop tlow circuit. Upon lr•tvcrsing lhe naphthalcne chaunel, lhe air passes 
successively Lhrough a plcnum chamber. a calihntled rotamcter, two valves. the blowcr, and is frnally 
discharged to thc almospherc. The by-pass valve in 1-lig. I is uscd to avoid hcating Lhe blower at low ai r 
ma.\s llow rates. 

The flow circuil is operated in Lhe ~ut:lion modc with the analogous systcm locatcd at the upstream 
end of lhe Ctrcuit. This arrangemcnt preveniS the tlowing air from heating and lubricating oil 
contaminatwn. before it reache!> the naphthalenc plalcs. 

To employ thc naphthalcne subhmation technique, platcs of this material were fabricated by using a 
casting proc~durt!. The mold~ uscd in thc casting proce~!. con:,isted of severa! aluminum pieccs that 
werc asscmbled roge1her. fomüng a cavuy. Molten naphthalene wru. pourcd mto 1he mold cavity and 
allow.:d to solidify. The melting point of naphthalcnc is 353.45 K. After solidification, the molds werc 
di~a>.semblcd to frcc thc naphthalene lo he used in lhe cxperiments. 



213 J. of the Braz. Soe. Mechanical Sclences - Vol. 21. June 1999 

To guarantce purily, commcrcial naphthalene was subrnittcd to a disti llation process. Only pure 
naphthalcnc was uscd iu the experiments. and Lhe pieces nevcr wcrc rcuscd. Contamination might 
modify the naphthalene properties, affccting thc results. 

To makc ccrtain that Lhe ai r entering thc flow c ircuit was free of naphthalene vapor, lhe ex.baustion 
was done to the outside the laboralory room. Ln this situation, the naphthalcnc vapor concentration of 
thc entcring ai r was zero, and did not havc to bc mcasured. 

During thc opcrations of weighing. mounting and dismounling tbc triangular duct, extraneous ma~;s 
losses occur duc to natural convection. Pre liminary runs were pcrformcd and correction factors were 
determmed. ln this way. it was possible to obtain thc correct mass loss due to forced convection. Tbc 
correction nevcr was more than three percent of the total mass loss during thc data run. 

The naphthalene pieces wcrc wcighcd bcfore and after the data run with a high resolution Sartorius 
analyttcal balance. This balance has 200 g capacity and a smaUcst sca1c reading of 0.1 mg. By 
diffcrence. the rnass transferred from thc wall to the airstream wa~ determincd. Typically. a naphthalene 
piecc wcighed 21.0 g and the sub1imed mass was 23.5 mg. The length of the cqual sidcs of the cross­
section of the naphthalene isosceles triangular duct was typically 10.00 mm. Thc lcngth of the 
naphthalcnc channel varied from 13.0 mm to 141.0 mm. 

The duration time of a data ruo wa!. measurcd with a timer capable of discriminating up to O. L 
seconds. Typically, the duration time of a data run was two hours. 

As shown in Fig. I. lhe air mass tlow rate was measured by a calibrated rotameter. Typically, lhe 
expenmental uncertainty of lhe a ir mass flow rate was two percent. 

Thc air tcmperature at the 1aboratory room was sensed by a precision thcrmometer that cou1d be 
read up to 0. 1 ''C. This temperature is also thc tcmpcrature of U1e subliming naphthalcnc walls. 

The atmospherie pressure was determincd by a barometer of mercury co1umn with a smallest scale 
division of O. I mm. The pressure at lhe rotametcr inlct was also measured. A manometcr of column of 
water wilh a 'malle!>l scale division of 0.25 mm was used. 

-- Nomenclature 
A total m~s or heat transfer 

average Nusselt number 
x· Graetz number. 

area. m Nu0 dimensionless 
A. cross seclton are~ of the based on wall to inlet 

trian~ular duct. m temperatura difference. Greek Symbols 
c cons ant defined by dlmensionless 

equation ( 19 ). plll\' partial pressure of ('.( apex semiangle of the 
dimensionless naphthale~e vapor at lhe lsosceles triangular duct. c, co11stant in equation } 1 2~, wall , N / m degree 

c2 constant in equation 12 , Pr Prandtl number, 6T10g logarlthmic mean 
D" hydraulic diameter. m dlmensionless temperatura difference. K 

D,. mass diffusivity of the air- Q,. heat transfer rate, W i.\ [ln logarithmic mean 
concegtration difference. 

naphthalene system. mI s R e Reynolds number, kg / m 

hb = 
dimensionless 11 air dr,namic viscosity. average heat transfer R. ideal ~as constant of kiJ I m.s) 

coeffic1ent. W I (m2 .s) napht alene vapor. v a1~ kinemalic viscosity. 
k thermal conductivity ol the J I (kg.K) m I s 

worktng fiUid, W I (m.K) s lenQth of the ~ual sides of Àb average mass transfer L duct length, m 
M. total naphthalene mass lhe 1sosceles tnangular coefficient. m I s 

sublirned. kg duct cross-section. m p air density, kg 1m3 

Se Schmidt number, 1n,:: total naphthalene mass dimensionless fln I naphthalene vapor 

transle& rate, per unit area. concentrat.ion in lhe air, at 

kg I (m s) Sht, average Sherwood number the duct exit, kg / m3 

I Íia = air mass flow rate based on the togarithmic Pno naphthalene vapor 

mean concentration concentration ln th~ 
(discharge). kg/ s difference. dimensiontess entering ai r, kg I m 

n, exponent in equation ( 12 ). Pnw naphthalene vapor 
dimensionless Slrb.cf :: asymptotic value of Sir h concef)tration at the wall. 

n2 exponent in equation ( 12 ). for fully developed flow. kg I m" 
dimensionless dimensionless 1 duration time of lhe data 

Nub = average Nusselt number 
run, s 

S!J0 average Sherwood number 
based on lhe logarithmic based on watt to inlet 
mean temperatura difference. concentration difference, 
dimenslonless dimensionless 

Nub.tl = asymptotic value of Nub To inlet temperature. K 
Tw wall temperature, K 

for fully developed flow. v air volumetric flow rate, d1mensionless 
m3 / s 
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Data Reduction Procedure 
Thc main objective or thc data reduction proccdure was to obtain thc avcrage Sherwood numbcr as 

function of lhe Gract1 numbcr. Let M11 be lhe Lotai naphthalenc mas~ suhlimed during a data run 
characlcri/.ed hy Lhe llow Graet:t numbcr. A lhe total mas:-: transfcr area (two naphthalcne plate~) anel ·• 
thc duration time of the data run. 

Thcrcforc. the total ma'' transfcr rate per unit arca,//111 • is given hy: 

( l) 

Thc average ma~s transfcr cocfficient. Àb • is dcfincd as: 

(2) 

where l.lp
11 

ts the logarithmic mcm1 concentration difTcrcnce. given hy: 

.1 _ ( P,t,\1 • Pn.u )·( P 11.11 • Pn.t J 
p/1- I [ . )] 

11 I p,._,. · P.t.u !,. ( P,,,, · P,.i 
(3) 

Thc logarithmic mean conccntrntion differencc IS analogow; to thc logarithmic mean tcmpcratme 
diffcrcncc (LMTD). ln Eq. (3). p"·" is lhe naphthnlene vapor conccntrntion a l the wall. p,,, the 
naphlhalcnc vapor conccntmtion in lhe enlering air and Po.t the naphthalcnc vapor conccntration in the 
air nt lhe ducl cxit. ln the present case P11 ,, =o. 

Thc avcrage Sherwood numbcr. Shh. is obtaincd from: 

ÀJ, o, =---
{)m 

(4) 

wherc D1, i~ the hydraulic dimnclcr of lhe isoscclcs triangulnr duct anú D111 lhe mass diffusivily of lhe air­
naphthalcnc system. The hydraulic diameter i~> cletennined from the following cquation: 

0 
_ S sin2a 

11
- l+sina 

(5) 

where S is lhe lcngth of one of thc equal sidcs of the isoscclcs triangular dll(;t cross-section and 2a i~ its 
apex anglc. 

Thc mass diffusivity of naphthalene vapor inlo air is given by: 

D =~ 
"' Se 

(6) 

wht:re Se is lhe Schmidt numbcr and v the air kincmatic viscosity. Sogin ( 1958) rccommended a valuc 
of 2.5 for Se. which was u~ed in this work. The Schmidt numbcr is a11alogous lo lhe Prandtl number of 
lhe heat transfer problcm. 

To obtain thc logarilhmic mean conccnu·ation differencc it is necessary lo calculale the 
conccntrations p,,., and p11.J (p,,, is zero). Thc naphthnlene vapor conccntration in [he ai r, at thc duet cxit, 
is givcn by: 
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(7) 

where V is the air volumctric flow rate, determined by Lbe rotametcr. The naphthalene vapor 
concentralion al thc wall is related to its partia! pressure and tcmperaturc through the ideal gas Jaw. This 
isso becausc the partia] pressure of naphthalene in the air is vcry low. Hence: 

PII.H' 
Pn,w=RT 

n w 
(8) 

ln Equation (8). Pn,.,. is thc partial pressure of naphthalene vapor at the wall, T,. thc . absolutc 
temperarure of the uaphthalene surface anel Rn tl1e ideal gas eonstant of naphlhalene vapor, equal lO 
64.87 J I (kg. K). It should be observed that T.,. is cqual to the ambient temperature. The partial pressure 
of naphtbalene vapor althe wall is a function of thc wall temperature alone. So!,>in (1958) reported the 
following equation: 

I 3 
- 3729.4 

og TO P,,w =1 .)64---­
T.,, 

Jn Eq. (9), P11.w is in N I m~ and T.,. in K. 

(9) 

At this point. one sbould notiee that allthe variables in Eq. (4) can bc determ.ined. and the average 

Shcrwood number, Sh11 , calculated as a function of the Graetz number, x•, that characterizes the data 

run: 

x+ = L/D" 
ReSc 

(10) 

ln Equation (10). L is the duct length and Rc the tlow Reynolds number. The Reynolds number can be 
calculated from: 

Re= IÍ'lo D, 
A,Jl 

(11) 

where mu is the air mass flow rate (discharge), A1 thc cross seetion area of the triangular duct and I.J.lhe 
air dynamic viscosity. It is known that m0 = pv, where p is the air density. For practieal purposes, the 
mass flow rate through the duct can bc eonsidered constant and equal lo the air mass flow rate, s.incc 
tbe total mass of naphthalenc vapor added to the airstream per unit lime is, typically, not greatcr than 
0.02 percent of the a.ir mass Oow rate. For the same reason, the properties of the binary mixture can be 
laken as those of pure ai r. Also. SpruTow and Niethanm1cr ( L979) showed that the air hum.idity can be 
neglected in napbthalene experimenls. 

Results and Discussion 

To COJTelale Shb w.ith X ... (for Se = 2.5) 77 data runs were performed. 111is number of data runs 
was divided, in an equitable manncr, among the four apex angles used in the experiments, 30°. 45°, 60° 
and 90". The minimum and maximum values of the t1ow Graetz number were 5.2 x lo-' and 7.8 x 10·1, 
respeclively. To cover tlús Graetz number range, the Reynolds numbcr varied from 100 to 1800, while 
(L I D~o) varied from 2.0 to 40.0. For further information aboul the v alues of the Reynolds numbers and 
(L I DtJ associated with each oue of the 77 runs, one should consull Parise (1978). 

To determine the equations of Sh, as function of X", thc foJJowing relationship was assumed: 
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(12) 

Equation ( 12) is a general relationship proposcd hy Stephan ( 1959). for dcveloping laminar 
inlemal fl ows. lts form is vcry suitablc to lhe objectives of thc prcscnt rcscan.:h and never was used for 
triangular ducts. 

ln Eq. ( 12). Sh,,,d is the asymplolic valuc of Shb obtained whcn lhe vclodty and temperaturc 

pro files are fully developed. It is sccn. from Eq. ( 12). thal SlzJJ = Sht>.d whcn X 1 ~ oo. ShJJ.d is a 

fum:tion of the apex angle 2a of thc triangular ducl and its values are givcn by Schmidt and Ncwcll 

( 1967). 

By means of the experimental data (77 runs) and using the least squarcs method, the values of C. 
C1. n, and n in Eq. ( 12). were determined for each apex angle 2Ct. The curvc-fitting cqualions are: 

2a=45": 

2a =60": 

2a=90": 

Sh, = 2.33 + ----...,-,,-------,------..,--
1.71( x ' P5 +2.42 x/02 ( x+ J'l} 

1 
Shb = 2.35 + ----....,------:-----:-::-

1.56 ( X + P5 + 2.82 x JO ·? ( X + / 8 

( 13) 

(14) 

(15) 

( 16) 

The mean deviations of Eqs. ( 13)- ( 16), in relation to the data point.s. are 9.88 %. 5.99 %. 6.56% 
and 5.91 %. respectivcly. 

Figures 2 to 5 prcscnt thc experimental data points as wcll as the correlations deterrnincd for thc 
four apex anglc1> 2a . The relatively low scauering of lhe experimental pOÜltS exhibitcd in lhe figures 
lcnds support to the present experimental method. lt s hould be observcd thal lhe n:sults displayed m 
thcsc figures are valid for Se= 2.5. 

The average Sherwood numbcr. Sh1,, i~. hy definition, based on thc logarithmic mean concentration 

diffcrcncc given by Eq. (3). An alternativc dcfinilion of lhe average Sherwoocl numbcr, Sh11 • lhal can 

he useful , is based on wall to inlct con..:cnlntlion difference, (P11 .... P11,,,) . 

h is easy to show tbat Sho and Sh1> are relaled by the following equalion: 

SI!,= 1-exp(- . Shh) 
- I+ sina [ 4 X+ - ] 

-1 x+ 1+sma 
( 17) 

Sincc Shh is known. Sho can bc dctermined by Eq. ( 17). 
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li 10 

1 +-~~~Tn~-,-T~~~~~~~m-~~~nTm 

0.0001 0.001 0.01 0.1 1 
x· 

Fig. 2 Average Sherwood Number, Shb, as Funetion of x+, for 2a = 30° and Se= 2.5 

100 ~----------------------------------------~ 

I d 10 

1 
0.11001 0.001 0.01 

2a=45" 
\. 

0.1 

Fig. 3 Average Sherwood Number, Shn, as Funetion of X\ for 2a = 45° and Se= 2.5 

Allhough Lhe expc.rimenls wcre perfonued for only four apex angles, the resuiLs make possible Lhe 

estimation of Shb for other angles. The exponent n1 in Eq. (12) is equal to 0.5 and does not depend on 

lhe angle 2cc Pigure 6 gives the values of log 10 C2 and of the exponent n2 as function of 2a. Figure 7 

presents the variation of Sh ''·" and C 1 with 2a. It is seen that a good approximation for C1 is thc mean 

value, equal to 1.65. 

100 ~--------------------------------, 

1 +-~-.~~.--r~~~--~rr~mr~~~~ 

0.0001 0.001 0.01 0.1 1 

Fig. 4 Average Sherwood Number, Shb, as Funetion of X+, for 2a = 60 • and Se= 2.5 
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0.0001 0.001 

2o.= 60" 

0.01 0.1 

Fig. 5 Average Sherwood Number, Sh1, , as Function of x·, for 2a = 90° and Se = 2.5 
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ln this manner, "~> C2, 111• Shil.d and C1 are known for ali the apex anglcs bctwccn 30 " and 90 ". 

Equation ( 12) pennits the dclcrmination of thc average number, Sh1>, for all the situations under 

consideratinn. 

8 

6 

4 

2 

o 
o 20 40 60 80 100 

2o. 

Fig. 6 Variation of fog ,0 c. and n2 with 2a 

2.5 

CJ 
2 

\ • 
1.5 • \ 

l.65 

1 

o 20 40 60 80 100 

2o. 

Fig. 7 Variation of Shh.tl and C1 with 2a 
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Thc 'alue of X- for which thc flow can bc considered developcd is commonly defmed as that 
requin.:d for the average Sherwood numbcr lo decrease to within fivc pcrcenl of iLo; fully de,eloped 
value. Equa1ion~ ( 13)- ( 16) can be used 10 give, for each apex angle. s uch X - va1ues. 

The Analogy Between Heat and Mass Transfer 

The hcat and mass transfer analogy permits the dctcrmination of the avernge Nusselt numbcr. Nu b, 

for thc analogous situation of heat transfcr. At thc entrance region of the triangular duct, X' is vcry 

small and, since n1 > 1. n1 = 0.5 and Sh h.d becomcs ncgligible. Eq. ( 12) is transformed into thc 

following equalion: 

I 
S/11, = 

05 c, ( x+ > · 
( 18) 

Shh,t! , C,, 11. and n 1 are nol function~ of Se. ln the entrance region, Eq. ( 18) has the form of thc wcll­
known flat pia te cquation. Then, it is easy to show that C, is a function of Se with the form: 

(19) 

Sincc C. and Se a.re known, Eq. ( 19) yields thc value of C. 
Substitution of C,_ given by Eq. ( 19), into Eq. (12), yields: 

I 
Sh1> =Shbd +---...,..,...,---------

. C ( Se / 16 ( X 1 
)"1 + Cz ( X + t 2 

(20) 

To oht.ain the average Nussclt numbcr, Nu,, . it is necessary to rcplace. in Eq. (20) the Sehmidt 

numbcr, Se. by the Prandtl numher, Pr, and to observe that Shb,d = Nuh.d. Thc following exp.ression is 

obtaincd: 

1 
Nut, = Nub.d +----,,,..,-

6
---------

C ( Pr / 1 ( X 1 
)''1 +C 2 ( X+ t2 

(2l) 

ln Eq. (21).Lhe values of Nub,d, n,, C, , , and Pr are known. C is dctcnnined from Eq. (19). 

Oncc Nu , is calculated, the averagc heat transfer coeffieient, hb . is dctcrrnined from Lhe Nusselt 
numbcr definition: 

-N hb D1, llh=--
k 

(22) 

where k is the Lhenna1 conductivity of thc working t1uid. The heat transfcr rate. Q"', analogous to tl1e 
mass transfcr rate. is obtained from: 

(23) 

where L!!T1, 11 i:. the logarithmic mean tempcrature difference. 

Thc average Nusselt number, Nu a , based on wall to inlet tempcraturc differcnce, (T. - T,,), is given 
by an cquation ~;imi lar to Eq. (17). For thc analogous heat transfer problem, thc Schmidt number used in 
lhe defini tion of x·, given by Eq. (I 0), mu~t be replaced by the Prandtl number. 
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A-;. mentioned before. C- in Eq. (21) does nol depcnd on Prandll number. Pr. This wa), cnnfirmetl by 
Braga and Saboya (1986). They have reported expelimental resulls for developing laminar flow in <U1 

isosccles triangular duct with lhe samc boundary conditions of thc prcscnt work and with an apex angle 
of I 20 degrccs. Water and air wcrc used in hcat transfer expcrimcnts and the rcsults wcrc vcry wcll 
corrclated by an equation idenlical to Eq. (21). in which C, was taken as constant for both working 
fluíeis (vv·ater and air). 

Uncertainty Analysis 
/\n unccrtainty analysis for lhe Graetz nurnbcr was pcrformcd using lhe well-known Klinc and 

McCklintock 0953) mcthodology. This mclhodology of dcscribing uuccJtainties in experimental resulls 
is also prcscntcd by Moffat ( J 988). 

Typically, lhe experimental unccrtainty associatcd wilh lhe Gractz number: was 2.5%, wilh 
maximum value of les~> than 3.5%. The uncenainties were evaluated hy Lhe responses of lhe Graetz 
number to changcs in cach of lhe variablcs used in the data rcductitm procedure (sce Eqs. (I 0) and 
(li)). Por lhe Graetz numher. lhe mosl relevam para meter is lhe ai r ma~>s llow rate, given hy Lhe 
rotametcr. 

Thc uncertainty assoeiated with the determination of the overall Sherwood number was obtained by 
thc sarne method and by means of Eq. (4) in conjunction with Eqs. (I)- (3). lu this case. thc most 
relevam parametcr was thc logarithrnic mcan couecnlration diffcrencc. Typically. thc experimental 
uncertainly of lhe overall Sherwood number was 6%. 

lt has been demonstralcd lhaL lhe experimental lechnique used in Lhe pres~::nl invcsligalion is a 
powerf'ul lool ror ohtaining avcrage lransporL coefficicnls. Ali lhe correlations prescnlcd in this work 
have a low clegree of uncertainty. 

Concluding Remarks 

Within Lhe knowledge of lhe authors, lhe rcsulls reported here are original. They are applicahle in, 
for instance, MJiar collectors wilh triangular cavities for direct ai r hcaling. Gama ct ai. ( 1986) reported 
an analysis of such collectors. The cavilies increase the solar absorption while air is healed in an 
isosccles triangular duct wilh the base insulatecllo avoid heaL losses to the amhienl. 

Although thc expcriments. in the present research, were performed for isosceles tliangular ducls 
having apex angles of 30, -1-5. 60 anel 90 degrees, an extension of the resulb.. for other angle1;, within Lhe 
20- 100 degrees range. was possible. 

To obtain Shb as funcLion of X". for Se= 2.5. 77 data runs were perfom1ed withoul rcusíng any ol' 
lhe naphthalcnc platcs. This proeedure Jent confidence to the present experimental resulls. ln future 
work, using Lhe naphlhalenc sublimation tccllllique, the situation were ali the sides of the isosceles 
triangulnr duc:t are isothennal m.ight be invcstigatcd. 
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Abstract 
1-inl. dilfáelll tl'till trntlmt'llls !Jaw'd i11 wa/1 JiuKtioiiS are tt>sred together 1rilh lhe Standard 1.. - l: turhule111·e mO/lei. 
T/11'~1' modef, arf' te.\tecl in lhe ctt.><' of \l'tilllteat lt'llll.~fer pwdirlimt in c·ontple.t turim/em Jlow. Thc•11. tire .\ I'IJSi/Jility r~f 
1/re.H' nwde/.1 10 11IIC1 co11dititms ore analvsed. Varialio/1.\ i11 1/u· Nus.•e/1 dinrihwion due 111 Rr•mold~ twm!Jer mui 
inilial howu/ar_1 Jayer !lliclwess are discussed. T/11• itu·omprl'ssib/1' .flow 1/l'l!r rr backward fa.c:iiiK .•ll'i> Iras ban 
elt•t•fed as o 1e.1/ t'l/11! ./i>r 11'/rich 1111 ertnrsil•f' da/CI base exists. Cwtlpori.\tl/1 between 11//IIU!tica/ resu/1s wul 
e.,perttlll'tllalmeaSII/'('III(' IIt.S is presemed wul discu.ued. 
Keywords: TuriJ/1/ence, Recirntlati11g Floll'.\, Hntl 7/mu.fi:r. Wa/1 Functim1s, Numerical Solw/ation. 

Resumo 
:Ves/e !rulm/110. micialmente. propiie·se e r·omJwra-se r·mTe~·r)es ll(l lll(lde/(1 k · ê fJadrrio derido aos <ifi'iios de 
par·edt•. tlborda-~e modelo,\ lw,emlos ent leis rl!' purerle a,>fityrt/os r/ prediçiio de lran'.Jl-rêncio.\ térmica.\ em 
e.w·ownento., turhulen/(IS ColttJiie.\oS. Em .•r<guida, /I'Sffl·.\1' o .~ensibilidrule des1e.1 tlwde/(ls 11 COIUlirões na C'll/mda. 
Srio wwli.wdas l'WW(Õe.r 11ns distrilnuçiie,, de Nusse/1 de1·ido rr lttwlanras fl(l Ntímero de Hf'yno/ds e ir relaçâo entre 
I''P"-''111'11 da 1'11/ttw!o límitc• na emrada l' alwra do t/l!gmu. lJtili-:a-se como cli.\'O les/e o e.•cowut.>n/0 iru·cmrpreensíw!l 
1.1 jtt.\11111<' t.le tttll de!( mil desr·e,deme. Os rt'.lltllllrlm Jwntéric(ls ohtirlos silo compamdos o re.wl/llrlos experimentai., 
encontraâos 110 literatura. 
Paltu•ras-Chm·e: Turlmlhlcia, Hw·omru•uto t·om Recirr·1tlaçüo. Leis dt.• Parede, Cotn ·ecçc1o fo'orrada, Simulução 
Numérint. 

Introdução 
O estudo de escoamentos complexos. ou seja. com separação. reco lamento e zona de rccirculação é 

importame em diferentes aplicações da engenharia como, por exemplo. tllfbínas a gás, circuitos 
eletrônicos c trocadores de calor. Em relação ao aspecto térmico, o rccol<unento provoca fones 
variações c aumentos consi<.kdveis do coeficiente de transferência térmica local. As~im. a predição de 
transferências térmicas neste tipo de escoamento é imporwntc no que diz respeito à eficiência térmica 
do sistema ou ao ~:omportamento termomecânico dos materiais envolvidos. como por exemplo, na 
câmara de combustão de uma turbina a gás. 

O escoamento incompreensível cm torno dt: um degrau descendente (backwardjàcing step jlow -
Fig. I) é utilizado como caso teste neste trabalho. Esta geometria é bastanre simples e, assim. muito 
utilizada na va lidação de métodos de cálculo. O ponto de separação é fixo permitindo que se concentre 
o eswdo no processo de reco/amemo. No entanto. mesmo fixando este parâmetro, o escoamento 
resultante é complexo, especialmente na zona de reco/amc·nto onde " camada de cisalhamcn(o se divide 
cm duas: uma parte vai para a zona de recirculal(ão c a ol!lra para a zona de redesenvolvimento da 
camada limite. O ponto de rccolamcnto llutua e o escoamento nesta zona é fortemente não-estacionário. 
Comparado com um escoamento tmbulento dentro de um canal, a transferência térmica na zona de 
recircu\ação c perto do recolamento possui nívei~> mais elevados. Devido ao impacto da camada de 

Manuscripl recerved: October 1996: revised: October 1998. Technical Editor: Leonardo Goldstem Jr. 
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ci~alhamenro sobre a parede, ocorre um aumento no nível de energia cinética turbulenta e, 
consequentemente. da tran~fcrência de calor. 

Os modelos de turbulência - incluindo o modelo k-g - mais utilizados no cálculo deste tipo de 
escoamento não levam cm consideração cfcitos que são dominantes na região próxima à p<u·ede. a 
saber: i) difu~ão molecular; e ii) amortecimento ele flutuações de velocidade na direção normal à parede. 
De maneira geral. os tratamentos utilizado!; próximo às paredes não alteram a dinâmica global do 
el!coamcnto. No entanto, como o cálculo do fluxo d\! calor depende dos gradiemes de temperatura junto 
à parede. estes tratamentos são fundamentai~ na predição de transferências térnúea~. A fim de se 
con~iderar os efeitos de parede existem doi~ tipos de tratamento: i) modelos baseados em funções de 
parede: e ii) modelos a baixo número de Reynolds turbulento. Na década de 80, especialmente, diversos 
modelos baseados cm leis de parede foram propostos, entre os quais. o modelo de Chlcng c Launder 
(1980), o modelo de Amano ( 1984) c o modelo de Ciofalo c Collins (1989). a fim de substituir o 
modelo Padrão proposto por Launder c Spalding ( 1974) um dos mais utilizados cm aplicações 
industriais. Assim, o objctivo inicial aqui é realizar uma eompar<lção sistemática destes diferentes 
modelos baseado~ em lei!> de parede. Também. algumas simplificações :.ão propostas. 

VIl 

hl VI 

v 
o 

C.<IMADA LIMITE V lONA DE llEDESENVOLVIMENTO 

11 CAMAOA ·rlulblmtatollvl'«' VI ESCOAMENTO POT&NCIA L 

III lONA DE RECO LAMENTO VIl CAMADA LIMITE (po....S.,vptrlor) 

IV lO~A DE IECiliCULA CAO 

Fig. 1 Escoamento a jusante de um degrau descendente 

Resultados expcnmentais têm mostrado que neste tipo de escoamenro a estrutura turbulenta e. 
conseqüentemente, o coeficiente de transferência térmica local dependem significativamente das 
condoções na entrada, ou seja, das condições a montante do ponto de separação (Adams c Johnston, 
19RR c Vogcl e Eaton. 19S5). Alguns estudos numérico~. entre eles o de Chieng c Laundcr( 1980) e o 
de Gooray et a1.(l983} têm tecido comentários sobre a necessidade de se impor perfis de velocidade 
média e q uantidades turbulenta~ mais rcalisticos na entrada. No entanto. a literatura é carente de estudo~; 
no que diz respeito à sensibilidade dos modelos de turbulência u~uai~ a estas condições limites. 

-- Nomenclatura 
H altura do degrau [m) v componente vertical da 1.1 v1scos1dade molecular 
K enerHia c1néb~ velocidade média [ms ~ [kg.s 'm') 

turbu enta J m•s ) X r comprimento da zona e I-'• viscosidade turbulenta 
Nu Nussett, a imensional recirculação [m] [kgs·•m·'] 
P, Produ~ãode k [m2s·~ x· (x-Xr)/Xr. adimensional 

~· .. J.l + I-'• [kg.s 'm 'I 
Pr Prandt , adimensionat y\. espessura da subcamada p densidade [kgm··1J 
Pr, Prandtl Turbulento. 

tam1nar. adimensional t tensão de atrito [Nm·•1 
adimensional 

<11 variável escalar genérica 

~e 
fluxo de calor [wm '] 

Símbolos gregos 'I' K' .. IU. ontensidade de Reynolds baseado em H, turbulência. ad1mensoonat adimensional r+' coeficiente de difusão de 
S. termo fonte para a Subscritos 

vanáveiQ o 
T temperatura ~) o espessura da camada in entrada do canal u componente orizontal da limite na entrada do canal Max valor máximo 

velocidade média [ms 'I [m) p ponto g•Jnérico P 
JrwiP IIIJI- 11 

E taxa de dissipação de adjacente à parede U, k(m?s ·'J 
k constante de von Karman Ú) parede 
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Deste modo, o objetivo final deste trabalho é testar a sensibilidade do modelo k-t padrão 
juntamente com modelos baseados cm leis de parede, a condições na entrada no caso de predições de 
transferências tém1icas parietais em escoamentos lllrbulentos complexos. São analis;~das variações nas 
distribuições de Nussell devido a mudanças no número de Reynolds c à relação entre espe~sura da 
camada limite na entrada e altura do degrau. 

Modelo Matemático 

O escoamento é governado pelas equações de Reynolds, obtidas a partir do cálculo das médias 
temporais das equações de Navier-Stokes. O modelo de turbulê.ncia utilizado é o Modelo k - f- Padrão 
tal como ele é apresentado no trabalho de Launder e Spalding (1974), inclusive sem se modificar a~ 
constantes que ali são propostas. Em relação à equação da Energia. utiliza-se o número de Prandtl 
turbulento Pr, = f.1,c11À,, onde f..l, é a viscosi<.la<.le turbulenta e À r é a condutividade térmica turbulenta. 
Neste trabalho, considera-se que o número de Prandtl é constante e igual a 0,9. Todas as equações são 
colocadas na forma (Tabela I): 

onde r t/> c se> são. respectivamente, os coeficientes de difusão e o termo fonte específicos da variável $. 
As constantes do modelo de turbulência C1, • C1• C1• cr,. <J" valem, respectivamente. 0.09. 1 .44. 1 ,92. 
1.00 e 1,30. 

Equação (!) 

Continuidade I 

x-movimento u 

y-movimento v 

Energia T 

Energia cinética k 

Dissipação 

onde 

e 

Tabela 1 Equações Resolvidas 

o 

f..l,:r = f..l,+f..l 

1!_+12_ 
Pr P1; 

f..l+l!.!_ 
()k 

J..l +1!.!._ 
a c 

So 
o 

oP a au a av 
--+-( f..lcr-)+-( f..l ,. - J 

dX dX . dX dy .I OX 

'dP a au () av 
- - +-( l'et·- )+-( Jler-J oy 'dx · oy oy · (Jy 

o 

c, pf.Pk - C, pê: 
k - k 

f.11 dU i.lV ::: ()U 2 ()V 1 
{1, =-{(-+-) + 2(-) + (-) 1 

t9 d)' dX i.Jx ()v 

Condições de Contorno 
Os resultados numéricos são comparados às experiências de Vogcl c Eaton ( 19R5) e Vogel, ( 1994) 

cujas condições de referência são (Fig. 1): 
• Cama<.la limite turbulenta na entrada 
• Rc=28.000 - comprimento de referência= H : O!H= 1,1; h/h, = 1.25. 
• Fluxo de calor q,.. constante na parede infcri.or após o degrau tal que: (7:_-T.)".''' é da ordem de 

15K, onde TH' é a temperatura da parede e 7~,. é a temperatura na entrada. 
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Na entrada. impõe-se perfis de velocidade. de energia cinética e de dissipação obtidos a partir dos 
perfi~ experimentai:, de U e 111 obtidos por Vogel ( 1994). Nas paredes, a~ condi.,:ões são impostas 
utilizando-se as lei:. de parede apresentadas na seção seguinte. Finalmente. na ~aída. supõe-se que os 
gradientes das diversas variáveis na direção do escoamento sejam nulos. No que diz respeito à 
temperatura, impõe-se um perfil uniforme de temperatura na entrada e nas outras paredes a temperatura 
é considerada comtante. 

Leis de Parede 

Nesta seçào são descritos os diversos modelos de parede baseados em leis de parede uti lizados neste 
trabalho. 

O modelo Padrão- MODEL I -é apresentado em Launder e Spalding (1974). A discretização dos 
modelos é feita via método dos Volumes Finitos. Inicialmente, é necessário que o~ pontos da.~ malhas 
adjacentes às paredes estejam na zona logarítmica- (11 < y• < 400), onde, y'" = yU/v, U, = J1:11./ p é 
velocidade de atrito e <,, é a tensão de atrito na parede. 

A lei logarítmit:a, na sua fom1a original, não é apropriada aos escoamentos com recirculaçâo pois a 
velocidade de atrito. u~ada para auimensi{)J1alizar a velocidade média e a distância normal à parede, é 
igual a zero no ponto de recolamemo. Considerando-se que nesta zona a produção de energia cinética 
turbulenta é igual à sua dissipação, pode-se mostrar que ( Cousteix. 1989) 

(2) 

ê.=k312 I( Cl.y) (3) 

onde P é o ponto da malha mais próximo ela parede e Cl=k/14
. Assim. pode-se colocar a lei 

log<u·ítmica na fom1a 

(4) 

A partir da~ equações (2), (3) c (4) c considerando-se que a energia cinélica k e a tensão de atrito, "C 

turbulentas são constantes, determina-se a d issipação f. c a produção P1. médias de k na diJ·cção 
perpendicular à parede. No caso da equação da dissipação. impõe-se um valor ao ponto 

P: cp = k312/(CI.yp). 
No caso da temperatura, de maneira semelhante, a lei logarítmica se transforma em 

. I I .J 112 ( Tp - T,,. ), p pC11 kp 

q, 

onde q" ct Tw são o tluxo de calor e a temperatura na parede. respectivamente, c AJ é a Função de 
Jayatilleke (Launder c Spaldi.ng, I 974). 

O modelo de Chieng e Launder( 191\0) considera a região próxima à parede dividida em duas: i) 
subcamada laminar ( O < y' 5 li): ii} zona logarítmica (I I < y+ < 400). Assim, em relação ao modelo 
Padrão, no cálculo de f c de Pk considera-se a inf1uência da subcamada viscosa na dis!lipaçâ() de k (a 
produção de k é zero nesta zona). Além disto, utiliza-se a energia cinética no bordo da subcamada 
laminar k, no lugar da energia cinética no ponto P, k.,. nas dimensionalizações . Neste tlabalho, 
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cornpara-~c du;t~ versões deste modelo. llm<t - MODEL 2 - que constdera k e < con~t<~ntes na zona 
logarítmic<t ( L<tunder. 1986) c ouLra - MODEL 21 - que considera que e~tas quantidades variam 
linearmente nesta zona. como propo~to originalmente no Lrabalho de Chieng e Launder( 1980). 

No mmlclo de Chicng c Launder a espessur<t <~dimensional da subcamada laminar .! considerada 
constante ( y, = li ). Mais recentemente. Ciofalo c Collins ( 191:\9). propuseram um modelo- MODF.L 

22 - no <lu <ti y,~ varia com :t intensidade de turhulência no ponto P - 1{1 1, =kf/ 2 I lJ r de acordo com a 
relação: 

ondl! 'f/1 e y,•, \ão, respectivamente. a intcn\idadc de turbulência e a espes!>ura adimensional da 
subcamada lammar ca~o as condiçõe~o no ponto P fossem as de uma camada limite turbulenta ordinária. 
Rc~ultados experimentais sugerem que t1 valor da constante c está entrt: 1/3 c 2/3. Adota-se aqui o 
mesmo valor utilit.ado por Ciofalo c Collins( 19R9) cm seus cálculos (c=0.4). Na zona de recolamento. 
v~. é bem supenor a 'P~;, e, assim, ocorre uma diminuição significativa de y~. 

O modelo de A mano( 19X4) - MODEL 3 -cons idera que, próximo à parede, existem três camadas: i) 
subcamadalaminar (0 < y' :,; 5); ii) wna tampão (buffer layer) (5 < l :,; 30); c iii) zona logarítmica 
(30 < y' < 400). Neste trabalho. duas !>Ímplificações são propostas em relação ao modelo proposto por 
Amam>. No seu modelo k e 'r variam lint:armcntc na zona logarítmica. Aqui, considcra-~e como no caso 
do MODHL 2 que e~tas quantidades são conlotantcs nesta :wna. Amano propõe também corrcções no:. 
tennos de produção c dcstruiç<'io na equação da dissipação. Neste trabalho uti liza-se o mesmo 
Lratamento do~ modelos anteriores. 

Método Numérico 
As equações que governam o escoamento são discretizadas pela técnica de Volumes Finitos. O 

esquema Híbrido é utilizado para o Lratamento dos termos difusivos c cotwectivos. As equações 
algébricas resultantes são resolvidas iterativamente utilizando-se uma versão do programa TEACH 
(Gosman c ldcriah. 1976), que incorpora o algorilmo SlMPLE. Este programa é bastante conhecido o 
que dispen~>a a apresentação de maiores detalhes. 

Após a rcali7ação de testes ele convergência - apresentados na referência (Bortolus e Giovannini. 
1995) el.colheu-se uma malha de 146x 102 clcmemos. Neste caso a malha é tal que todos os pontos elas 
malha~ adjacentes à parede estão dentro da zona logarítmica. 

As melhores característica~ de convergência - robustez - foram apresentadas pelos modelos 
MODEL I c MODEL 2. No:, outro~ casos, para se obter a convergência. n processo itcrali\'O é 
inicialil'ado com os campos obtidos com o MODEL 2. 

Apresentação e Discussão dos Resultados 
Aqui. apresenta-se os resultados relativos ao aspecLo lénnico do problema. Os resultados da 

dinâmica do escoamento são discutidos cm Bortolus e Giovannini. 1995. De nutncirn geral, os perfis de 
velocidade média e de energia cinética Lurbulenra concordam bem com a~ experiências. Longe ela 
parede, os diferentes modelos de parede não afctam esses perfis. No entanto, a comparação das 
disLribuiçõc~ do~ coeficientes de atrito determinadas com o:, diversos modelos de parede mo~>tra que 
esst:s perfi~ variam muito com o modelo utiliz~1do na região próxima à parede. Este mesmo 
cornportarnentu é observado no caso da temperatura. 

Na~ figura~ 1>eguintes. devido às diferenças entre as posiçõe:. de recolarncnto - Xr - numérica e 
experimental - da ordem de 15~· - (Bortalu~ c Giova110ini. 1995), utili;a-~e nas comparações a 
coordenada adimcnsionalizada 

( 1 - Xr) X* -.;._ __ .;... 
X r 

(7) 



227 J. of the Braz. Soe. Mechamcal Sciences · Vol. 21. June 1999 

A posição de rccolamento Xr é definida como sendo o ponto sohre a parede inferior do degrau 
onde o coeficiente de atrito é igual a zero. 

Os perfis numéricos e experimentais de temperatura são comparados na rig. 2. Observa-se uma boa 
concordância entre o~> dois. Nota-se que os gradientes de temperatura são signilicativos somente peno 
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Fig. 2 Perfis de temperatura 

da parede. Estes perfis foram obtidos com o modelo Padrão. Longe da parede. não existem diferenças 
importantes entre os perfis calculados com os diferentes modelos de parede. As diferenças próximas à 
parede são analisada~ a partir das distribuições de número de Nusselr baseado na altura do degrau (Nu) 
Figs. 3 e 4. 

Na Figura 3 pode-se acompanhar as evoluções do modelo Padrão - MODEL 1. inicialmente com o 
acréscimo da subcamada laminar - MODEL 2 - c, cm seguida, com o acréscimo da zona tampão -
MODEL 3. Em relação ao nível máximo de Nu, nota-se uma melhora sensível. No enramo, diferenças 
i.mpot1antcs continuam a existir na zona de rel:irculação e na .~:ona de redesenvolvimento. 
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Na Figura 4, nota-se que, praticamente, não há diferenças entre o MODEL 2 c o MODEL 21. Uma 
pequena diferença a favor do MODEL 2 é encontrada na zona de redesenvolvimento. Nesta figura 
mostra-se também os resultados obtidos com <J MODEL 22. Observa-se um mínimo localizado perto 
do recotamento. Este mínimo aparece devido à limitação inferior na espessura adimensionalizada da 
subcamada lanúnar y,. imposta no modelo para que o perfil de velocidade não apresente 
descontinuidade no ponto interseção entre a subcamada laminar e a subcamada logarítmica. De acordo 
com a análise mostrada em detalhes no trabalho de Ciofalo e Collins, 1989) o valor de y,. não deve ser 
inferior a 1/k. fsto faz com que no cálculo aconteça uma diminuição forçada da intensidade de 
turbulência diminuindo, assim, localmente a transferência de calor. 
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Fig. 4 Numero de Nusselt: Modelos de duas camadas 
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30 

Para melhor compreender a evolução qualitativa das diferentes funções de parede, compara-se na 
Fig. 5 as distribuições de Nu nonnalizadas pelo valor máximo Nu,nax· Comparando-se os resultados dos 
modelos MODEL l e MODEL 2. observa-se uma melhora sensível na zona de redesenvolvimento. 
Quando se compara os resultados dos modelos MODEL 2 e MODEL 3, diferenças pouco importantes 
são encontradas. Isto indica que a inclusão dos efeitos da subcamada laminar é mais significativa que a 
inclusão dos efeitos da zona tampão. Se bem que os resultados com o MODEL 22 não sejam 
satisfatórios na zona de recolamento, devido à presença de um mínimo local explicada anteriom1ente, 
nota-se que na zona de redesenvolvimento obtem-se com este modelo resultados melhores que com os 
modelos MODEL 2 c MODEL 3. 
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Fig. 5 Número de Nusselt Normalizado: Leis de parede 
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Analisa-se. em seguida, a sensibilidade aos parâmetros número de Reynolds, Re, e relação entre a 
espessura da camada limite na entrada c a altura do degrau, 8/H, do modelo k E na predição do 
coeficiente de transferêncía térmica local - Número de Nusselt. Considerou-se apenas os modelos de 
parede MODEL 2 c MODEL 3 devido ao melhor desempenho apresentado por eles nas comparações 
mostradas anteriormente. 

Na Figura 6, observa-se que os níveis de Nussell aumentam com o aumento do número de 
Reynolds. Este comportamento é verificado também experimentalmente. As variações do n(tmero de 
Nusselt máximo, Num<~.t• com Re calculadas com os modelos de parede MODEL 2 e MODEL 3 são 
comparadas às expeliências na Fig. 7. Resultados experimentais indicam que Num,. .•. - Re". As 
experiências de Vogel e Eaton( 19&5) mostram que n é aproximadamente 0,6. Com os modelos 
MODEL 2 c MODEL 3, encontra-se 0,68 e 0,62, respectivamente. Percebe-se, assim. que os resultados 
quantitativamente dependem do modelo de parede que é associado ao modelo k - e:, mas as diferenças 
entre os dois modelos utilizados aqui não são excessivas, levando-se em consideração a complexidade 
do presente problema. Pcrccntualmente. as diferenças máxima~ em relação à experiência são da ordem 
de 20% e 10% para os modelos MODEL 2 e MODEL 3, respectivamente. Em média, estas diferenças 
são da ordem de 13% c 5% para os modelos MODEL 2 e MODEL 3, respectivamente. Os resultados 
para o modelo MODEL 3 estão dentro da incerteza das experiências. no que diz respeito ao número de 
Nussclt, que é da ordem de 6\%. 
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Para se analisar o efeito qualitativo do número de Reynolds na distribuição de Nussclt. compara-se 
na Fig. ~ as distribuições nonnalizadas pelo Nu,,,.. Nota-se que não existem diferenças signiticativas 
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entTc elas nas zonas de recirculação e reeolamento. o que é verificado experimentalmente. No ent<tnto, 
na zona de redesenvolvimento as diferenças nas distribuições determinadas experimentalmente parecem 
ser menores (Vogel e Eaton. 1985). Estas diferenças podem ter sido provocadas pelo tratamento da 
região de parede utilizado aqui haseado em {Leis de Parede. A jusante do ponto de rceolamento. o 
escoamento é cada vez mais determinado pela região de parede c. assim. o seu comportamento se 
aproxima progressivamente do de uma camada limite turbulenta ordinária. Para se resolver este 
escoamento. o mais adequado parece ser um tratamento da região de parede baseado em modelos a 
Baixo Número de Reynolds. os quais apresentam, com malha adequada, comportamento assintótico em 
relação ao número de Nussclt satisfatório nesta região (BoJtolus e Giovannini. 1995). 
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Fig. 8 Distribuição de Nulsselt normalizado em função do número de Reynolds 

No que diz respeito à relação 8/H. o comportamento é oposto ao caso do número de Reynolds. 
Como observado também por Yogel e Eaton(l985). os níveis çle Nusselt diminuem com o aumento de 
0/H (Fig. 9). Os seus resultados sugerem que Nu111,.., - ( 0/Hr. sendo que 110 é aproximadamente -0.1. 
Com os modelos de parede MODEL 2 e MODEL 3 encontrou-se para n0 os valores -0.08 c -0.09. 
respectivamente, que são próxim()l> do experimental. No entanto, como mostrado na Fig. lO os níveis de 
Nu,,L\ derenninados com o MODEL 3 são mais próximos das experiências. Neste caso, as diferenças 
entre os cálculos com os modelos MODEL 2 e MODEL 3 e as experiências estão, percentualmente, 
próximas às determinadas para o caso do número de Reynolds. 
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Qualitati\'amcnte. as dislribuições de Nussclt nonnali.zadas pelo Nu,. ... apresentadas na Fig. li 
mostram que, ao comrário do ca.-,o do número de Reynold1., existem diferenças nas zonas de 
rccolamento e. principalmente. na zona de rede1-envolvimento com a variação de ÓIH. No entanto. pode­
se ob~ervar que as mudança~ são mais imponantes no intervalo de ÓIH eutre 0,3 e 0.5. Nas regiões ÓIH 
> 0.5 e Ólll < 0.3. as dislribuições são próximas. De fato, a partir dos estudos cxpesimentais de Adams c 
Johnston ( 1988), conclui-se que ÓIH = 0,4 é o limite entre dois comportamentos do escoamento após o 
degrau: se ÓIH < 0.4. o degrau representa uma perturbação muito forte para a camada limite a montante; 
c se ÓIH > 0,4, a perturbação é menos importante. 
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Conclusões 
No caso das leis de parede, existem melhoras sensíveis com os modelos MODEL 2 c MODEL 3 em 

relação ao modelo Padrão, principalmente na zona de recolarnento. A análise qualitativa mostra que 
existe um ganho mais significativo com a consideração da subcamada laminar que com a consideração 
da zona tampão. Além disto, esta análise mQstra que a evolução das funções de parede passa pela 
consideração de situações de não-equilíbrio provocadas por níveis bem mais elevados de energia 
cinética turbulenta próximo à p;u·ede cm relação à uma camada limite turbulenta ordinária. 

Quantitativamente, os resultados com o MODEL 3 são mais próximos da experiência, embora as 
diferenças entre esta e o MODEL 2 não sejam excessivas. Tendo em vista as boas características de 
convergência do MODEL 2. pode-se dizer que entre os modelos de parede comparados este modelo 
representa o melhor compromisso robustez- capacidade de predição. 

Além disto, não existe nenhum ganho sensível quando se considera que a energia cinética 
turbulenta e a tensão turbulenta variam linearmente na zona logarítmica - MODEL 2 1 - em relação ao 
caso em que estas quantidades são consideradas constantes - MODEL 2. 

Tendo em vista os bons resultados obtidos com o MODEL 3, pode-se dizer que este modelo é uma 
opção ao modelo de três camadas originalmente proposto por Amano(l984), já que aquele. devido às 
simplificações propostas neste trabalho, seria mais fácil de ser implementado. 

O presente estudo mostra que. no que diz respeito a predições de transferências térmicas parietais, 
se consegue captar satisfatoliamente com o modelo k - e. corrigido com as leis de parede, variações nas 
condições na entrada - a montante do ponto de separação - no caso destes escoamentos turbulentos 
complexos. 
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Abstract 
ffased 11[11111 expNinwmal dato for fiem'.\' oil ·ll'(l/t' t .f7t111' imidl' ''l't•l ('16. 7 mm //) i 111ul l 'emellfetl (13.9 mm //)) 
/wri:.mtllll whes. rt l 'l't'\' ,;mp/e m11del jár prnsure tlmp in tlw core m1mtlar .f1o11' Jmlfern 'H" deFdoped. Tlu· 
t' \Jit!l'iments " ·ert• run ltl rot1111 fl•mperoture wulthe {luteis used II'<T<' tt./itel oil (JL = 2. 7 Pa.s. p = Wl'i kg/n/) wullltJI 
\1'11/e1~ both drm1'11.fi'wn 11 seponuor foliÃ. First. it ;,, shOII'/1 tlwtjitr lwth urbes thl' .l(l·<'llllled "pe1j;,<'l t·or<' 11111111lar 
jloll'" apfHOltch f.lltortly PCAF) Jlll{)f'l\' correlates lhe data. Thi.1 i.1 due 111 lhe •rm·ine.1s o/ lhe il1/etj(Ke and 
turlmlt·rwe in th<' Wlllllltll .fJow. Tliesl! e_flt'C/,\ are wken iwo account iii lhe 11/l.lllel proposed in thi.r pape r wul jtW(/'1· 
the t.JS.I'lllll[lliul1 t~( 1111-.1/ip. ll'hitlt wa.\ t>nr/i<>r cmtc·lwlt•tl hy t/11· wlllttll' jiwn 11 iii'I!.IJli!NI 1/ll'ttsllt'l'llll'tll.\ for the samt' 
_tlo11 I /Jan11wart, l'iiJ8J. A.1 a re.wlt, o I'I!IY ,, imJIIe currdariun 11111del ./or lhe pres.11;re Mmdient i.1 dai••ed. l'he nwdel 
11·as ttdjllsJed lt> .flt tlw do/11 mui generaliz.t'd to othl'l' ttd>t• .1i:;es uml.f1uids. f>(tfi•rt't11 I'OI'f'f'lllliom ,li1r o/eophi/ic· 111111 
oleophohit· pipe u·a/1' are [lml·ided. ('a/t•tilmicms ttsinx tlw f'I/I'H'IitJion./{11· oleophohif' pipt' helull·ior ar<' in \ '1'1)' good 
ogreemc>lll 11 ith data /mm another sourn•. 
KeywortJ.,·: ;1-/u/ti!'lws<• F/o\1', l .hJLiid-l.iquid.floll'. Con• J\mwlar Floll'. Pres.1ure Dro{'. ,l>fodelin~. 

lntroduction 

Siuce lhe pioneer works of Ru~>se l and Charles ( 1959 J and Charles. Govier and Hodgson ( 1961) 
core annular flows have found importanl practica.l application.~ in the pipelining of beavy oils lubricated 
by watcr. This flow pattern is very stable when the two Liquids are im.m..isciblc and do not cmulsiJy. 
Undcr such circumstances the oil occupies tlle center of the tubc surroundcd by a thin water annulus 
adjaccnt to lhe wall. The correspondem pressure drop is comparablc to the tlow of watcr only, sincc thc 
more viscous fluid doe~ no! louch lhe wall. Accuratc prcdiclion~ of pressurc drop and holdup are 
essential for lhe de.~ign and optimit.alion of such systems. 

The simples! the0retical model for lhe analysis of core-annular flows is to consider a fully 
developed annular axisymm&ric laminar lwo-phase flow with a smooth circular interface. This 
approach was followed by Russel and Charles (1959) and recently also employcd by Bobok, Magyari 
and Udvardi (1996). H is somctimcs callcd the "perfcct core nnnular t1ow .. (shortly PCAF) approach. 
Ooms et a/. (1984) proposcd to consider lhe waviness of the interface but thcir modcl. baseei on the 
Reynolds equation of thc lubrication thcory, assume~ that thc wavc paramcler:, are known a priori. 
Oliemans et a/. ( 1986) further considered lhe turbulence in the annulus flow. Arney et ai. (l993) 
proposed s imply Lhe use of con-elations for friction factor and holdup. However, their Reynolds number 
dcfmition comes directly from the PCAF approach whereas lhe water holdup is given by an empirical 
corrclation. 

-- Nomenclature 
A cross sectionat area of the 

pipe, m• 
constant, dimensionless 
water input fractlon, 

o 
o. 
O,. 
o· 

D 
G 
G, 

G.v 

J 
k 
n 
q 

dimensionless 
tube diameter, m 
pressure gradient. Palm 
pressure gradlent for unity 
Input ratio, Palm 
pressure gradient for water 

r 
R e 

s 
llow at mixture flow rate, Pa/m V 
mixture superfi~ial velocity, m/s a 
constant. kQJm' 
exponent, dlmensionless 0 
exponent, dimensionless 

mixture flow rate, m'/s 
oil flow rate, m"/s 
water flow rate. mJ/s 
modlfied mixture flow rate, 
m3/s 
number of runs 
Reynolds number, 
dimensionless 
total relativa variance, 
dimensionless 
average velocity, m/s 
votumetric fraction of the core, 
dimensionless 
two-phase multiplier, 
dimensiontess 

i.l = viscosity, Pa.s 
p = density, kg/m3 

Subscripts 

cale = 
exp = 
o 
m 
pcaf= 
w 

calculated using lhe model 
experimental value 
oil 
mixture 
perfect core annular flow 
water 

Manuscript received: September 1998: revision recewed: March 1999. Technical Editor: Angela Ourivio Niechele. 
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A vcry simplc onc-dimcnsional modcl ror horizontal core annular llow is tlevelope<.l in lhis work. 
based on pressure drop data for oil-water flow inside steel (26.7 mm ID) and ccmcntcd (23.9 mm ID) 
horiwntaJ tubes, within the range of condition.<> for which a stable core annular tlow pattern is observed. 
Since c•u·bon-sted pipe:> are usually oleophilic (i.e. they are like ly lo hecome fouled by the oil), cernent­
lined pipes have been proposed (Ribeiro. 1994; Amey e1 ai .. 1996) bccausc of thcir hydrophil.ic­
oleophobic propcrties. The ccmcnt coai which covcrs the pipe wall is, in facl, casily wetled by waler but 
becomes oil repclleut. dms fou ling by oil is miuiruized. 11 is showu that for both tubes Lhe PCAF model 
poorly correlates d1e data. A ncw model is then proposed in ordcr to takc into account thc wavincss of 
Lhe imcrface and lurbulence in Lhe waler film. 

Experimental Setup 
The experimental apparatus is shown in Fig. I. ll is basically the sarne set11p earlier used by Ribeiro 

( 1994). The present author ran shorl-term experiments using oil and water at room temperarures in 
horizontal tllbes at various l1ow rates of each 11uid. From a I m' separator tank, oil was drawn by a 
progrcssive eavity pump (Moyno) with variable spccd and thc tlow rale was mcasurcd tlu-ough a direcl 
mass tlowmcter (Micro Motion). Water was drawn from thc boltom of the tank by a centrifugai pump, 
filtered and measurcd through a rotameler. Thc oil-waler input ralio was varied from I lo 11. The 
injection nozzle was a s imple dcvicc having a central tube inlet for oil and a surrounding shell for 
water. Pres:-ure differences were measured wi th a simple U-tube manometer filled with water. 

The manometer legs were conneded to the lubes through boxes to minimize their contamination 
wilh oil. The distance between laps I and 2 (cement-lined lube, 23.9 mm ID) and betweeu taps 3 and 4 
(carbon-steel Ilibe. 26.7 mm ID). see Fig.. J, was 400 cm. Thc oil uscd was tl1e no. 6 fuel oil. whose 
propcrtics mcasurcd at laboratory tcmperaturc whcrc f..l. = 2.7 Pa.s, p = 989 kg/m'. lntcrfacial wavespeed 
was aJso mcasured through hlgh-spced imagiug and reportcd clscwherc (Bannwa1i, 1998). For each run, 
before doing measurements, one waited al least 15 minutes until steady stale was ohserved. Prior LO the 
next set of flow rates, the system was run with pure water until the pressure drop through the entry and 
exit steel tubes were low enough, so as lo make sure Lhat the lubes were clean from the fouling action 
by the oil. 

Cenlrifug:;_tl 
l'unlp Vai'·~ 

Fig. 1 Schematíc of the experimental apparatus 

Results and Analysis 
Table 1 sununarizes the experimental results for the t1ow rates of oiJ (Q0 ) anel water (Q.,.). the 

pressure drops in the eemented and steel pipes, as weU as the wavespeed (a). 
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Table 1 Experimental pressure drop and wavespeed data 

Point no. Temp. 011 0'11 \P . .\P steel a 
(O C) (1/s) (1/s) cemented (mm water) (m/s) 

(mm water) 
1 21 2 0.1597 o 1112 19.55 7.2 06700 
2 215 0.1528 00905 17.1 6 05785 
3 21.8 0.1501 0.0646 171 4.9 05077 
4 21 9 o 1249 0.0388 104 3 0.4267 
5 229 0.1283 0.0246 84 2.5 0.3387 
6 224 0.2239 0.1086 363 193 o 8043 
7 22.4 0.2026 0.0880 32.6 12 7 06907 
9 228 o 1959 0.0646 30.2 7.8 0.6296 
10 223 0.1984 00388 22.8 6.4 0.5895 
11 21.5 0.1849 0.0272 15.4 5.5 0.5328 
12 20.5 02592 0.1099 485 21 35 0.9094 
13 20.6 02478 0.0905 44 .7 18.33 0.8388 
14 20.6 0.2527 00776 48.1 1485 0.8084 
15 20.5 o 2501 0.0479 465 11 .6 0.7533 
16 21.9 0.2495 00246 62.5 10.2 0.6899 
17 21 4 0.1245 o 1151 14 5.5 0.6278 
18 21.6 0.1269 0.0918 13.2 4.2 05312 
19 21.7 0.1196 00685 11 .2 3.3 0.4626 
20 221 o 1179 0.0388 87 2.9 0.4158 
21 205 o 1048 0.0142 55 24 0.3051 
22 209 0.1872 o 1164 345 123 0.7643 
23 21 5 o 1822 o 0931 25 8 06534 
24 22.4 o 1761 00660 20.3 5.8 05822 
25 24 .9 0.1716 0.0401 15.2 4 0.4964 
26 25.7 0.1777 0.0155 13.1 5.2 0.4869 
27 26.9 0.2332 o 1125 31 .8 12.2 0.8386 
28 27.0 0.2386 0.0918 39.8 12.9 0.7741 
29 27 o 0.2337 00646 42.4 10.4 0.7239 
30 261 02323 00362 444 59 0.6328 
31 256 0.2298 00246 45.3 77 0.6303 

~igure 2 shows Lhe superficial velocitics of cnch fluid (dcfincd a~ thc volumelric flow rate divided 
by the pipe cross secLiOiwl arca) corresponding to the experimental nu1:-. for both cementctl and steel 
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Fig. 2 Experimental range of superlicial velocities 
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tubes. A more useful map showing lhe boundary laycr Reynolds number for the water annulus tlow Re.., 
versus the water-oil input ralio is shown in Fig. 3 . As usuaL R e.,. is defined as 

R 
_ p.,V.,(4D) e,.. - .:.._:'--''----~ 

11,. 

== p.,JwD 
J1 ,.. 

(1) 

where. p .• and J,t .. are rcspcctively thc dcnsity and absolutc viscosity of thc watcr, V. and J,. are 
respeclively ils avcragc and supclficial vclocities, o is the average thickness of the annulus flow anel D 
is the lube diametcr. From Fig. 3 it can bc concludcd that for most runs the water flow in the annulus 
was turbulenl (Re, > 2000). 

7000 . . . .. . . 
6000 .. . . . .. 
5000 . .. 

Rew 4000 

3000 : 
2000 

1000 

o 
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Q o/Qw 

Fig. 3 Water Reynolds number versus oil-water input ratio 

The experimental pressure drop in each Lube is ploLLed in Figs. 4 and 5 using a seL of t:oordinales 
compmible to those of PCAF model. According to lhis model the pressure gradient G can be ex.pressed 
as 

(2) 

wherc Q is thc mix.turc llow rate 

Q=Qo +Q" (3) 

anel Cl. is Lhe volumelric fradion of Lhe oil in lhe tuhe givcn by 

(4) 
- ----

I+ 2Q.,. f Qo 
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Thc approxirnations in Eqs. (2) and (4) are valid for Jl w/Jlo << Q,JQ0 <I; this condition is true 
in the present experimems and is also verilied in most applications. Equalion (2) can be interpreted as 
the pressure drop of a laminar water flow at an equivalent flow rate Q1,c .• r defined as 

Qru·at = Q/11- (!- Jl,./ )10 Jx2
] 

= Qj(l-a?) 
(5) 

The scattering of the data in Figs. 4 and 5 indicates that the PCAF approach is not effective to 
describe the experiments reported here. This fact can be attribured ro two basic reasons: a) as observed 
in the experirnents the interface is wavy and asymmetric; b) for most runs the water flow is turbulent 
(Fig. 3). Botb facts contradict essential assurnptions of PCAF theory. 
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Fig. 4 Experimental pressure drop G versus flow rate Opea1 defined by Eq. (5)- steel tube. The straight line 
stands for Eq. (2) 
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Fig. 5 Experimental pressure drop G versus flow rate Op..,, defined by Eq. (5)- cemented tube. The straight 
line stands for Eq. (2) 
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ln order to incorporate these effects in the pressure drop model, Eq. (2) is re-written in a generalizcd 
fonn 

C( Q.a )=G11. ( Q )f( a). (6) 

where.f( a) is an im:reasing function of a satisfying f(O) = I and f( I )~=. and 

G.,(QJ= /im G(Q,a). (7) 
tt- - ->0 

The presr-ure gradient G,..(Q) can be interpreted a~ the pressure gradient for single-phase water Oow 
in the same tube a1 the flow rate of the mixture ( Q). Assuming that this flow is fully turbulent then 

c,.(Q J = kQ2 (8) 

where k dcpends on the watcr propcrties and tube size and rougbncss. Tbe function j( a) depends ou 
thc interface shapc and watcr tlow regime. For a smooth circular conccnLric intert"ace and laminar water 
tlow }(a)= li( I- a:) in view of Eq.(2). For the wavy interfaces and turbulent annulus tlow observed in 
thc expcrimcnts ii is suggcsled hcrc lhe funclion 

f(a ) = 1/( 1-a /" (9) 

whcrc n is a constant lo be deternuncd. Justification for thjs function will bc provided in a latcr 
scction. To complete thc modcl an cxprcssion is nceded for thc core fraclion a instcad of Eq. ( 4). This 
quaniity also do::pends on Lhe interface shape and llow regime. However, it is not necessary lo describe 
them in delail. ln fact. measurernents of intert"acial wavespeed made by the author at the visualization 
section (see Fig. I ) for the same nu1s (Bannwan, 1998) indicated that a kinematic clismrbance traveis at 
the mixture superficial velocity, J (=QIA). as shown in Fig. 6. 

1 

0 . 8 

a (m/s) o. 6 

0.4 

0.2 

/ 
7 

/ 
._)r" 

./· 
/ 

. 
.. 

/ 
// 

O L---------------------------~ 
o 0 . 2 0 . 4 0 . 6 0 . 8 1 

J (m/s) 
Fig. 6 lnterfacial wavespeed a versus mixture superficial velocity J for a horizontal oil-water core­

annular flow. The straight llne represents a= J 
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This result can be understood as a homogenizing effcct of thc intcrfacial waves and film turbulence 
on the velocity field. ln fact. a significanl amounl of water Oows in the spot bctwccn two wavc crests at 
cssentially thc samc vclocity of thc wavc: the turbulence in the water flow causes a flat velocity profile. 
Sincc thcre is no body force in thc dircction of thc flow and the oil is very víscous, the average velocity 
of the core V. also equals J. Letting J, be the o ii superficial velocity then 

v, = J" ja (lO) 

and one concludes 

a=Q"/Q=l-C,.. (li) 

where C. is the input water fractíon 

c,.. ;: Q,..jQ. (12) 

Thc tina I form of the proposed pressure drop model is obtained by combining Eqs. (6) lhrough ( 12): 

( 13) 

where 

(14) 

and thc exponent n is determi11ed to fít the data. This wa~ accomplished by minimiz.ation of lhe total 
rclativc variance 

S( n,k ): L exp 
(
G-G )

2 

rtlllS Gl'X{J 

(15) 

The best value$ of 11 for steel and cemented tubes wcre obtained by simultancously mi.nim..izing S 
with respecl 10 n and k. The minimiz.alion procedure was per[ormed using thc software Mnthematica®. 
The results for 11 can be expressed as 

"=0.050 

11 = 0.143 

for steel - wafled pipe, 

Jorcement-walled pipe. 
(16) 

The k valucs were respectively 2358 x 10' kg/m' for lhe steel mbe (26.7 mm ID) a11d 5780 x 10'• 
kg/m' for the cemented 1ube (23.9 rnm ID); lhese valoes obviously cannol he extended to other pipe 
sizes and matelials. The standard deviation Js ;; r - t J , whcrc r is number of runs, was lcss than 20% for 
bolh correlations. Note thal thc cementcd wall is rough, thus k is mucb higber for a cement-lined pipe 
than in a stccl tubc of sarne diameter. However, the higher presslu·e drop of the cemented pipe may be 
compensated by its better anti-fouling behavior. Figures 7 and 8 show lhe data points in lhe new 
coordinates. as well a~ Lhe adjusted correlations. A much better repre~entalion of lhe data is observed in 
comparison with Figs. 4 and 5. 
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Fig. 7 Experimental pressure drop G versus flow rate a• defined by Eq. (14)- steel tube. The continuous 
line represents Eq. (13) 
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Fig. 8 Experimental pressure drop G versus flow rate a• defined by Eq. (14)- cemented tube. The 
continuous line represents Eq. (13) 

Proposed Correlations 
Thc rcsults obtained in lhe previous section can be extended to other pipes sizcs and matelials than 

used in the present experimenls. From Eqs.( l3). (14) and (16) thc following ctmelations for pressure 
drop in horizontal oil-water core-annular flow are suggestcd: 

c= c".( Q )c:·' foroleophil ic pipewalls' (17) 

C= G.,.( Q)C~0• 286 foroleophobic pipewalls ( 18) 
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whcre G,(Q) is the frictional pressure gradient for single-phase water flow in ihe sarne pipe atlhe !low 
rate of the mixture, and can bc easily evaluated from traditional friction fonnulae. These cquations are 
very easy to use because they involve no other infonnation than flow rates. fluid properties, tube size 
and wall characteristics. The wcak dcpcndcncc on thc water fraction C. conJirms lhe experimental 
findings of other authors, as for example Oliemans et al. ( 1987). 

As an illustration of lhe use o f lhe above con·elations considera horizontal core-annular flow of oil 
(f..l., = 3 Pa.s, p .. = 975 kg/m ') and water inside a 5 cm ID smooth lube. This syslem was studied by 
Olicmans ( 1986). lle used a transparenl pipe and additivated water to gel an oleophobic pipe wall 
bchavior. This suggests using Eq. ( 18) with Blasius friclion factor to determine G,, . Thc comparisou 
with pressurc drop data givcn in Tahlc I (p. 64) of his work is shown in Fig. 9. The standard dcviation 
between calculated and measured values is only 16 %, whkh is a very encouraging result since &J. ( 18) 
wà~ developed for a different oi l and pipe :-.ize. 

2000 

/ 
/ . 

1500 , 

1000 
~· 

• 
soo 

o soo lODO 1500 2000 

Fig. 9 Comparison between experimental pressure drop data (Ollemans, 1986) and calculated using Eq. 
(18). Gcalc: G.,. on the straight line 

Optimal Input Ratio 
The cxistencc of an optimal watcr Ilow rate for a fixcd oil llow rate, i.c. a watcr-oil input ratio for 

which thc prcssure gradicnt or pumping powcr is a minimum, has been reported by many authors. e.g. 
Russel and Charles (1959) and more rcccntly by i\mcy e c ai. ( 1993). This happcns bccausc lhe addition 
of water helps the oll llow hut atthe same time increases the total llow rate. The proposed con·eJations 
also display this feature. as seen in Figs. 10 and 11. 

0. 8 

G/G1 
0.6 

0.4 

0 . 2 

o 
o 0 . 2 0 . 6 o.s 

Qw/Q,, 

Fig. 10 Water-oil input ratio for minimum pressure drop using Eqs. (13-14) with n: 0.143 (continuous line). 
The dotted tine represents predíctions by PCAF model. G, is the pressure gradient for unity input 
r ati o 
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Fig. 11 Water-oil input ratio for mlnimum power using Eqs. (13-14) with n = 0.143 (conlinuous tine). The 
dotted tine represents predictions by PCAF model. G1Q is lhe power for unity input ratio 
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lt c3n be observed that thc model propnscd hcre prcdiets much lower optimal input ratio1. than 
PCAP thcory. This is reasonablc sinee the preM.:nl modcl applíes to wavy core and turbulenl annulus 
llow (Re. > 2000). l'rom Eqs.(l3) and (14). thc watcr-oil [npul ratios for minimum pressure drop and 
minimum pumping power equals n and 2n/3 respectively. Uslng n = 0. 143 for the oplimal input 
ralio :-ecms to be in good agreemenl with prcssure drop plols shown i11 Fig1.. 5 lhrough 7 in Arney et a/. 
( 1993). 

Generalization of the Model 
lt i:. po~~iblc lo generalize Eqs.( 17) a11d ( IS ) to other fluids not sali~fying the present conditions 

p=p. and J.J. <<Jl. .. 1l1is can be done through the introducliou of a two-phase multiplier. cp· . defi ned as 

IP 2 _ c 
- C.,. (Q). (19) 

Assmning power-law typc friction factors lo cxprcss both c ... and C. i.e. 

G=b(Pmj D) " Pmj
2

. 

J.J , 2 D 

i . )-q . 1 
C.,= p ,. ; D p ,..;- . 

J.J ., 2 D 

(20) 

one oblains 

(21) 

whcre p. and Jt., are the núxture densily and vi~cosit y, respectivt:ly. From Eq. (2) il can be concludcd 
thal for the PCAF model 

Perfect Core Annulnr Flow . (22) 
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The dependence of J.1 on a seerru; lo be too strong for turbulent flow in lhe m1nulus. where thc 
shear stre~~ i~ e:.scntially conl-tant. This suggests that 

1 a 1- a 
--=-+ - - . (23) 
Jlm Jl ,. fi ,.. 

Tt mu~t be notcd lhal the mixlun: viseosity calculaled using Eq. (23) can bc much higher than using 
Eq. (22). Finally. expressing the mixture density as 

Pm = (I.P11 + (1 - a)p., .. (24) 

and using Eq. ( li ) lo eliminatc a. Eq. (2 1) bceomes 

(25) 

This result holds for turbulent a1mulus now and recovers Eqs. ( 17) and (I RJ when p . .=p .. , ,u, <<J.l. 
anel q = 0.1. 0.2R6 rcspectively. Note that this !ater q value. corrcsponding to the olt:ophobic pipe wall 
beha,·ior. is \'cry dose to the Bl:~sius law (q = 0.25). f or laminar tlow. howc,·cr. Eq. t22) is required. 

Concluding Remarks 
Because oil-waler core-annular t1ow~ are often wavy witb a lurbulent watcr fiow in thc annulu' thc 

perfcct corc-annular now thcory (PCAF) is inapproprime. [n this case. the analysis of our laboratory 
data rcvcaled a simplc modclthat accuratcly describes lhe fric.:lional pressurc drop in a horiwntal pipe. 
Two corrclmions are proposecl. namely Eqs. ( 17) anel ( 18), according to thc oleophobieity of' lhe pipe 
walls. i.e. the tendcncy for lhe wall to repcl thc oil. Thc correlations are very easy to use sinee lhcy are 
expres~ed 111 term-; of the watcr fraction and the pre:.surc drop for single-phasc wa1er now in lhe sarne 
pipe ai lhe llow rate of the mixturc. Comparisons u~ing the corrclaúon obtuincd for olcophobil: pipe 
wall. namcly Eq. ( I Ii). with data by Oliemans (1986) ~>õhowed very good agrccmcnt (within 16 %J in 
spitc of thc diffcrence in pipe size and oil hc used A gent!raliz.ation of thc modd to other fiuids in term~ 
of a 1wo-pha~e multiplier is propo~ed. 
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Abstract 
An exleJL~ivl' lilnwure survf'_l' of l'mn·ecliFe hoiling lws been per/ilrmed lo tlti., study. l'ubliJ!Ied correlaliun.\ luwe 
be<'ll dil'ided inlo lhree main gmups: slrif·tly I'Oill'l't'IÍl'e, tlwst! lwsn l tm 1/w .WJll'lposilion rufe, ond strictly em pi rica/. 
!ln t'lllJlirir·al •·orrelcuion lws beelt de•·e/opnl .fi'om w1 e,\fl<'rimenta/ tlata hank obtained ei.H'II'Iu:re lhmugh an 
I!JIIimi~ed cww· .f/lling J>rtwt-'dllrt-'. A vt•rag<' devi(llinn,ç of re,çtt/ts from tlw prop,sed cornlatio11 witil respec/ 10 
expuinwnw/ dalaare siwlificwllly lmr c·omp11red lo del'iationsfrom "'her l'orrelaiÍmJs. Comparisom hetwePn local 
helll lran'ifer coe,{fit·Jems .fiwn corre/aliO/IS and tlwse obtclÍII<'d I!J.7><'rimelllllliy, tlumgh qua!ilaliPel_r .wwul, hm•f 
,1/1/HI'II di.•lincl de••ialitm., lmpml'l'd physit·ttl 11111del~ art' llf!N{etf lo odeqtullt!ly correlate lucal hea/ transfer 
nu·ffi<·ient,\'. 
Keyworás: Com·eclive Boiling. RefriJI.eratllx, Hori;.onflll Flo11·. 

lntroduction 
Convective boiling ofrefrigeranls has been under i.ntcnsivc research during the last 40 years. Early 

studies sought lhe development of correlations for heal transfcr anel prcssurc drop bascd on cmpirieal 
data. Some progress was made in con·elating the limiteel amounl of available data al thal time. During 
Lhe 60's a siguificant effo11 was put forward by the refrigeration communily to beller understand lhe 
physical mcchanism. The signiticant increase in publicarions in the field al that lime is an evidence oF 
thal eiTorL During tbc 70' s anel part of the 80's there was a laek of major achievements in conveclive 
boiling research. A surge of research starled in thc miei 80's. mostly rclated to thc mandatory phase our 
of CFCs imposed Lo lhe industrializcd nalions by lhe Montreal Prolocol .for controlling Ozone Depleting 
Substru1ces (ODS). Thus during lhe lasl de.cade lhe refrigeraLion industry has beco faccd with a sccnario 
of phasiog out CFCs. which has been composed wilh energy consumplion regulations ali over thc 
world. These constrains havc eoofrouted industry with new ehallenges on the design of eomponents. 
especially heat cxchangers. Thc introduction into the market of a new generation of chlorine free 
refrigeranl:, has triggered a renewcd trcnd of rcscarch i.n eouvcetive boili.ng, in part due to the laek of 
generaHzation of previous results. Despite progress attained in Lhe pasl. currcntly avai lablc corrclations 
for Lhe convcetive boiling heat transfer coefficienl are still dependent. lo a cerLain degree. upon the 
range of the operating eondilions and Lhe t1uid (refrigeram). 

Purposes of this papcr are twofold. loitíally. a summary of an extensive literature survey wi ll be 
presenred regarding heat lransfer cociTicienl corrclations for convectivc boiling. Correlations have been 
classified inlo lhree main calegories: striclly convcctivc, those baseei on a superposition rule, and 
strictly empirical. A seeonel ouleome of presenl sludy has been Lhe developmenl of a non-dimensioual 
corrclation for tbe heal transfer coefficient bast::d on standard non-dimensional groups. The conelalion 
has beco dcvclopcd through an optimized curve fi tting procedure of experimental resulls eovering some 
halocarbon rcfrigcrants and a li mited range of operatiog eonditions. 

Literature Survey 
In a broad sense, convectivc boiling dcsignatcs lhe liquid to vapor chru1ge of phase tbat takes plaee 

under forced flow of Lhe nuid. Tn this sludy major attenlion has bccn [ocuscd ou conditions prcvailing 
in direct expansion evaporators. espeeially covering a region from lhe cvaporator inlet to thc scction 
where dry out occurs. This is by large Lhe mosl imponanl region in Lhe evaporator. Vapor qualities ai 
thc entrance of thc cvaporator are ín general lru·ger than 10%. varying from case lo case. On the other 
Manuscript recetved: October 1998: revision received: February 1999. Technical Editor: Angela Ourivlo Niecke/e. 
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hand. post dr)' out conditions encompass thc misty two-phase 11ow and Lhe supcrheated vapor rcgions. 
Misty tlow heat transfer has nol bcen adcquately ad<.lrcssed in lhe: li teralun:. Rcgardinr; heaL transfer, 
lhi~> has been generally considered as a ~ing.le phasc. saturatcd vapor rcgion. This study covcrs a rcgion 
where thê following two-phast! tlow regimes for horizontal tubcs might occur: bubbly, stralificd lmostly 
wavyl. antl annular. Heal Lran1>fer mechaniMns in this region are associated lo cither nucleatc boiling or 
evaporation atlhe tiquid-vapor interface. The latter is rcfcrred by some authors as ~.:onvcctivc boiling, a 
dcsignation more restrictivc than the onc uscd in thi~ study. ll musl hc: nolt!d thal holh mcchanism~ 
might occur simultancous ly. as some of currcnl modcls <tt:tually a~>sume . 

he literaturc survcy rcpoJtcd in this papcr is limitcd lo lhose pub1icalions invo1ving some son of 
corrdalion for the heat transl'c:r coel'licienl under convective boiling condilions for the range of vapor 
yualiti.:~ varying from I 0% to 100%. Puhlit:alions listecl here in were considcred lhe most signiticant. 
Com.:lation~> wcre divided into lhree main calegories: 

( 1 l Slrictly convective: 
(2) Based on a superpn~->iLion rule: 
(3) Strictly cmpirical 
Thc first group of corrclations for hcat transfcr w.-s baseei on t:he assumption of Lhe only occurrence 

of saturalcd cvaporalion at lhe liquid/vapor interface. McAdams ( 1954), who proposed a simplified 
modd based on an annular flow regime lopology of lhe interface. adequately addressed this mechanisrn 
of heal Lransfer. The lwo-phao::e now heat lransfer <:Oefficient. h,,, is frequently presenteei in a non­
dimensional l'om1 hy reft:rring it lo lhe single-phase coefficient for the liquid phase of the mixture 
nowing in lhe same tube. h,. Some aulhors have referred h," to thc singlc-phase hcat transfcr cocftlcicnl 
for the mixlure flowing tolally as liquicl in thc mbc. h,, . lt is ralhcr simplc to prove thal this 
climensionless heat rransfer coefficiem is a funclion of rhc Martinclli paramclcr, Saiz .Jabartlo (1988). 
This is in esscnce the main condusion of the Me Adams mode1. and the basic assurnplion of lhe slrictly 
conveclive corrclalions. H musl be noled thalthe version generally adopted for lhe Martinelli parameter 
is thc onc associatcd to Lhe turbulcntllurbulent regimes of the phases flowing ~eparately in the tube. i. e. 
X,. Some of the first group corre1alions are lisled in Table I. along with tbe associatcd experimental 
conditions. In fact these correlations are empírica!. since lhe uumcrical cociTicicnls were obtaineu by 
curve fitting experimental results. As it shou\d bc cxpcctcd. lhe cxce!Jent correlation reported by ~ome 
of the authors could be exp.lainecl by thc fact thal cxpcrimcnls wcre perforrned under lhe annular flow 
regime, typieal for most of thc physical conditions listed in Table I. 

-- Nomenclature 
Bo = Bolling number L = Lenglh in the correlation of <I> = Heat flux (W/m2

) 

(dimensionless): Bo = _<1>_ 
Pierre (m) 

f.l Viscosily (Pas) 
(;J) M Molecular weight (kg/kmol) r Density (kg/m3

) 

C o = Convective number as defined 
N Dimensionless parameter as Surface tension (N/m) defined by Shah a 

by Shah (dim~~síonJ~ss). p Pressure (Pa) 
Co = ( .!....=...:. ) (Qu) Pr Prandtl number Subscripts: 

X P• 
(dimensionless): Pr = ~ 

BS Bubble supression 

Cp = Specif1c heat (J/kg."C) c Convective 

D = Diameter (m) R Dimensionless factor as CB Convective boiling 

Db = Bubble departure diameler (m) defined by Wattelet c r Relalive to criticai lhe state 

F = Two·phase multiplier for strictly R e Reynolds number exp = Experimental 
convective heat transfer (dimensionless); Re = GD I Referring eilher to the liquid 
(dimensionless) !J phase or to lhe liquid of lhe 

F, = Fluid parameter defined by s Supression factor mixture flowing in the lube 
Kandlikar (dimensionless) (dimensionless) fo Mixture flowing like a liquid 

Fr = Froude number T Temperatura CC) fg Relativa to the difference 
(dimensionless) 

X Vapor quality (dimensionless) between the values of lhe 
G = Mass flux (kg/m1 .s) X;, Martinelll parameter woperties of lhe vapor and 

9 = Gravj lacional acceleration (dimensionless): oquid 

(m/s ) X =(~)"" (ilil. >"'(.!!i)"·' g Gas phase 

h = Local .heal transler coefficienl " X Pt 1-19 NB Nucleate boiling 
(W/m, ."C) Greek symbols: r Reduced pressure 

= Specific enthalpy (J/kg) 
).1 Contacl angle sat Saturated conditions 

k = Thermal conductivily (W/m.0 C) 
O c = Characteristic dimension (m) tp Two-phase flow 
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Table 1 A summary of strictly convective correlations 

Author 

Oengler &Addoms (1956) 

Guerrien & Talty (1956) 

Chaddock & Noerager 

(1966) 

ACRC-1 [Wattelet] (1991) 

ACRC-2 [Panek] 

(1992) 

Chaddock & Buzzard 

(1986) 

Correlallon 

~ _05 
h '• = 3.5 (X.,) 

h ·O·H• 

~=3.4 (Xu) 

h ,,.,,, , 
~ =3.0(Xr) 

h ·• h,= 3.0 (Xn) 

~ 111tollft 

h,= 2.30 (Xn) 

h (O'fi'l) 

~ = 3.686 (X") 

!1.101 o 785 08! 
h,= (x;;-l (1 + 3.83 x, ) 

Fluids 

Water 

Hydrocarbons 

CFC-12 

CFC-12 

HFC-134a 

CFC-12 

HFC-134a 

CFC/HCFC-502 

Physical Conditions 

Vert1cal 
o· 25.4mm 
G 55 a 1100 kg!m2 .s 
x: O a 70% 

Vertical 
0: 19 e 25.4mm 
p,.,= 100 kPa 
X' 11012% 

0 : 12.7mm 
G 100 to 433 kg.tm2.s 
•· 2.2 to 11 kW/m

2 

x O to 70•·· 

0: 12.7mm 
x: 20% 
r •• ,= 4.4 <c 

0: 10.2 and 12.7 mm 
G: 100 to 500 l<.g/m2 .s 

~: 5 to 30 kW/m2 

x. 20% to 60% 

O. 12.7 mm 
G: 45 to 500 kg/m?.s 
~: 1 9 to 23.6 kW/m' 
x: 1 to 23% 

The M.:cond group correspouds to lho~c corrdalion~ based on the supcrposilion nf heal transfcr 
mechanism:., namely those duc lo nuclcate boiling and evaporation at thc liquid/vapor interface (strictly 
convcctive boiling). Some of lhe published corre lations of this group are li ~tcd in Table 2. Similarly to 
thc ones of lhe firsl group, correlalions bascd on the superposition rulc are mostly empirical. bul 
applicablc to a widcr range of operaling condition1>. However, it musl be recognil'.ed Lhal lhe cxtcnt of 
applicahility ol thcse correlalions is limitcd sincc thc supcrposition rule i~-. a nuher ~implc modcl of the 
heat tran:-.fer mcchanism undcr couvective boiling conditions. Kutatcladze ( 1961 ). who proposed a non­
lincar supcrposilion of effect:,, was probably thc first researcher lo introducc thc idca. Later on, Chen 
(1966) successfully proposed a linear ~>Upcrpostlton. His model a.'~umcs that the two-phase flow heat 
tran:.f..:r cocfficient re:-.ults from thc 'um of strictly com·ective and nuclcatc boi1ing cffects. !JJ other 
word\, 

(1) 

The first tcnn of Lhe rig hl hand side can simply be evaluated by a ~>lri ctly convective correlation, 
whcrcas the 13tter. h,,11, i~ associatcd to õl typical nucleale boiling corrclation. Chen ( 1966) suggesled lhe 
Fo:-ler anel Zuber ( 1955) model for lt,..11 • This coefticient must be correctcd hy thc so-callcd suppression 
factor, S. which was iutroduced to allow for convcclive cffects on bubble nucleation. ln thal rcspect it 
mu~>l hc notcd thal higher Reynold!. numhcr now:. tend to promotc thinncr boundary layers and highcr 
temperaturc gradicnts at thc wall. As a re1.ull, iht: effective temperaturc of the liquid around the bubblc 
is diminished. reducing lhe chances for bubble nuclealion. Thu~> . according to Chen's model. S mul>l 
vary imcrsel) with the two-phase now Reynolds number. Other authors have uscd similar arguments a\ 
Chen However. to account for surface and nuclcate boiling effectl'., some havc gune furthcr by makiog 
r and S dcpcndcnt on other dimen:.ionles!> groups. such as the Froude and the Boiling numbcrs (see 
nomenclaturc for dcfinition). Finally il must he noled at th.is poinl Lhat. for higher vapor qualitics, 
strictly convcctivc boiling effects are dominam due to impaired conditions for bubble nucleation. as onc 
can ea:-.ily condudc from the physical behavior of annular flow. ln other words, S musl d~crease with 
vapor quality. To a cenain extcnt mo~t of thc correl3lions based on thc supcrposition rule include this 
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vapor qualily e[fccl. On the olher hand, some tend to overweigbt nuclcale boiling effects to adequately 
correlate experimental results. 

Author 

Chen 

(1966) 

Gungor 

& 

Winlerton 

(1986) 

Llu 

& 

Winterton 

(1991 ) 

Jung 

& 
Radermacher 

(1991 ) 

Wattelet 

(1994) 

Table 2 A summary of correlations based on lhe superposition rule 

Correlation 

h., = h, Fc, + hNat Se,, 

Á/ o 8 o' 
ht= 0 0.023 Re1 Pr1 

1 
FcH = 1 for X, ~ 0.1 

I oJJti I 
FcH = 2.35 ( - • 0.213 ) for - > 0.1 

XII XII 

0.75 
ó P .. , 

Se, = ___ ___:_...,...--.,...,.,,... 
r' ' ~ .. u x w-~ Rc/· 17 1 

htp = h, FGw + ht·tsc Sow 
116 1 o 86 

FGw = 1 + 24000 Bo + 1.37 (X,:) 
o 12 (l 55 ·G-.5 0.('.7 

h, uc = 55 p, (·log" ' p,) M I) 

SGw = 
t/ 1 11.<.\ li.J1 ~ti f (;u 

1 
R< I J, r I 

For Fr < 0.05. multiply Fow and Sow by F, e S,: 
(O 1 - 2 Fr) 

F , =Fr S, =-{Fr 
l 2 2 

h,p = ( FLw h to) + (SLw hNsc) 
k! o tJ u ~ 

h,0 = 0 0.023 Re;0 Pr, 

.lli. 0.35 
FLw = [ 1 + x Pr1 ( -1) I 

Pg 

Stw= I 
I I + 0.055FLIVO.I Re fáO. I6 1 

For Fr < 0.05, multiply F1w and s, ... , by F, e S, from 
Gungor-Winterton. 

h,0 = h, F.1r, + s.J, hNH.~ 
1 0 R5 

FJR = 2.37 (0.29 + Xn) 

k ~ 0.1•1> J1l C >81 O.S3;\ 

h Nas = 207 ~D (k r ) ( ) (Prr) 
b t M l Pf 

2a o; 
0 0 =0.0146 f3 [-

9
-( --( 

Pr • j)g, 
T 2:? 1 l 3 

For X,1 $ 1 => S.1n = 4048Xtt Bo
0 28 

-0.
33 

For 1 < X11 s 5 => SJ~ = 2.0- 0.1 X11 Bo 

? .:i 25--~2"~~----------

(h.,) = (hr Fw R) -<l t:, (hNf<C} 

Fw = 1 + 1.925 Xu 
0.2 

R= 1.32 Fr for Fr < 0.25 

R= 1 for Fr <! 0.25 

Fluids 

Water 
Methanol 
Benzene 
Pentane 
Hexane 
Heptane 

Water 
CFC- 11 
CFC-12 
CFC-113 
CFC-114 
HCFC-22 
Ethylene· 
gtycol 

Water 
CFC-11 
CFC-12 
CFC-113 
CFC-114 
HCFC-22 
E1hylene­
glycol 

CFC-11 
CFC-1 2 
CFC-13 
HCFC-22 
HFC-32 
CFC-114 
HCFC-123 
HCFC-124 
HFC·134a 
HCFC-
141b 
HCFC-
142b 
HFC-143a 
HFC-152a 
CFC-12 
HFC-134a 

Physical Conditions 

Vertical 
p'"',: 55 to 3500 kPa 
G: 500 to 3600 kgfm2 .s 
x:1 to71% 

G: 60 to 8180 kg/m2.s 
<~ : 1 to 2600 kW/m2 

x: o to99% 
D: 3 to32mm 

G: 12.4 to 8180 kg/m2.s 
t1: 0.4 to 2600 kW/m" 
x: o to94.8% 
D: 3to 32mm 

r •• ,: -10 to 10°C 
G: 100 to 700 kg/m2.s 

o: 5 to 40 kW/m2 

x: 10 to 90% 
D=Smm 

G: 25 to 500 kg/m ~. :-. 

<j): 2 to 30 kW/m" 
x: 10 to90% 
r •• ,: -15 to 5°C 

D = 12.7 and 15.87mm 
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(Table 2 cont.) 

Author Correlation 

& 
·066~ 

Hashrzume FMH = 2.44 Xn 
(1993) 

/I _ "·'I'' r -lrtl·M/1 JdX li 
Sr.<H = ------.,-,,...,.,-,,...~-"·ç\.,..,.--­

l (l fliJ<I>MN ldX I .. , 
,,.0.23 

Fr = ---'----..,.--
/1 - II.<JY rn pv 

os 
Õc = 008[ I 

YUI/J- r y) 

Fluids 

HCFC-123 

Physical 

Conditions 

G: I OU to J()() kglm'.s 

<jl: O to 30 kW/m2 

x: 1 to 100% 

D = 12.7mm 

p,. ,: 200kPa 

Probably Pierre ( 1956) was lhe first researcher lo empirically correlate experi mental rcsults 
ohtained l'rom an evaporator operaling with refrigerants CFC-12 and HCFC-22, both for pure 
refrigerants and thci.r mixturcs with low o il contem. Pierre approached lhe problem frorn a pragmalic 
point or vicw by introducing lwo dimensionless groups to con·elate the Nusselt number. One was a two­
phase llow Reynolds number. bascd on lhe mixturc tlowing as saturatcd liquid in thc mbc, whcrcas the 
othcr. designated as K. cotTesponds LO a modified version of lhe Boiling number. The latter indudcs t·hc 
lcngth of tbe evaporator tube. which is u major nuisance in application~>. PietTe's resulls wcrc writtcn in 
tcrrns of avcragc hcat transfer coefficients, applicable to evaporator exit conditions corresponding to 
ci thcr vapor qualities up lo 90% or 6°C superheated vapor. The con·elatinns propo1>ed by PietTe are 
listed in Tablc 3 along with thc othcr two corresponding to the third group of correlations, lhe so-called 
sttictly empirical. 

Shah ( 19R2) proposcd a correlation dcvclopcd from an extcnsive data bank of experimental results. 
The basic approach laken hy Shah ( 19l:i2) was to slart witb thc introduetion of notl-dimcnsional groups, 
based on previous experience instead of a dimensional analysis, which would bc rathcr complcx for this 
problcm. Shah ( 1982) introduced Lhe following dimensionless group~-o in his correlation: the Boiling. lhe 
Froude. and lhe Convectivc numbers. The latter con·esponds to a modified Martinelli parameter, 
without lhe viscosily ralio. lnitially Shah introduced a chart for lhe dímensionless heal lnmsfer 
coefficient. delineei with rcfcrcncc to thc cocfficicnt corresponding to thc liquid of the mixture flowing 
in lhe same tube, h,. Later on he proposed lhe correlation listed in Table 3. 

Author 

Pierre 

(1956) 

Table 3 A summary of strictly empirical correlations 

Correlation 

Complete evaporation: 

• 6°C of superheat at exit and 
A ? 12 

10 < Rero K < 0.7X 10 
k, 2 0•1 

h,,, = Õ 0.0082 [Re,, K 1 

lncomplete evapor,:'tion: l 
12 

• Xexi< < 0 .9 and 10 < Re10 K < 0.7 X 10 

K _ (i19 i\x) 
- Lg 

Fluids 

CFC-12 

HCFC-22 

Physical Conditions 

D= 12 to18mm 

x: 15% in 6"C of 
superhealing 
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Author Correlation Fluids Physical Conditions 

Shah ~ Water G: 100 to 2000 kg/m2 .s 
(1982) 

~J =h, 
CFC-11 4>: 1.2 to 2000 kW/m2 

N = Co CFC-12 x: o to 100% 
vertical and horizontal flows for Fr > 0.04 

HCFC-22 T,.,: -50 to 190°C 

'" CFC-113 
N = 0.38 Fr C o, 

honzontal flow for Fr < 0.04 
Hexane 

• For N > 1: 
0 .:) ~ 

'I'Ns= 230 Bo for Bo > 0.3 X 10 
o.:. ·• 

'I'Ns= 1 + 46 Bo for Bo s 0.3 X 1 O 

1.1:> 
'l'c= --

NO.R 

'I' higher value between '!'Na and 'I' c. 

• For 0.1 < N < 1.0: 
05 ·O 1 

'l'us= FBo exp(2.74 N 

• For N < 0. 1: 
0.5 o 15 

'I' as = F Bo exp(2.47 N ) _, 
F = 14.7 for Bo 2 11 X 10 _, 
F = 15.4 for Bo < 11 X 10 

'I' higher value between 'l'ij~ and '1\:-

Kandlikar h 8 E o F11 values 

(1990) 
~ =[ACo (25 Fr) ) + (C Bo Fo) 

Water: 1.0 
Convective Boillng: Nucleate Boiling: CFC-11: 1.30 G: 15 to 8180 kg/m2.s 
A= 1. 1360 A = 0.6683 CFC-12: 1.50 $: 1 .2 to 2000 kW/m2 

B = ·0.9 B = -0.2 CFC·13B1 : 1.31 x: 0.1 to 95% 
c =667.2 c = 1058.0 HCFC-22: 2.20 
0=0.7 0=0.7 CFC-1 13: 1.30 
E=0.3 E=0.3 CFC-114: 1.24 
For Fr >0.04 ~ E= O For Fr >0.04 ~E~ O HFC-1 52a: 1.10 

HFC-134a: 1.63 

Kandlikar (1990) followed the sarne steps as Shah in devcloping a generaliz.ed correlalion from a 
data bank of experimental re~ults. He introduced lhe sarne non-dirnensional groups as Shah but 
ditTercmly organized. A major sel back of Kandlikar's corre lation is the Fluid Coefficient, F,, (sec Tablc 
3 for reference), dependenl upon lhe particular fluid . Kandlikar ( 1990) suggested valucs of Fn for 
several 11uids in his original paper. The original list has been enhanced by severa) authors along lhe 
years. Eckels and Pate ( 1991 ). for examplc. bascd on thci.r own experimental results, suggested lhe 
vaJue of 1.63 for tbe Fluid Cocfficient of refrigerant HFC-134a. Due lo ils excellenl resulls, Kandlikar' s 
correlation has found a widespread application in the rcfrigeration rield. 

Bandarra Filho ( 1997) ha~ performed an in depth analysis of the correlations listed i.n Tables 1 to 3. 
Results can be summarized as follows: 

(I) Correlations of the sarne group present significant discrepancies among each othcr and w.ilh 
those frorn the other groups. 

(2) Comparison of correlations with experimental results from an available da la bank 1 resulted in 
avcragc dcviations as listcd in Tablc 4. The average deviation has been defined as 

1 E>rclirnenlal rc,uhs have hccn kintlly pmviti..:J hy the Ai1· Condit ioning and Refrigeration Center o~ the University of lllinois ai 
Urbmla-ChampHtg-n. US/\ . t\ summary ur t.!Xpelimenlal \.'()mliLion~ antl nuitls C~Hl hc. füuud in Tahlc 5. 



251 J of the Braz Soe Mechamcal Sciences- Vol 21. June 1999 

/IIII [h,,,,r,•loltou /t( '\f't'ltl~ttllla/1 
(2) 

:V C\fi< ruUt'IIIH/ h,.,,,,.,.illft'fl/(1/ 

(3) A dose examinatinn ofTablc 4 allow~ for th~: following com: lu~ion:-.: 
(al ln general. :-.tm:tly convecti\t: corrclation~ pn;:<,cnl th<' highc:st tlcviatinn ..... wherea~ the 

strictl) cmpirical one~. lhl' lca:-.1. 
(bl De' •allon' dimini~h for ma'' llu"c~ higher than 100 kglm'.s. posl>ibly duc to lhe 

occurrl'nl.'c of ;mnular tlow. ll mu~t bc notetl that mo:-.t nf the con·elation:. havc bccn 
dc,·elop.:d for high mao;s llu\c~. '~ h1ch cxplains the ohs..:rvcd trcnd. 

(1.') Kaudlil-.ar·~ correlation along with the onc propo:-ed hy Wattelct (!994). cll.'vt:loped 
from the :-.ame data b<mk uscd in the prcscnt l'tudy. produccd thc lcast avcrage 
devia I Í{lll~. 

(dl lt is 1ntcrcsting to note that ..:orrclation~ of the sccond group. currespnnding to those 
ba~<oed on the ~uperpo:;itiun llllt:. prcscnt unexpededly high avcrage deviations. ·n1c only 
exl.'epllon I!> Wauelet's corrclation as ll:.hould be c\pcctcd. g1ven the commcnt on the 
pre' i ou' paragraph. 

(4) As a general rule. low mass !lux d:U:l are poorly corrclated. Prohahly tlm bcha\ior •~ rdatcd 
to lhe occur..-cncc of the stralilicd llow regime (particularly lh~ wavy llow) wilh 11:- horimntal 
liquidhapor int~rface. Apparently, lhe inlroduclion of lhe Froude numbcr III some or lhe 
correlat.ions. 10 lakc into account horizontal interface cffccts. hnve not produccd thc cxpected 
rcsult:-.. rurth..:r rcsenrch is needed to clucidale physical bchavior of Lhe hcat transfer 
mcchani~m und..:r .... tratificd t1ow. 

(:'i) As a fmal conclusion. it must be nuted that ali correlntiun~ adopt lhe traditional approach of 
r.:fcrnng hcat tr:ln,fer cocfficicnts 10 thcir ~ingle-phasc counter part~. 

Table 4 Average deviations of correlations from experimental results 

Correlation 

Group 1 

(Stnctly convechve) 

Oengler & Addoms (1956) 

Guerrierl & Talty (1956) 

Chaddock & Noerager (1966) 

ACRC-1 (1991) 

ACRC-2 (1992) 

Chaddock & Buzard (1986:!..) _ __ _ 

Group 2 

(Superpos•llon rule) 

Chen ( 1966) 

Gungor & Winterton (1986) 

L•u & Winterton (1991) 

Jung & Radermacher (1989) 

Wattelel (1994) 

Murata & Hashizume (1993) 

Group 3 
(Strictly emplrlcat) 

Shah (1982) 
Kandlikar (1990) 

Average devtation 

(Completo set of experimental 
rcsulls) 

54.0°o 

32.0"o 

860% 

36.o·~ 

20.0% 
21.0% 

24.0% 

20.0··· 
19.0'lo 

22.0% 

12.3% 

280% 

17 7°o 
14 2"o 

Average devialion 

(G >100 kgfm'.s and 
<J><20 kW/m") 

46.o•• 
24.o•. 

69.0"·· 

30.0% 

14.6% 

14.9% -----

16.0'lo 

18.3~. 

13.3°'o 

16.2% 

9.60% 

21 .0% 

13.7°<> 
10.0% 

Heat Transfer Correlation 
ln the last scction thc most repre:-cnlativc hcal lransfer corrclations for conveclivc boiling were 

introduced. As nolcd bcfore. the slriclly convcctive ones, lhough rather simplc. correlate wilh 
acccptablc preci~ion only lhe annular llow regime. On Lhe othcr hand lhe ~uperposition rule is nol 
complctcly satisfactory. sincc it is rather complcx to adequately wcight the relativc impor1ance of 
con\ecti \ 'C and nudealc hoiling effects for di ffcrcnt condilioos. Finally, it has been prm·cd that ~trictly 
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empirical correlations :u·e accuratc. but are e ither lluid depcndcnt, such a~ the one hy Kandlikar ( 1990), 
or present a complcx form for prnctical applications. Givcn Lhe presenL stale of Lhe art, lhe main 
objective of Lhis study has been LO develop a simple yet aecurate correlation that would incorptlrale ali 
significam effects of convecti ve boiling of halocarbon refrigerants tlowing inside horii'.Ontal tubes 
under Lypical conditinns for refrigeration applications. The eorrelation should includc all significam 
mechanbms affecting heattransfer through pertinent dimensionless groups. 1\s in prcvious corre lations, 
a certain degree of empiricism will be cxe.rcised in the detem1ination of numerical coefficients and the 
establishmenl of the rauge of dimensionlcss paramctcrs. The experimental data bank used as reference 
in Lhis study was obtained for experimental condilions summari7.cd in Table 5. ll musl be noted that 
data were obLaincd for only thrcc rcfrigcranLs anel limited ranges of operating conditions, mostly 
covo::ring refrigeration applicalions. 

Table 5 A summary of operating condilions for experimental results used in this study 

Refrigerant 

CFC-12 
HFC-134a 

HCFC-22 

o 
[mm] 

7.04 
7.04 and 10.92 
7. 75 and 10.92 

o 
[kW/m2 l 
1.9to5 

1.9to 40 

1.9 10 40 

G X.n Tsat 
[kg/m2.s] [%) ["C] 

25 to 100 20 to 60 ·20to5 
50 to 500 5 to 95 -15 to20 

50 to 500 1 to 94 -5to 15 

Three dimens ionless p;u·ameters, already mentioncd in tlús paper. were inLroduced ' 'ad hoc'' 10 

incorporate rhe inre rvening physical mcchanisms. 
(I) Thc Martinclli parameter, Xtt. LO take inl.o accounl strictly conveetive effects due to 

evaporation ata hquid vapor interface. according lo the McAdams ( 1954) ruodel. 
(2) Thc Boiling numher, Bo, inlended to take into account nucleatc boiling effecls, generally 

associated to U1e heat transfer coeffieient dcpendcnce on the heat llux. 
(3) The Froude number, Fr, to incorporate horizontal frce surface e ffects. typical of the st:ratified 

llow regimes. 
ln this case. contrary to most of lhe previous con·elations, nucleate anel strictly convective effecls 

havc nol bccn cvalualed ~eparately. lnstead, Lhe dimensionless heat transfcr cocfficicnL was set equa!LO 
a prodttct of Lhe dimensionless parameters. according LO the following general fotm: 

h 
...!!.!.. = 1 + C x;;• Bo" Fr1' 
h r 

(3) 

lt is inlcrcsLing Lo note that the firsl tem1 in lhe right hand side of Eq. (3) is inLended w make the 
equaLion compatible with Lhe asymptotic condition corresponding to a singlc phase flow of liquid. Since 
the exponenL m is always negative. when the vapor quality gocs Lo zero so does Lhe second rerm (X, --7 

oo ). :n1d. as a result. the dimensionlcss hcal transfcr cocfrici<::nl goes lo I. T he numericaJ coeflicicnl and 
exponents were obtained as follows. 

(1 l Initially Fr was dropped from Lhe general equaLion, and Lhe following dimcnsionless 
paramc.tcr was corrc laLed exclusively by the Martine lli parameter for experi mental data: 

~ - / 
_"_r __ (4) 

(2) 
Bo" 

For cach v alue or n, values of m anel C would result from Lhe eorrelation of experimental data. 
A Lria l procedure was set up lo determine de value of n tllat would produce U1c minirnum 
average deviation. Table 6 displays results from severa] trials . lt can be notcd that the 
optimmn value of n is 0.3. The corresponding values of m and C for this value of n are: -0.65 
and 40. 

Table 6 Average deviation for severa! values of n 

n 

o 
0.1 

0.3 

0.5 

Average devialion {%] 

19.2 

16.0 

135 

16.9 
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(3) O<!~pite the limited range of Froude numbers a\·ailablc from thc experimental results, a d car 
trend ha:-. been deviscd according to which lhis group would cxcn no appar~nt inOuencc ovcr 
thc hcat transfer mechanism fur Fr";?.O. l. Thc value of the exponent p in F.q. (3) was set to z.ero 
for this range of Froude numbcr~. On thc othcr hand. for Fr<O.l. thc optimum valuc of p was 
dctennincd through a Lrial procedure in such a way to minimize lhe avcragc deviation. The 
optimum value of p was found to he cqual to 0.5. 

(4) The resultant corrclations for lhe two ranges of the Froude numbcr can be summarizcd as 
t'ollows: 

Fr<O. l 

k
1
' = I + 125 x, "'·' Bo" ' Fr"' ,, 
Fr';?.O. l 

~ .,.. •" 
I = 1 + 40 X, Ro 
'r 

(5) 

(6) 

Equmions (5) and (6) reOcct thc physical behavior of convcctivc boiling. ln fact, this can bc 
qualitativcly demonstrated hy considcring i ~olated effects of thc intcrvcning parameters a~> follows. 

(I) G ivcn the geometry, saLUration tcmpcrature. and heat and mass t1uxes. one should expcct that 
the two-phase flow heat transfcr cocfficient would be exdusively dependcnt upon lhe vapor 
quality through X,,. A clear picturc of lhe problem could be drawn by considering lhe annular 
llow regime, for whieh h,, would incrcasc with vapor quality. Equalions (5) anel (6) are in 
accordance with this behavior. sincc. for constant Bo and Fr. lhe dimcnsionlcss beat transfer 
coefficienl diminishc:, with X .• as expecled. This conclusion il> in aecordance with that 
prcviously drawn for the striclly convective correlatioos. 

(2) The Boiling number is inteneled to take inlo account nuclcatc boiling effects for which thc 
heat transfer coefficient depend~ upon thc heat flux. increa1>ing with it. This dependency i:-. 
clearly reflectcd in Eqs. (5) and (6). lt Í1> interesting to note that, according to the above 
equations. the rclative irnportancc of the Boiling numbcr increases wi th X,. or. in other words, 
for reduced vapor quali6es. Thi~ is consi~tenl wiLh the physical heh::tvior, since lhe probabilily 
of nucleate boi ling occurrcncc increases for lower vapor qualitie5. On the other hand. tbc form 
of Eqs. (5) anel (6) allows for thc progressive reduclion with vapor quality of thc rclativc 
intlucnce of the Boi ling number. 

(3) Thc Froude number is associated to horizontal liquid/vapor interfaces. as in the stratifieel two­
phasc tlow regime. The occurrcncc of lhis regime is c learly detcrmined by the mass flux. Low 
value~ of the mass Oux. corn:~ponding lo low Froude numhcrs, are associated 10 the 
watification of thc phascs. The annular llow regime could be auained by progrcssively 
mcreasing the ma.~s flux . Thc inlluence of the Froudc numbcr on the lwo-phase flow hcat 
lransfer coefficient is strictly rclatcd to the stratified llow regime. The upper region of thc 
lateral surface of the tuhe under this regime remains in contact with vapor. This region j, 
charat:teri7ed by rcduced values of local hcat transfer eoefficients. As a result. thc average 
two-phase llow bcat transfer coefficicnt is rathcr low compareci to lhe onc undcr the annular 
llow regime. The lowcr thc mas:-. nux (corresponding to lowcr Froude numhers). thc higher 
lhe Slllface exposed to vapor. which in turn, results in rcduccd heat transfer coefficicnt. 
Equal'ion (5) clearly reflects that bchavior. ln Equation (6) the hcat transfer coefficienl is 
indcpendent from lhe Froudc numbcr duc to possible transition to lhe annular rwo-phase llow 
for v alues of this parameter of thc ordcr of 0.1. Tbis value ha!> hecn dclcrmined empirically in 
thi~ study, anel should bc more intensively invcstigated in thc future. 

Discussion of Results 

Equations (5) and (6) wcrc devcloped from experimental rcsults ohtained for conditions 
sununarizcd in Table 5. Two scts of data wcre considered in lhe analysis. Thc first involves the wholc 
se L of experimental result~ whereas for lhe sccond only data for values of the mass flux higher than I 00 
kg/s.m: were considered. A comparison bctwcen thc heat transfer coefficicnt l'rom Eqs. (5). (6) and the 
experimental onc is shown in Fig. I (a), (b). Clearly Eqs. (5) and (6) correlate bcttcr the experimental 
rcsults for G> I 00 kg/s.m'. The other corrcl<ttions considered in this paper ~how the samc trencl, as the 
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averagc tlcviations from Tablc-+ dcmonsl.wtc. A possihlc cxplanation could be rclated to Lhe facl that. 
for éxperiment~> under luwer v alues of the mass rJux. thc vapor quality v;u·imion along the te~:>l section is 
highcr for a givcn hcat flux. Variations of vapor quality higher than 30% wcrc common for cxpcriments 
at G$1 00 kg/s.m' , what makes the assumption of local hcat transfcr cocfficienl rather qucstionablc. ln 
addition. it must be noted thm some experiments werc carricd out at rclativcly high vapor qualities at 
thc entrance. anel, as a result. duc to thc elcvatcd vapor quality variation. a possiblc dry out might havc 
acurred at some point a.long the test section. Under these <:ircumstam.:es. lhe average heat transfer 
coefficienl evaluatcd in such a way mighl not be repn:senlative of lhe one corr~sponding lo the average 
vapor yuality al the tcsl scction considercd in thi.s study. 

Average deviations of the heal Lransfer coefficient from the proposed correlalion wilh respectto lhe 
experimental one were respectively equal to 12.0% and 8.2%. depending upon the G value (the lower 
deviation corre:-;ponds lo G> I 00 kg/s.m ' ). ll can be argued that these figures are lower than those 
obtaiued for the other correlations. since Eqs. (5) <md (6) were dcvclopcd from thc sarne set of 
experimental data. 

ln ordcr to chcck for thc significancc of thc proposccl corrclation. other cxpcrimcmal rcsults from 
thc opcn literaturc havc bccn uscd for Lhe sakc of comparison. Figures 2 (a). (b) prc~cnt comparison.s 
with data from Chaddock and Noerager ( 1966), and Ander1-.on et ai ( 1966), respeclively. Table 7 shows 
the average deviation of the heat transfer coefficient from some of U1e correlations considered in this 
paper with respectto data from Chaddock and Noerager (1966) and Anderson et ai (1966) as well. lt 
can be noted d1a1 deviations from the proposed correlation are consistently lower than those from the 
othcrs. Thc closcst corrclations from tJ1c point of view of avcragc dcviation are tb.ose due to Wattclcl 
( 1994) aud Km1dlikm· (1990), respeclivcly. 
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Table 7 Average deviation of the heat transfer coefficient from severa I correlations with respect to the 
experimental from Chaddock and Noerager(1966) and Anderson et ai (1966) 

Correlalion 

ACRC-1 (1992) [Group 1] 

Jung & Radermacher (1989) [Group 2] 
Wattelet (1994) [Group 2] 
Kandlikar (1990) [Group 3] 

Present study (1997) 

Average deviation 
[%] 

Chaddock and Noerager 
(1966) 

20.0 
12.5 
12.5 
7.70 

6.00 

Anderson et ai 
(1966) 

25.0 
18.0 
15.0 
16.0 
14.0 

Finally. Figs. 3 and 4 present comparisons of some of the correlations with experimental data used 
in this study for typical operating conditions and two refrigerants: HFC-134a and HCFC-22. It can be 
noted that ali the correlations predict qual.itatively wcll experimental rcsults .in tcrms of thc variation of 
tbc hcat transfcr coefficicnt with vapor quality, though Eqs. (5) and (6) are thc bcst fittcd. Among the 
othcr correlations. Lhe one proposed by Wallelet ( 1994) is the dosest, as expected, since it wa1, 
developed from Lhe very same data bank as the presenl study. Allthe empitical coJTelations. in different 
ways. present some difficulty in adequately representing experimental results over an extensive range of 
vapor qualities. This pattern is clearly seen in Figs. 3 and 4. A possible explanation to the observed 
cleviations of correlations from experimental rcsults is thc Jack of correspondencc betwccn the model 
and thc physicalmcchanism along thc tcst scction. ln fact, rcgarding experimental rcsults from Fig. 3a. 
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; cJ>=5.33 kW/m2 
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a slnniJicd wavy flow pallcrn is clearly eslablished along the test section. Under this Jlow paucrn, liquid 
rcmains in thc bottom region of lhe lube, whereas the vapor flows over the liquid surfacc in thc uppcr 
region. The surface lemperalure of the tube varies significantly over the circumference, indicating lhal• 
the local heat transfer coefiicient varies too duc l.o a i tema te contacl of lhe surface with liquid aud vapor. 
However, the average heat transfer coefficicnl al the tubc cross section remains constant along the test 
seclion, as il can clearly be noted in Fig. 3a. This behavior is typical of stratified flows in convective 
boiling. On the othcr hand, it can he noted in Figs. 3b and 4a, b that thc hcat transfer coefficienl 
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• 

increases conlinuously along Lhe tesl section. This is an indication lhat the annular flow regime has sel 
in, for under this regime lhe imernal surface of the tube is covered by a thin layer of liquid, which 
thickcns on thc bottom of the n1be. As intensive evaporation occurs on thc film surface, its thickness 
dim.inishcs, causing a rcduction of the its thcrmaJ rcsistance, and, as a resull, a continuous increment of 
the heat transfcr cocfficicnt. ln convcctivc boiling. cffccts like thc ones corrcsponding to the wavy and 
annular flow regimes have becn associatcd lo thc Martinelli paramctcr and the Froude number, as 
sugge~ted before. The formcr lakcs on strictly convcctive effects, such as interface evaporation, 
whereas the !alter should correlate horizont.alliquid-vapor interface e tfccts. Rcgarcling nucleate boiling, 
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it i1> a common procedure to indudc thc Boiling numher w physically correlate the prescncc of bubbles 
on thc hcating ~urface. Summing up it can bt! ~aid lhat most of lhe empirical correlaúons include 
dimen~umless groups to suppo!.edly takc mto account the occurrencc of some physical mechanism'. 
However. an adcquate procedure to ~witch on and off these group~ under now regime transition is still 
to he dcvclopcd. As a result, given that over a wide range o f vapor qua li tics there might be thc 
pos.s ibili ty of' occurrcnce of more than onc llow regime, correlations should include a reliahle tlow 
regime transit ion model. Fcw studics have focused on llow regimes undcr convcctivc boiling 
conditions. Papers hy Kandlikar (I 99 1) and Kaltan et ai. ( 1998) are signiticant exceptions. though not 
exhaus ti ve. 

Conclusions 

The literaturc ;.urvcy pcrformed in thb ~tudy has revcaJed lhat convcctive boiling heat tran~fer 
corrclallons from the open literalurc mtght pre~ent 'ignilicanl dcviation~ from experimental rcsults in 
addition to impor1ant discrepancic1- a mong themselve1-. A simplc cmpirical correlation in temu; of 
standard dimetu;ionless groups has bccn propo~ed. developcd lhrough an opiimi;ed curYc fitting 
proccdurc nf experimental re~ul t~ obtaincd cl~cwhere. Despile lhe linúted c>. lent of lhe availablc data, 
thc con·elalion produccd resuhs with ~ignilicantly lowcr averagt: deviations than lhe olher con·elations 
considercd in th is papcr. Results from Lhe corrclation have been conlirmcd by comparison with othcr 
experimental uata banks ti·om lhe literalun.:. l lowcvcr it must be stressed thal nonc of lhe correlation~ 
prcdict adequately local var iations of lhe hcat lransfc r cocfficient along lhe cvaporator (variation with 
vapor qunlily). T his result LS prcdictablc. sincc thc c mpirical correlations. li kc lhe oncs considered in 
lhis study. do notlake into a<.:counl ncithcr physical mechanisms or flow regimes along thc cvaporalor. 
T hus furthcr rcscarch is needed in lhal n:~pcct in order lu develop physically sound and accuratc model~ 
for cOn\ ectiYe boiling. 
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Abstract 
nw mie oj thcrmal eru·rg\· SltJrttgt• iltthe ('/U'I'gl'/ll' Vrt'llt' IIII\ bee/1 Cll/llilllllll/.1/\' 1/11'/'f'IISillg IJI'Cr the /mt \'1'(/f\, since 
elet trit•td utilities .wartet/111 miiiJII tlif}i•rent mil!\ jin "!"'"~" aud ·· off-peaf.." Jlll\1 e r t'tmstiiii[IÚIITt perillli.l. 1\ .1 n result . 
.\l!l't'l'llill·or!.' lull't' ht't'll dt'\ ott'tl to uwdeling 111ul pretlwtmg the tra11sin11 respoll.\l' of both sen1·ih/e 11/lllfatelll helfl 
1/111'111:<' dl'\'l<'l'S. 01 era Hllll'l\ of gt•t>metric /tmlll. Follm1 in~ the current /rt•ml, flltt'/11 lwat Morage 1111 ellt'llf>\lllllled 
pl1111t: t lw11ge material I !'CM 1 wm dto•·rn 111 tltt• (lbjt•t 1 11j the prt•.•em worl.. Sim·e the mni11 fecllurt• i.1 w take 
culnmra~e 11f the lugft •foragt' l'llf'llcifl' off'ered h r tlw /arem hew. thi.1 worÁ tmfy dcals 11 itlt slllwlums 11'tlh llllllfl 
1'((/lll'' tltlte Ste.(a11 llllllllll•r IStel 11'hil·h nlloll' til<' sulid({iotlion w he predtcted hy 11 qllasi-srariot/<11:\ modd To 
oh((tin mort• gent'm/ resu/1,1', u/1 lhe phy.,it·a/ l'tlrioille.l' are arranged in uon·tlimenvional gmup1. rhe !J(flut•nt·e rif 
ll'hirh 1111 tl1e l'<'lllll/l.ll' of' the vrnm.~t· ti/Iii i.1 entluated iu ortler to fll'lll'ide ~:wdeli111'~ to r !te design wul opt·mtion vf 
tlwst• dedt·<·s. Se••eral as,ll/111/lllllns are nuull' ll'ilh o l'il'll' 111 ttwintain lftt• mnd<'l a.1 .1impl<' 11~ pos,1/hh·. ll'itluntl 
tft.lt'egarding 11 carejul rej7ntilltt almlll it., lU'I'l/1'111'\' 11111/ im1>act 1111 rftl! rrliuhtli(l uf the .mlutimt Tfu• tl'lmsielll 
hdun·ior nf' the .<Wrtt}J.t' 111111 ;, tlncriht·tf h_,. tht• <'l'tJ/utímt of the muletl<'lllf't'rtl/ure. 11.1· u·e/1 aç the themutl r<•,ütallrl' 
remo f I'RRJ througlt tlw tfi1d11n~e proces.1. To ratt./1' tlw tltl>dd, Hllll<' compari11111' uitlt prelttlll\l\· pttf>lt,fwd wor~.\ 
cu·t· flml·idt'tl, lflllll mg 11111 mtl\ quulitaril'l' hui quwlfifttftl't' t'OIIcltrrent~\ 11.1 ll'd(. 

ll.eywortl.e 17wrmal Srorage. Plw.\'1' ('honge. 

lntroduction 
Among the publication:-. dcvotcd to investigate Lhe use of latcnt hcal. lhe majority refers lo "hulk" 

storage (rather than cncap~ulation). to which many analylical and numerical ~olutions can be easily 
found. :-.uch a;, in Szcgo and Schmidt ( 1978). Shamsundar and Srinin1sam ( 19ll0) and Smith et ai. 
( 1980). to name a fcw. Howcver. since encapsulation is becoming thc most popular thermal storage 
architccture. one would ask what advantages it might havc over "bulk'" ~torage. That i ~. why many 
(smallcr) capsules should bc uscd rather than jus\ onc. The objective of lhe prcsent work i:- Lo answer 
that qucslion. Arnold. ( 1990 <lnd 1991 ), uscd a semi-empirical modcJ to describe latcnt hcat s1orage on 
spherical capsulcs. Although extremely cnlightcning. his developmcnt was restricled to <l dimensional 
i'orrnulation. which prcvcnts its conclusions to bc cxtcnded to a widcr scope. Also, rather than spherical. 
wc shall consider cylindrical capsules (tubes) transversally disposcd to thc tlow, as shown in Fig. I . 
Alcx1adcs and Solomon ( 1993) proposed a quite ~implc analyticaJ rnodcl to this configumtion: howcver 
itl> application is restricted to 1.ituations whcrc the thermal resistancc impo!.ed to hcat diffusion through 
the phasc changc material i~ negligiblc. Unfortunately, this is not always the case. ln fact. thc growth of 
the thcnnal resistancc dueto the solidificd- or mclled- layer is a rathcr common and rc lcvant fcatu re of 
latcnt heat stOJ·age. 

r H 

v 

< I' > 

Fig. 1 Storage Tank 

Manuscnpt received. July 1998: revision recetVed: February 1999. T echnical Edttor. Angela Ourívio Nleckefe 



S. L Braga et ai. : A Numerical Study of Thermal Storage on Encapsulated Phase .. 260 

Model Development 
Ali lhe equations will hl! wrillen for a solidific.:ation proccss. ulthough lhe modcl is capable to 

simulate both hcat (or cold) storage and rccovcry. The problcm is po~ed as fo llows: ala time I = O. thc 
PCM is ''hot''. molten insidc thc lubes ata uniform mclting temperaturc T.,: at this very momclll "cold" 
heat Lransfer fluid (HTF) is admilled lhrough thc bouom of thc tank. To make the modcl practical, some 
assumplions are necessary: 

I. Thc tank is repre~ented by a cootrol volume with one inlet and onc outlcL. 
2. Thc tank., initially. is at uniform tcmpcrature. T,.. 
3. Ali walls are perfectly insulutcd. 
4. Ali vertical walls are impcrmeable. . 
5. The lhermal capacitancc tmd resis1ance of thc tubcs walls are ncgligiblc. 
6. The sensible heat s1o rcd wilhin Lhe PCM is ncgligihle when compareci to Lhe latem hcal. 
7. There is no natural convection insidc thc tubcs, before or during Lhe phase changc. 
&. The thennal rcsislancc imposed by thc PCM continuously incrcascs with Lhe solidification front 

progress. 
9. Thc flow of lhe HT..- throughout the tanJ.. can be modclcd as a "plug-now". 
10. Thc hcal Lransfer from lhe PCM to tht: rccovery fluid is represented by concentraled sourccs. 

p laccd in the center I ines of lhe tubes (Fig. 2). 

f A 

& 
'---

Fig. 2 Physlcal and numerical domains 

Ali lhe assumptions are rcaliMic within ccrlain r<tnges. The first four assumptions are common to ali 
model and experimenta l dcvice~. The frfth is as good as smaUer thc thickness and highcr thc thermal 
conductivity of the 1ube wall~. while thc si.xth is good for most of thc PCMs. The scvcnth assumption is 
reasonablc bccause lhe cap~>u les diametcr are usually l>mall and PCM vi,cosi ty is usually high enougb 
to prcvcnt any buoyancy induced llow. whcrcas lhe eight assumpúon i!> good whcn the PCM is a pore 
substance. The ninth gets bcttcr wilh lhe decrcasc of lhe now rate ancV or Lhe increase of thc tank 
hcight Finally, one should notice that the dircction of the phase changc (radial to thc tubcs) nol 
coincide with the dircction of Lhe now. Assumption number ten enablc us to split this two-di.mcnsional 
domain into two onc-dimcnsional domains. 

-- Nomenclature 
A~o.vr average flow area Nu Nussell number U Mftll maximum velocity of lhe 
A~ minimum flow area p tank tenWh flow 
A. surface area of one PCM ~hase c ange material I' volumetnc flow rate capsule Pe eclet number flow direclton c. constant Pr heat transfer ftutd Prandtl X 

C, constant numbor X non-dimensional flow 
c, constant Proc.,., phase chan~e material direction 

c. heat transfer fluid PrandU num er Greek symbols: 
specific heat R o capsute radius 

{I density o. dtameter of one capsule RH radli ratio 
G heat generation R, ~obal thermal resistance p viscosity 
h convective heat translcr R e eynolds number • y PCM latent heat coefficient RO rate of occupation 
H = tank height Ste~ modified Stefan number r non·dimensional time 
HTF heat transfer fluid t time o non-dimensionat 
K heat transfer fluid T temperature through the temperatura thermal conductivity flow flcld 
l(...<"n phase change material T .. heat transfer fluid inlet Subscripts thermal conductivtly temperatura m melting Krt thermal conductivily rallo T....., temperatura through the 
L tank length phase change layer p<m phase change material 
NR number of rows T,. temperalure of change ol () relative to capsule 

phase si solidification front 
NT number of tubes u characteristic velocity of 
NTPR number of tubes per row the flow 
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Tl is worthwhile to noticc, while obscrving Fig. 2, U1al the llow cross-section in lhe real tank is 
wider than in the modcl. This happcn~> bccause whcn onc assumes n plug-flow condition under a g ivcn 
llow rate. a reprcscntative area can only be found oo a volume rate basís: 

H I' L- rr NT t.D/f 
..f AA I'~ = ..__ _____ ...... 
H 

(I) 

lf V is lhe volumetric llow rate of the HTF through the tank. thcn the llow vclocity •·u" is assumed 
to bc unífonn. and gíven by: 

v 
11=-- (2) 

AA\'/· 

This enables u~ to writc the one-dimcnsional transport equation 

(3) 

As stated bcfore. G is a hcat gcneration which is prcsent only on locations which corrcspond to lhe 
tubes centcrlínes, (othcrwíse é = 0). This heat ~>OUrcc is distributcd over a ~mail clcment of arbilrary 
lcngth .ilx 

On lhe onset of the change or phase the thcrmal resistancc is given by: 

I 
R=-

t lzAo 

(4) 

(5) 

After its beginning. thc thermal rcsistance to conduction through thc growing laycr of PCM has to 
bc added to the previous tcrm 

(6) 

Then, ir onc place!. (6) in (4) and (4) in (3), 

C ((}T lJT) KJ
2T NTPR (T111 -T) 

p p Jt+ 
11 

d X = d x 2 + AA\' f; L1x ln[ Rx, J 
Rsl 1 . + --

(7) 

2Jrk pcm L hA0 

Thcrmal re~ist.ancc (Eq. 6) i:. composed by two tem1s. On thc first one, which accounts for the 
cnnvccli\'e resistancc, the value of h is obtained by 
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h= Nu KID
0 

(8) 

in which the Nussch numbcr Nu is givcn by Bejan ( 1995). 

(9) 

whcrc C, and C2 are constants which dcpcnd on Re. Cn varies from O to 1 for Rl: < I(P and NR (number 
of rows) < 16. For any other conditions, C, = I. The Reynolds numbcr is h<ascd on the maximum 
velocity, u .... ,. whicb occurs at the minimum cross seclion. A= 

(10) 

Llmn< = 11 (1\m/1\""") (11) 

O r·· o 
Uméx 

Fig. 3 Maxímum vetocity flow area 

Thc ratio between the capsule radius and lhe solidi fication front radiu:> R,. will be oblained by 
using a quasi-:.tationary phase changc model (Aiexiades and Solomon. 1993), which, according to 
assumption (6). is suited to this case. Jf lhe phase change at the J row starts att,. temperalure throughout 
the PCM is govcrncd by 

k twm d [ dTpcm l --- R-- =0 
R di? dR 

R0 > R > R~/ , t > 1 J 

Subjectcd to the following boundary condi lions: 

to obtain 

.. lnJR,r 
T,.,,(R,t)=I 111 +(T(tJ-T,,J R / R,,>R>R,1 ,t>t j 

ln-"-+ K,,, 
R ltR, ,, 

(12) 

(J2a} 

(12h) 

(13) 

On thc poss~.:s~ion uf lhe temperature profilc througb Lhe PCM. it i:. po~;sibl e to apply a diffcrcntial 
energy balance on lhe solidification front 
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(14) JR,r t~r,~ "' j > - -=K --· 1 1"'
1111 r dt ''"" dR 

R.f., 

( 14a) 

to obtain 

( 15) 

The .soluLion lo this integral equalion simultaneously with thc partia! differential cquation which 
prescribes Lhe tempcrature field Lhrough thc tank. Eq.7, represent Lhe physical proces~> of hcat rccovery 
(or SLorage). Howe\'er. LO obtain more general rcsults, iL is advisable to rcwrilc Eqs. (7) and ( 15) in noo­
dimcnsional forms. Dclining a characteristic advcction tim~ 1< (Homan cl ai.. 1996) and the following 
dimensionlcss variable~. 

t,. = H/11 

r= tlt, 

), =x/H 

R11 = R/ Ro 

8 = (T-TmY(T, -T"') 

Pe = Hula,, . .,, 

KR = K/K(Jffll 

and rcplacing them in Eq.(7) 

lnitial condition: 

Boundury conditions 

8(x .0) = I 

8(0. r) = O . r> O 

at x· =i. }i. =O 
rh' 

Also. d.:fining thc modificd SLcfan number 

(16) 

( 17) 

( 18) 

( 19) 

(20) 

(2 1) 

(22) 

(23) 

(23a) 

(23b) 

(23c} 
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p c f1 ( T, .. -111/ ) 

PpcmY 

and introducing the non-dimensional variablcs inlo Eq. (15) <me would oblain 

264 

(24) 

(25) 

The solution is then obtained by solving simultaneously Eqs.(23) and (25). The domain relative to 
Eq.(23) is divided inlo a finlte number of volumes. each one of lenlgh ~x ' (Palankar, 1980) by using the 
upwind scheme to reprcsent advection and the fully implicil scheme for the transient term. The rcsulting 
tri-diagonal matrix is then solved, wilh guessed values of Rts for each row, and the temperature field is 
used to evaluate R,, on cach row, using Eq. (25). This process continues until convergencc has bcen 
achieved. Beforc cvaluating lhe inlluence of lhe non-dimensional parameters ovcr the encrgy recovery, 
some considerations are necessary: 

• The st01·age lank is inilially filled with both HTF and PCM al T 11,. Since lhe inlet temperature 
T;, will necessarily be smaller than Tm, in addition to latenl heal some sensible heat will be 
stored both on the PCM and thc HTF. According Lo the quasi-stationary model of 
solidification. sensiblc hcat storage on lhe PCM can be neglected (assumption 6). Sensiblc hcat 
storage on the rccovcry fluid is naturally taken into accoum by the left side of Eq.(23). This 
explains why a modified Slefan number definition (Ste • .,) is used, rather than the traditional 
one. 

• Since Zukauskas COITelation, Eq.(9), is the only one available, the Nussell number can only be 
obtained from Reynolds and PrandtJ numbers. Hence, Prandtl and Pe number are used to feed 
the code, inslead of Reynolds and Nussclt numbers. Then lhe code evaluates Reynolds and 
Nusselt numbers. 

• Since it's difficult to attrihule typical values for the geometric parameter HJ../Ar."'d' a 
slenderness ratio HJP is used inslead. lt can be shown that 

F-IL 1 

~ued - ( ~ r_ NT ~( ~ r (26) 

and the geometry of the storage tank is defincd by HJP , DJH, NTPR, NR. 
• An important auxiliary parameter is the rate of occupation, R.O, which can be defined as the 

ratio between the tank and PCM volumes. It can bc written in lerms of lhe input parameters 
according to 

(27) 

Results 
The non-dimensional (input parameters) which feed lhe code are HJP, DJH, NTPR, NR, Pe, Pr, KR. 

Ste,0 • Non-dimcnsional such as Re, Nu, HUA,.d and RO are derivcd (output) parameters, values of 
wruch are calculaled by the code. Ali input parameters values werc chosen so as to match lhe values of 
dimensional running parameters of actual dcviccs, largely described on literature. For instance, the 
analysis shall be restrained to low Reynolds number values, since the HTF flow is described as bcing 
laminar on ali experimental and commercial devices (Amold,(I991); Cryogel,(l990); Dorgan and 
Elleson,(J 993)). As stated before, the object1ve is to evaluate the influence of the fragmentation of a 
given amount of PCM ovcr the extraction of the energy previously stored. To conduct lhis 
investigation, thc number of tubes NT will be varied simultaneously with D,/H, in such a way that the 
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rate of occupation RO CF4 (27)) remains conslant. Some paramctcrs. which are shown on Table I. are 
held constanl through cases I to 9. AIJ auxiliary parameters are somber. to distinguish them fmm the 
input paramctcrs. Results are ratified in Lhe appendix, by a <.:omparison to an analytical solution. 

Table 1 Constant Parameters 

H/P 

Stemo 0.2 
KR 1 
Pr 4.5 
RO 60% 

Table2 The influence of NT over the energy recovery 

Pe NR NTPR NT Doi L R e Nu 

Case 1 105 10 10 100 0073 70 13.2 

Case2 10' 50 50 2500 0.015 15 7.2 

Case 3 105 100 100 10000 0007 9 5.8 

Case 4 2 X 10~ 10 10 100 0.073 134 19 

Case 5 2 X 10'' 50 50 2500 0.015 27 9.5 

Case 6 2 X 105 100 100 10000 0007 15 7.5 

Case 7 5 X 10' 10 10 100 0.073 334 37 

Case 8 5 X 105 50 50 2500 0.015 70 13.7 

Case 9 5 X 10> 100 100 10000 0.007 37 10.3 

Tt can he seen frnm Tablc 2 that. in spite of the decrease on the Nusselt number value~>, Lhe time 
required by Lhe energy rc<.:ovcry dccrcascs with an iucreasc on the number of tubes. Although each 
capsule becomes less effe<.:tive. there are many more capsules (beat sources), making the energy 
storage/recovery faster as a whole. Figures 4. 5 and 6 wcrc drawn aftcr Table 2 and show the influence 
of thc increase on the number o f tubes ·NT o ver lhe uullet Lemperaturc, for thrcc values of the PecleL 
number. ln ali cases. it can be seen that the higher NT. Lhe higher will be tbe (avcrage) outlct 
temperature, which is also a consequence of the better heaL transfer rates proportioncd by 
fragmentalion. 
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It is also possible to observe that the increase of NT produces a "steady-state" discharge process, 
wilh a conslanl outlet tcmpcrature up to 70% of thc storagc capacity. To bctter understand lhis behavior, 
il is convenienl lo introduce thc deCinition of tbcnnal rcsistance ratio, TRR, as the ratio between the 
initial and lhe instantaneous tl1enna.l resistance, 

I lnRR 

111\:i 2;r K pcm 11/u 
TRR= -'---:--'----L = I--'- ·- Ln Rt? 

2KR 
(28) 

which is a measure of thc growth of thc thcrmal resístance imposed by lhe phase change. Figures 7 to 9 
show lhe influcncc of lhe numbcr of tubcs NT through TRR. lt can be secn that lhe bigher the NT, the 
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le:o.\ ''gnificam will he thc rcsistance to condudion through the PCM, allowing thc phase changc to 
occur almust in stcady-statc. 
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Conclusion 

Thc general condusion is lhat. over thc range studicd. lhe increase of fragmentation of a certain 
amount of PCM (i.e .. the incrcasc in thc number of tubes) results on bcttcr avcragc heat transfer rate:,. 
As a con\equence. the required time to dischargc lhe slorage unit decrcascs, whilc lhe avcragc outlct 
tempt:rature incre<lses. Although unavoidablc. lhe variatinn on lhe thermal re:.israncc is also minimized 
by increasing lhe number of capsules. This will lead to nearly constam energy recovcry rates. which is 
frequen1ly rcfcrccd to as an advanlagc of scnsiblc heat over l<ttcnl heat swrage. Excessíve 
fragmcntalion. howcvcr. could h:ad to phenomena which thc model is unuble lo predicl, such as 
subcooling o r PCM fracture. as desctibcd by Amolei ( 1990). The model shows gootl agreement with 
independenlly obtained resulL~ (Appendix). 
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Appendix 

Model Validation 

Since this work consists of a mathemalical model and its numcrical ~olullon, it requires a 
compari~on with indepcndcntly obtaincd n:~>ult:.. However expcrin1ental data fur lhis configuration wa.~ 
not available 111 literature. so ii wal. only po~~>ible to compare the resuhs with those obtained by 
Alexiadcs and Solomon ( 1993). who propo:.ed a quite s imple model w de~cribe lhe C\'olution of the 
dischargc tcmperature through time. lnstcad of considcring the whole tank. constder just a row of tubcs 
(Fig. I 0). containing PCM initially mcltcd at T,,. At t =O. lhe tank is instantancously flood with heal 
transfer fluid ai T1,. The cylinders bcgin to frce;rc and cool, whiJe thc hcat transfcr lluid gains heat a.~ il 
flows through the array. 

------11> 

FLOW 

Fig. 10 Alexiades and Solomon's model 
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Fig. 11 Single cylinder 

Consider now a control volume, which contains a single tubc (Fig. I J ). Jf T,1 is lhe tcmperature on 
thc surface of the cylindcr, an energy balance would result in 

For s1nall thcrmal sCllicitations, T,r"' T m • thercforc 

Defimng À.= 2TrH11 hL 
,;,c r 

(29) 

(30) 

(31) 

This equaLion providcs l11e tempcrature at a given locaLion as a funclion of its backwind neighbor. 
One can deducc a formula for any position T, as a function of thc inlet tempcrature T,.: 

T1 = T,., + À (T,, • T,,) (32) 

T, = T1 + À.(T, · T1) (33) 

Eliminating T 1 and complcting the square 

(34) 

By induction. 

(35) 

in which 

tlT = 1~, - TJ.t (36) 

The temperature ficld is described by Eq.35 until t1, whcn cylinder #1 completcly freezes , ccasing 
any intluencc on the tcmpcraturc ficld. Then. for t1 <t<t~ Lhe ficld is shiftcd one position to the left, and 
cylindcrs #2,3,4 ... play the role of their rcspective backwind neighbors playcd the instant before. This 
"steady-state" field continues to shift upwind anytimc a cylinder frcczes complctely. To obtain the time 
require<.l by each row to achicvc complt:te solidification. the quasi-stationary modcl (Eq. 25) is used: 

2R ~s l.n _:[_ = I+ "'"'1 R ~ - R,; I"-"' J (T - T, ';Jr R ( 2K · )( ) 4K t 

R0 ltR 0 P !'<"' Y o 
(37) 

taking Lim R,.~o. onc would obtain an indeterminatc formO x oo. Rewriting R/ as IIR1:~ one could 
apply L'Hopitallheorcm and obLain 
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Um 2 R/ Ln ( R1/R,.) = O (38) 

So tbe lime required by #.1 is given by 

Rt} p pt:m r [ 1 k JU'/11 ] l/ 
I I -+-- = __ !.____ 

. 2ki'""(T111 - TJ - 1) 2 hRo (1 -À.)"-1 
CW) 

in which t, is the time required by lhe lirst row to achieve complete solidifiealion. Now, il is possthlc to 
compare lhe results obtained using Solomon's and lhe presenl model in Fig. 12.lt can be seen thatlhere 
is a qualitativc concurrency belween Lhe proposed and Solomon's model. However, since lhe present 
model takcs on account the growth o f Lhe lhermal resistancc due to the phase change, il predicls a 
slower energy recovcry. This happens even for a small value of the Biot numbcr (Bi = 0.15}, because 
according lo Eq. (6), lhe lhcrmal resistance to conducLion grows lo an infinile valuc as R,, ~ O, no 
matter how small lhe valuc of kp;:m might be. 

1 4 . 0 

Solomon s modal - - - -
12 . 0 Present Model 

ü 10.0 

:J 
o 
1- 8.0 ' \ 

6.0 

4. 0 
10000 20000 30000 40000 50000 60000 

Tim e, sec. 

Fig. 12 A comparison between Solomon's and present model 
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Abstract 
Tlw l'jft•ct of witul/uad.v "" 1fend1'r bndies lws been ob<enwf and inve.11i~ated.fi1r mony years by llutny awfwr.1. The 
presei// paper deols with 1111 experimental im•estil!tllitm of wind induced lmul.1 on strap-on /aunch vehicle 
configurmiom. The 11·ork tl firstly re.\tricted to tlte obsetwllitm of .1/eady lllohol /oads acting tm a COII_fil:urotion 
bwt•tl nn an arrtmgemenl nf fim r n·limler s/wped boo\lers arowul a cylindriml cemral core of equal ditmwll'r. The 
f'CI[II'f di.ll'll.l'\'1'~ the resulr1 olnained Jr1r the lmllsl·er.ltll tlf drag force. the rollin;: mmne/11. and lhe lont::itudinal 
pn.mion 1~( center of pres.\'111'1'. as fimcrion of.,·e•·eraf rwmmerers. 
Keyword.ç: 1\erodynamics, Wimi-VIflds. Wind-Twmd, Vnolf'h Vehicfe. 

tntroduction 
Wind-induced loads concern de:-.ignen; of launch vehicles to attcmpt to keep minimum structural 

wcight, flight safety during lift-off. collision-free lift-off. and s tructural intcgrity of the global launcb 
a~~>embly, i.c. launcb vehicle, launcb table, servicc towcr, umbilicais, etc. 

Stcady and osciUatory wind-induced Ioads resuh from tbe flow around thc vehicle, including flow 
scpar:nion generatcd by edges or protubcrances on lhe vchicle's surface, creating a complex flow 
envi ronmcnt. Such complcx tlow fie lds havc bccn investigated for severa] launch vehicles o f differem 
shapcs and configurations, howcvcr no accurate proccdure has been formulated for predicting thc loads 
on <I prcviously untested configuration. For this rcason space vehic lc dcsigners are forced to cvaluate 
experimcntaUy thc aerodynamic characteristics of ncw configurations. 

On ~>inoplc bodies of revolution like cylinders thc stcady drag loads can bc well estimated using drag 
coefficiems for two-dimensional cylindcrs or cone-cyli.ndcr combinations, Hocrner 1965. For more 
complex configurations, such as clustered cylinders. cylinders with protuberances, or those influenced 
by thc presence of adjaccnt tower structurcs. stcady loads may bc cstimated from wind-tunncl tests on 
rigid modcls. 

General Considerations 
The model of thc hcrein presented i.nvcstigation simulatcs a vebicle 1hat is stand.ing vertically on the 

launch pad prior to lifl-off. Fig. I . 

Fig. 1 Lllt-olf model 

Manuscnpt receíved: February 1997: reVtsion recetved. November 1998. T echmcal Edtlor: Agenor de Toledo Fleury 
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The launch contiguration includcs: 
• launch vehicle (dustered) 
• launch table wiU1 tlamc dctlcctors and 
• scrvicc towcr. 
The wind direction is 90° from lhe axis of symmetry. The pitching momenr acts in a plane which is 

parallelto the wind direction and passes through lhe axis of symmetry. The lateral forces and momcnts 
act in a plane which is perpendicular lo lhe wind direction and passes through Lhe axis of symmetry. 
Thc ccnlcr of momcnls is lhe intersection of the floor with lhe axis of symmelry as shown in Fig. I. The 
wind profilc ha~ a characterislic s imilar to an atmosphcric wind without consideralion of any 
topographic obslades. 

Experiments 
The experimental investigation was carr.ied out in lhe TA-2 wind-tunnel of thc Acrodynarnic 

Testing Laboratory of ú1e Centro Técnico Aeroespacial, in São José dos Campos-SP. Brasil, (Fig. 2). 

Wind-Tunnel 

Thc main characlerislic of the wind-lunnel are given bcllow: 

• Type: closed circuit 

• Tcsl scction sizc: 3.0 m x 2. I m 

Operation: continuous. 

Fig. 2 T A-2 Wind tunnel 

lnstrumentation: 

The main instnunentation uscd for the presenl invesLigation consists of a six-component Tallcr & 
Coopcr externa! balance with six load cells BLH (lhree for forces and three for momcnts). Each sensor 
was connccted with an assembly of sígnal conditioner, amplit'ier and filter Honcywell. 

Measurements: 

Thc following types of mcasurcmenls were made duríng the course of the investígation: 

-- Nomenclature 
Cz, C0 transversal (drag) lorce 

coeflicient [-] 
c, 
Dref 
L 

Lref 

rolllng moment 
coeffocient f·] 
reference diameter \m] 
total length of mode 
exposed to wind [mJ 
reference length m , 
Lref = L 

PHI. <p 

~e 
s 
Sref 

wind direction [degreesl UTd 
dynamic pressure /N/m"l 
Reynolds number -] 
frontal area of mod~l Xcp/L 
exposed to wind [11) ] 
reference area [m ]. 
Sref = (n:/4) 0 2..,, 
service or umbilical tower 
wind velocity [mls] 

distance between vehicle 
suriace and service 
tower [m] 
relativa longitudinal 
position of center of 
pressure. (XcpiL= 0.0 : 
vehicle nose) [·] 
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• Stcady-state tramvcrsal and lateral forces. 
• Rolling momem, 
• Oil llow and smokc visualization, and 
• Stcady-statc pressure measurcmcnts. 
The da ta acquisition and reducúon were conducted using a set of Hewlelt Packard equipment's 

compriscd of: 
• Micro-computcr HP-9825 
• Di girai vol tmeter HP-3456A (300 readings/s) 
• Channel scanner HP-3497 A 
• Marrix printer HP-263 1 G. 
For cach measuring point 30 data sets wcrc taken and compilcd. The final rcsuh was then 

determined as an arithmetic mean value for every point. 

Models 

The wind-tunnel models were manufacturcd from steel in a 1:15 scale, so that tbe mcan geometry 
dctai ls have been reproduced with accuracy, Fig. 3. 

Thc models comprisc: 
• Launch vehic le, 
• Launch rable with llamc dcflcctors. and 
• Service tower. 

v 

Fig. 3 Wind tunnel test model 

Model dimensions: 
• Length = 1.23 m. 
• Diameter of central core= 0.067 m. 

Test varlables 

Wind velocity, wind direction and Reynolds number were thc principaltest variablcs. Tbe Reynolds 
numbcr was slightly varicd by changing lhe wind velocity. During lhe invcstigation lhe Mach number 
was kecpt below 0.3, so that major compressibility effects could be neglccted. 

Thc olher variables includcd: 
• Abscnce and pre~encc of lhe service tower. and 
• Distancc bctween service towcr and vehicle. 

Tests 

Thc tcsts were performcd with tbe modell> dcscribed ín (Moraes and Neto, 1988), ~:onsidcring 
basicaJiy lhe configuralion~. shown in Fig. 4. 
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Vwirxi 

launc.h Vchiclc 

VC+ET :Launch vehlcle standing on the 
launch pad in presence of the service tower 

Contiguration 
VC+ET 

Wind diroctlon 
Phl (degrees) 

Vwim 

I..aunc.h Yctúclc 

VC-ET :Launch vehicle standing on the 
launch pad in absence ot lhe service 

tower 

Wind velocity Reynolds number 
V...,nd (m/s) 

UTd 
s(m) 

0.15; 0.30 
0: 45: 90. 135; 180 31 .0; 36.0; 43.0 0.223- 0.306 

VC-ET 

Fig. 4 Launch vehicle testíng conflgurations 
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The experimental invcstigation was conducted in conditions simulating thc lift-off of a strap-on 
launch vchiclc. Thc main goal of this invcstigation was the determination or thc acrudynamic global 
characteri ~tics for :,uuulation of thl! dynamics of lifting-off. The lift-off configuration i~ comprised of 
d1e launch vchiclc. in its llight configuration, standing on tbc launch tablc, with flame detlectors. and 
scrvicc towcr. 

With lhe purpose of invest.igating thc dynamic behaviour of such a kind of configuration. atlcmpt 
ha~ been given to foUowing cbaractcristics: 

• Transversal (drag) force cocfficicnt c/. defined as C,= transversal force I (q X SRrF) 
• Rolling moment coeffieient C1 • dcfined as C1 =rol! moment I (q x L Rm x SRtt) and 
• Longitudinal position of centre of pressure Xcp/L (posiüon wherc lhe re.wltant of the 

tranwersal force acts), defined as Xcp/L = pitch momentl transver!>al force. 
~ollowing are presented in graphs and tables lhe main aerodynarnic charactcristics for tbe lift-off 

pha::.e. which are eommented wilh rcspcct to influence of the test variablcs. Thc results obtained were 
analyzed and later slightly corrcctcd for rc<ll flight conditions. so that thcy could bc uscd for design 
purposcs. 

lnfluence of wind velocity 

Dueto limitations of lhe wind-tunncl, lhe wind velocity was restrictcd to a minimum value of 3 1.0 
rn/s. ln order to investigatc tbe influcncc of this variable and lhe corresponding Reynolds number on lhe 
aerodynamic charactcrisücs of the wholc a~scmbly, Lhree different vclocitic~ wcrc produccd: V= 31.0. 
36.0 e 43.0 mls. 

Thc following Figs. 5 to 7, show that thc wind vclocity doe.~ not innuence considerably Cz. c1 c 
Xep/L. ~or lhat reason is reasonablc to assume that these coeffícients rernain practically constam for 
smallcr velocities. So, it is possible for furthcr analysi~ to extrapolate ali thc cocffic1cnts for V= lO rn/s, 
which is lhe maximum adrnissible vclocity for lifting-off of launch vchiclcs. Thc continuou~> curves 
connecting the cxperÍJllcntal data drawn in the figures were obtained through polynornial functions. 
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lnfluence of wind direction 

ln order to investigatc lhe influence exerted by the wiud direction (azimuth) on thc aerodynami~: 
charactcristics, the wind direction was varied between O and 180 degrees. firstly for the configuration 
withoul scrvice tower. Figure 8 shows thc results obt.ained. 

lt can bc observed from Fig. 8 that thc variations of lhe coefficicnts. due to variation of the wind 
direction. are within a band of accuracy of Lhe mcasurement technique employcd, or lhey are due to 
vclocity variations or turbulcnce levei of lhe now in tbe test section of the wind-tunncl. It is also true, 
that thc flow around the complex geometry under investigation makes possible lhe fom1ation of vortices 
and their displacement, whicb are somclimes asymmetric (NASA, 1965). This conclusion may cxplain 
the varíation of the measured data cncountcrcd for total symmetry of the configuration (see Cz for 4> = O 
", 90" e 180°). Larger variations. in intcrvals of approximately 45", are duc to differences of lhe frontal 
sbape of lhe configuration which is cxposcd to the wind. 
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ln Figure 9, the inllucm:e of the wind direction is now investigated, considering the presence of the 
service towcr. Conf. VC+ET. for a given distance between Lhe tower and the plane of the longitudinal 
axis of the central core. UTd = 0.15 m (mal size = 2.25 m), anda wind velocity of 31.0 m/s. ln thi.s case. 
the inlluence on lhe coefficients of transversal force and rolling moment, is clearly stated, when Lhe 
launch vehicle is positioned behjnd the servicc towcr. 

The roll moment coefficient also shows a variation whcn compareci with lhe previous case for ~ = 
45°. However it prcsents thc samc valuc and direction for q, = 135°, and agrees again wilh the result 
obtaincd for Lhe contiguration without service tower. 

lnfluence of the Service (Umbilical) Tower 

The itúluence exerted by the prcscncc of thc service (umbilical) tower can be observed from Fig. 
10. The umbilical towcr is positioned by 180°. generating in this way a reduction on the coefficient of 
transversal force. This reduction is related to the fact that the whole assembly is in a region of strongly 
pcrturbated llow lield (aerodynamic shadow of the tower). From the other side no int1ucncc can bc 
observed on lhe roll moment coefficient anel on lhe cenler of pressure. 
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Fig. 1 O lnfluence of service tower Fig. 11 tnfluence of distance of service tower 

With respcct to the distance between umbilical towcr and vchiclc (longitudinal axi.s plane), dcnoted 
by UTd. following tests were made: UTd = 0.15 m (2.25 m) anel 0.30 m (4.50 m). Figure lO shows lhal 
diffcrcnccs cncountcrcd for both situations are minimal. This allows lo conclude that a variation of lhe 
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distancc, in the interval 0.15 m ~ UTd !> 0.30 m. or 2.25 m $ UTd ~ 4.50 m (real size), has only a very 
~mail influence on thc coefficiems of transversal forces, rol! moment and center of pre!>surc. 

Thc final results for application in the simulation of the dynarnics and attitude control of strap-on 
launch vehicles during lifting-off are presented in Table I. 

Table 1 Aerodynamic Coefficients of Strap-on Launch Vehlcles Ourlng Llfting-off 

VC +ET 

Utd = 0 15m V !mls) 
31 .0 36.0 43.0 

PHJ c, c, Xc~/L Cz c, Xc~/L Cz c, Xc~/L 

o 37.81 -0.2353 0.6460 39.75 -0.2457 0.6436 40.54 -02353 0.6395 
45 38.99 0.2719 0.6122 39.53 0.2719 0.6091 39.50 0.2614 0.6097 
90 39 11 -0.1516 0.6506 39.49 -0.1621 0.6460 37.63 -0.1359 0.6561 
135 36.62 0.1307 0.5950 36.98 0.1203 05941 37.20 0.1255 0.5931 
180 16.89 -0.1359 0.6753 17.41 -0.1464 0.6648 17.90 -0.1516 0.6594 

Utd = 0.30 m V (m/s) 
31.0 36.0 43.0 

PHI Cz c, Xc~/L Cz c, Xc~/L c1 c, Xcp/L 
o 40.88 -0.3033 0.6520 3991 -0.2457 0.6429 42.17 -0.2248 0.6449 
45 40.07 0.2719 06107 39.98 0.1830 0.6067 39.85 0.1830 0.6096 
90 38.55 -0.2091 0.6503 39.30 ·0.2248 0.6463 39.78 -0.2196 06441 
135 39 11 0.1673 0.5979 39.76 0.1621 0.5955 39.72 0.1778 0.5955 
180 16.14 -0.0889 0.6573 16.45 -0.0889 0.6535 16.91 -o.1046 0.6456 

VC- ET 

v m/s 
31.0 36.0 43.0 

PHJ Cz c, Xc~/L Cz c, Xc~/L Cz c, Xc~/L 

o 37.87 -0.2248 0.6378 40.39 -0.2457 0.6384 40.95 -o.2614 0.6371 
45 38.36 -0.1307 0.6051 38.70 -0.1412 0.6000 38.94 ·0.1307 0.6047 
90 40.68 -0.2510 0.6522 39.83 -0.1987 06472 39.75 -o.2091 0.6395 
135 39.68 0.1778 0.6010 40.12 0.1621 0.6000 40.30 o.1n8 0.6005 
180 36.67 -0.2405 0.6432 37.69 -0.2405 0.6425 38.69 -0.2353 0.6395 

The data can be summarized for dcsign purposcs as follows: 

PHJ Cz CI Xce{L 

o 37.81 -0.2353 0.6460 
45 38.99 +0.2719 0.6122 
90 39.11 -o.1516 0.6506 
135 36.62 +0.1307 0.5950 
180 16.89 -0.1359 0.6753 

assuming V wlnd = I O rnls anel 2.25 m ~ UTd ~ 4.50 m 
Duc to the compkxity of the investigatcd geometry and thc interaction of the wind with the 

comp lex vehjcle - tower - launch pad. and also considering lhe general local topography and that 
influence on lhe wind profi le. variations of wind vclocity and direction. it is strongly rccommended to 
consider discrepancics of: CZ ±lO%. Cl ±15%. Xcp!L ± 1% . ln order to consider dynanuc cffects due 
to wind gus ts and vortcx shedding, it is also recommcnded to compute an increase uf approximately 
50% on thc steady luad cocfficients, particularly the drag cocfticient. 

Conclusions 

Using rcsults from an acrodynamic expcrimcmal investigation in a low spced wind tunncl , an 
analysi~ of the aerodynamic characteristi c~ at lift-off of satellite launchers of strap-on configuration was 
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performed. The complete configuration on the launch pad with and without the presence of a service 
tower was considered. 

ror lhe analysis, differenl wind inlensilies anel directions wcrc considered. and ali steady 
aerodynamie characteristies were analyzed. 

The resulls of the investigation have shown that the aerodynanúc coefficicnls, transversal force and 
mil momenl, are meanly inllueneed by the wind direction. whilc thc intlucnce of the wind veloeity is of 
secondary order. The ccnter of pressurc could not be inlluenced by varying these variablcs. 

The distance between umbilical tower and vehide does not excert any influence on the aerodynamic 
eoef!icients, if this is varied in the interval 2.25 m ::; UTd ::; 4.50 m. 

The results obtained in this invcstigalion allow a beller simulation of the dynamics and control 
systcm of such typc of launch vehicles during lheir lifting-off. 
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Abstract 
A llllmt•riraillll'estiglllwll o( tht• jlnu:flt•ld in three prii!II!St'tl geometrin jin lhe no:~ te wrd cmum,·Jiun of t1 tratlsonic 
ll iml11mnel jàrility ú performed. 17re primary oh)e<IÍI <' wtt.l 111 under.wwrd dewiJ., of lhe .fiou- in tire twmt'l ;, onft•r w 
/I)' 111 mtLtimi~e test seoimr .f1ow qtwlity. Tire mft-ulations presenteei lren• uwlrull' preliminary 1-D .limulmifms and 
f u/1 3 .{) cnmpr11a11iJm. Tire tmlt•s ttst•tl fnr the pre~ent t·alt-ulmimrs 11'1'1'1' prt' l'l!llll/.1 •·a/ulmt'd hy tire mulwr.1 and c o­
"ar/.(' r.•. wultlrese •·alidtlll<lll 1/llllil•s ure m ·ailuble 111 tlw /itera/1/rt'. Tlw I'' imttn• .f1m•· ~of•·er> implement 1111 l:.ufer 
fomwlatimr. 111111 u.•e tlrt• /Jt·um mui Warmiug imtJiir·if upprrnimate .faclori:atlll/1 algorithm for lhe solution tllhe 
di.ll't't'li:r·d equníions. A /}()undan• lnW'r cotle " 'tiS typicttf/y nm m " Jl"'' /II'Ot'('.l',,ing swge iu ortler 10 es1i11w1e 
lmwulary layer gmll 'lfl a111l it• Ílll!'lll'ltmJlo"' yuafily. Nesulls ol>wim!tlj(Jrtl slilri<' no;:.:;, /e (1/Uifor/wtJ Llll'llino~zle,\ 
are prt·.•en/r'd. (//li/ they 11 ae ill.l'tmmelllo/ iu J!w .l'elet·Jitm pmcess 11 hich letl 111 the transonic .facility wllich i.l 
Cllrrenlly bein;: huiiJ. 
Keywords: Tramonit· No:~lt· Flow. Tmn.wnic Wind T111111t'l, C/·[) Mellwt/.,, Twuwl Oesign. 

lntroduction 

Transonic wind tunncls usually opcralc from low subsonic Mach numbers (M = 0.25) lo thc 
supersonic regime (M = 1.6). Thc tunnel nozz1e is a key e lcmcnt in achicving Lhe dcsircd test-section 
Mach number, M . . Mach numhers up to unity are obtaincd using a ~onic nozzle. Thcrc are l wo possiblc 
solutions for MT" abovc this valuc: (i) lhe installation of a f lexiblc Lavai nozzle or (ii) a sonic nozzle 
uscd in conjunclion with tcst-section mass cxtraction. In lhe ca.\e of lcsl-scction evacuation, lhe amount 
of mass extraction varie:, with M . being around 2.5% of lhe tunnel total mass tlow. The extracted mass 
enters thc plenum chambcr. which surround~ thc tcst scction. and it rc-cntcrs lhe tunnel closed c.:in.:u it at 
an appropriate localion down~trcrun of the tesl :-.ection. While the first option is mecbanically complex 
and much more cxpensive, it yic1ds bctter test-section now quality lhan the second onc. Morcover, the 
sccond option is aJso limited to M,, s 1.3. since above this te~l scction Mach numbcr valuc the mass 
cxtraction needed is prohibitive as it would dcmand very largc auxiJiary compressors and it would also 
havc an adverse impact upon lhe tunnel llow quality. The authors re f'cr to f1ow qualily here in lhe sense 
that M . should be eonslanl along tbe complete tcsl section Jcngth. Anything that disrupts such hehavior 
is having a negative impact on thc tunnel flow quality. 

Centro Técnico Aeroespac ial (CTA) is de1.igning a Jarge transonic wind tunncl faci.lity with a 2.0 x 
2.4 m tesl section (TIS Project). To minimize lhe technical ri~>k~ involved in such an entcrprise. the 
projcct's first phase con1>i~ts of the construction and operalion of a pilot facility (TIP). Among thc many 
importam poinL~ to bc chcckcd in the 'ITP emerges the noz:de design. 111c design of the nonlc is of 
ulmost importance as it is dircctly relaled to lhe flow quality at the tcst seclion. On the other hand, 
ComputationaJ Fluid Dymamics (CFD) methods are enjoying increasing applicalion assisting in lhe 
selection nf tunncl airline componcnt gcomctry (Davis el al., 1986). These techniques havc bccn used to 
dcsign diffusers and tlexible nozzles as wcU as inves tigate othcr aspccts of lhe tunnel llow. Thcrefore, 
thc major objective of lhe presem work is to study, using CFD techniqucs, thrce possible no:r.zles for tbe 
TIP. One of them is a sonic nozzle. and the othcr two are Lavai noulcs with a nominal M:~ch number 
of 1.3. It was decided that. in the TIP contcxt. thc optimum choice for thc nozzlc element would bc to 
have lixed intcrchangeable noz1.le blocks, instead of the flexiblc nozzlc plánned for lhe full sizc facility. 

The calculations pre~ented here include pre liminary 2-D simulations and full 3-D computations. 
Thc codes used for lhe prcscnt calculations wcrc previously validatcd by the authors and co-workcrs, 
and thcsc validation ~:>luclics are available in lhe lilerarure (see. for instancc, Azevedo. 19RR, 1990. 1992, 
Azevedo. Zdravistch and Silva, 1991, Ortcga and Azevedo. 1991. Azevedo ct ai.. 1992. anel At.evedo, 
Fico and Ortega, 1995). Both for the 2-D and thc 3-D case. an Euler formulation is implemented in lhe 
codc:,. and lhe Bean1 and Warming implicit approximatc factorizati on a1gorithm (Bcan1 and Warming, 
1976, 197R, and Pulliam and Stegcr. 1980) is u~ed to di:,cretiz.c and solve lhe goveming cquations. The 
Manuscnpt recerved: January 1997, revision recewed January 1998. Techmcal Edrtor. Leonardo Goldstem Jr 
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implicit Et~ler method is uscd for lhe time march and central differences are uscd lo discretize rhe space 
derivative:-. Artificial dissipation tenm are cxplicitly added in order to control nonlim:ar instabilities. 
Considcrablc efforl was investcd in thc accurate implemcntation of entrance and exit boundary 
condition1> through the use of onc-di.mensional characteristic rclations (Fico. I 991. Azevedo et ai., I 992, 
and Azevedo, fico and Ortega. 1995). The most stringent requiremenl for a tunnel noz.zle. besides 
giving lhe dcsired test section Mach numbcr. is the quality of the flow it provides for thc tcst scction. 
Therefore, lhe considewtion of boundary laycr growth is also an important issuc in this case. Here, for 
the 3-D simulations, thi.s is Laken into accounl by a viscous-inviscid coupling. A boundary laycr 
fm111ulation. ~olved in the direct mode, is implemenlcd and coupled to thc 3-D Euler solver previously 
describcd. Thc boundary layer code was typically run al a post-proccssing ~lage in order to estimate 
boundary laycr growth and its impact on tlow quality. 

The prcscnt work will brietly describc thc fonnulation of the codcs uscd and it will concentratc on 
the discussion of the resuhs for the n07tlc geometries considcred. Thc authors are partieularly 
intcrested in evaluating whethcr the noules can indced produce the de.<.ired tcst scction Mach number 
and on thc quality of lhe flow providcd by lhe contraclion to lhe test section. On thc lattcr subject, the 
existencc, or not, of any shocks produc\!d by the nozzle wall, and the amount of boundary layer h'TOwlh 
and now ~kcwncss at lhe tesl section entrance are of primary interest. 

Theoretical Formulation 
The comprcssible Euler equations can bc wrillen in slrong conscrvation-lmv fonn for general, thrcc­

dimcnsional, body-conforming, curvilinear coordinates (Pulliam and Steger, 1980) as 

where the \CCtor of eonserved quantitie!>, Q . is defined as 

p 

pu 

Q =r' pv 
pw 

e 

Thc flux vector!> E , F and G can bc wriuen as 

F = J - ' 

pU 

puU + pÇ, 

pvU + pÇ.r 

pwU + pÇ: 

(e + p ) U - pf,1 

pV 

puV +pi/, 
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(2) 

(3) 

(4) 
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pW 

pu\\' + pÇ' 

c= r' pvW + ,,ç I 
pwW + ,,ç ~ 

1 e + p) W pÇ, 
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(5) 

1J1 the ahove equation1>, the usual nomcnclaLUrt: is heing u~t:d. Therefon:, p i~ thc den:-.ily, 11, v and 1r 

are the Car1esi:1n wmponcnl:-. of velocity. ande is thc total encrgy per unil of volume. Thc equations 
have been nondimen:-.ionalized following the worl.. of Azevedo { 1990). Hencc. density is madc 
dirnensionless with re~pect to the stagnauon density at Lhe nozzle entrance condilions, p , and velocity 
components are refem:d to the criticai :-.pced of sound at lhe noz.zle entrance conditions, n .. Prcssure 
aml total energy per uniL of volume are referrcd Lo p

1
a?. and thc spccilic.: internal energy is 

nondimensionatizcd wilh rcspcct to tL2 • 
The prcs!>ure. p. can bc obtained by the equation of state for pcrfcct gases 

[ I ' ' ' ] p = ( y - 1 ) pe; = ( y - I J e - 2 p ( u- + u- + w- ) . {6) 

where e is thc specific uucmal encrgy of the nuid. and y is Lhe ralio of specific hcats. Thc commvarianl 
velocily components are dclined as 

U -~I .,_ ç 1 /1 + ç I tJ + .;: 11. 

V = 1]1 + 1], 11 + 17 1 IJ + 11 .11 . 

W=Ç, ~cu-Ç,u .. ç: ~~'· 

(7) 

Throughom this work. thc Cartesian coordinate system is 'delined such that x is the direction along 
thc axis of thc tunnel. pmitivc from up~trcam to downstrcam. and thc y- and :·direcúons fom1 a right· 
handed system with: pos1tivc upward~. Thc curvilincar coordinate syslem is delined such thal Ç is the 
longitudinal direction, 11 is the nomimdly wall-nonnal direction which spans lhe lunnel from the 
cenlerline to the wall, and Ç is the circumferenlial direction. This coordinale systcm is obtaincd from thc 
transformation of variablcs 

T = t ' 

Ç = Ç ( x.y,z.r ). 

17 = 11 ( x.y,::;.r ), 

Ç = Ç ( x.y.::;.t ). 

The Jacobian of Lhe transfom1alion. J. can be cxprcssed as 

J = ( x.p•11 z; + x11 yç ::.; + xç Yç :: 11 

-xçyç::.IJ -x11 y.;zç -xçy,1 :~) 1
• 

(!l) 

{9) 

E.xpressions for Lhe variOU$ mctnc relations can bê found. an1ong other rcfcrenc.::-., in Pulliam and 
Steger (1980, 1985). 

The 2-D formulation i~ a straightforward simplificalion of lhe prcviously givcn equatinns in which 
one of thc coordinatc dircctions is considered infinitc. We havc considered lhe gcometry of thc tunnel 
vertical plane that passes through lhe tunncl centerline for the pre~cnt 2-D simutalions. More details of 
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thc 2-D formulation can bc :.een. for instance. in Azevedo (1990), Ortega and Azevedo (1991). and 
A1.evedo, rico and Ortega ( 1995). The e ffecti ve llow displacement duc lo viscous effects close lo solid 
walls was predicted hy a boundary layer code devcloped by Roua ( 1971). This is a direct-type, integral 
merhod, with the following main capabilities: (i) prediction of laminar and/or lurbulent boundary layers; 
(ii) two lamiuar-turbulcnt tran~ition eriLcria: (iii) appropriatc trcatment of shock wave interaction with 
the boundary layer. 

Numerical lmplementation 
The previously given govcrning equations wcre implemented through the use of finite diffcrence 

methods. The implicir Euler mcthod was used for thc time-march. and lhe spatial dcrivatives were 
approximatcd by three-point, sccond order central di(ferences. Thc Bcam and Warming implicit 
approximate factorization seheme (Beam and Warming, 1976, 1978) was used for thc solut ion of the 
rcsulting finite differencc cquations in ordcr lo obtain a cost cfficicnt a lgoriUun. The resulling schcmc is 
sccond order accurate in space. a.~ mentioned, but il i~ only first order accurate in time due to the use of 
thc implicit Euler method. 

The factorcd finite di fference cquation~ can be wriucn in the delta form as (Azevedo, 1988) 

The various operators are defined as 

L~:: ( 1 + L1ro~ Â " -e, mr1Vç L1~ J J. 

L,1 :: (/ +L1tô,B" -e 1 L1tJ - 1V,L1,J ). 

Lç = (I+ L1toçê" - e 1 L11r1V çL1çl ). 

R s:-11 - /nA ' !-Q" Ç = -L1tvçE -E ~; L111 (vçL>Ç r. . 
R,1 = - L1ro,1 f" - e~. L111 _, (v ,1L1,1 )

2 i{f" . 

R · = - môcG" -e r L1tJ - 1 ( V , L1,. JJ iQ". .. - ~ ~ 

( 10) 

(li) 

ln the above. 8~, 8,1 and ôç are central differencc opcrators; Vç. V,1 and Vç are backward difference 
operators: and L1ç. L111 and L1ç are forward differcnce operators in thc Ç-. 1]- and Ç- direcüons, 
respcctively. As an cxamp1e, 

b • -Q." • = !_ fQ·" I ' - g" I ' '· ] ., ' ·I·• 2 ~ •+ ·I·• ,_ .J·" • 

V. Q." . :: Qn - Q" '> /, J.Á l, j , k I f . . f,k ' ( 12) 

L1•Q" ' :;; Q." - Q·'' . ., l , j,Á I I /, j. J. l , j.Á ' 

Thc L1 is a forward diff'ercm:e operator in time given by 

..l,Q" :;; (j"+l - Q"' (13) 

Artificial diss ipalion tcrms have been introduccd in lhe operators dcl>cribed by Eq. (11) in order to 
mainlain thc stability of thc nurncrical solution proccss. Fourth order numerical dissipation term~ were 
addcd to Lhe right-hand si de operators. and sccond order terms wen: used in lhe lcft-hand side opcraturs. 
from a consistency and pmctical stability limil slandpoint. one would like to also use fourlh ordcr 
artificial dissipation in the implicil operators. Howcver. computational cfficiency constrainls preveni 
such use. The flux Jacobian matriccs Â" . B" and ê" are describcd in detaíl elscwhcrc in lhe 
literature (see. for instancc. Pulliam and Stegcr, 1985). 



283 J . of lhe Braz. Soe. Mechan1caJ Sciences • Vol. 21. June 1999 

Boundary Conditions 
The lhrcc -dimen~ional simulations here prcsculed take advantage of Lhe doublc gcometric symmctry 

cxisting in the nonles considcn:d in order to reducc the computational effort. Hcncc. only one-quartcr 
of the complete novles are rcprcsented, and flow symmetry boundary condilions are enforced at both 
thc vertical and horizontal symmctry planes. Thil. i~ dearly assuming lhat tlow conditions at thc 
entrance of the computational domain are symrnt:lric or, in other words. that lhe llow vclocity at lhe 
entrance of the contraction is aligncd with the lunncl axi~. Slll.:h an assumplion does represen! a 
simplification in Lhe scnse lhat ~omc misalignment can certainly tlceur, especially for closed circuit 
tunnds. ln lhe presem case. we havc dccided lo ncglecl this effect mainly due to computationaJ power 
limi1a1ions and becau~e lhe original planning considered to operale lhe TIP as an open facility in the 
fir<;l stages of i1s calibr.llion test!>. Moreover, one must also recognite that a well-designcd seuling 
chamber wilJ minimi7e these misalignment problcms. Tbe symmetry boundary conditions are 
compulationaJly cnforeed by allowing for an extra plane of grid points on the orher side or lhe 
symmctry plane and forcing the appropriale symmctry, or anti-symmetry, of' lhe con~erved variablcs. 
llence, boundary conditions in thc Ç-direction are always symmetry. or refleclioo. condilions in the 
present case. 

Due to lhe prc~cnl code data :.trucrure, it i:. \Cry difficult lo :-.lrongly impo~oe lhe tlow tangency 
condition at the wall. ai lcasl at thc boundary condition cnforcemenl stage. Hence. lhe wall boundary 
conc.lition is implemcnted by extrapolatiug ali conscrvcd variable~ from tbe compulational surfacc 
adjacenl to thc Wtlil. whcn cxplic itly enforcing lhe boundary condi1ions, and by imposing a zero 
convective llux in thc wall normal direc1ion in thc residuc compulation. The reader :.hould observe that. 
with such an schemc. lhe residuc calculation sccs the exad wall boundary condition a1 every time l>tep, 
whcrcas the ' 'alue of the conservcd \'ariabl~ at lhe wall is progressivcly impr(wcd. as convergencc is 
advanccd. in order 10 rcflee1 the corrcc1 tlow tangcncy eondition. Nozzlc axis boundary condition is 
also implemented by cxtrapolation and by impo~ing a no-tlux condition acros~ Lhe ax.is. A furthcr 
complication ariscs in this case bccausc the axis i:- u singularity of thc transfonnation, in lhe sense that a 
linc in physical space corrcsponds to a full plane in computationaJ space. llence, properlies at a givcn 
point along lhe axis are obtaincd by cxtrapolating from lhe adjacenl point (in Lhe T]-dircction) and. thcn. 
avcraging ali valucs m the Ç-dircction. The residue calculation is also modified in tbc ccnterline case in 
order to enforce lhe no-!lux condiuon aeross lhe ccnterUne. 

Nozzle entrance and exit conditions are cnforced using lhe concept of one-dimensional 
ch<aractcristic relalions for the Euler cquations. The concept is describcd in lhe.-: 2-D case by Mac 
Cormack ( 1984 ). Complete detai Is for its implemenwtion in two di mensions for bolh lhe planar and lhe 
axisymmetric ca:.c are describcd by Azevedo, Fico anel Ortega 0995). The prescnt three-dimensional 
compulations have u~ed lhese ideas in order to define how many quantities should bc speci fied at cach 
boundary anel how many o;hould be extrapolaled from inte rior infonnation. However. in order to 
~implify lhe implcmentation. lhe actual extrapol:ttlon proces:-. (of wbatever quamities should bc 
extrapolatcd) doe.~ not use the characteristic relalions but simple /.enHh order extrapolation. As the 
aulhors havc also used in previous work (Azevedo ct ai.. 1992). lhe sl<lgn;ltion pre~surc, lhe stagnalion 
tcmperature :md tht: now entrance anglc are speci fi ed at a subsonic entrance. Thc exit slatic prcssure is 
lixed at a sub~onic exit and. as dctcnnined by a eharacteristic relation analysi:-. no property can be 
spccified at a ~upcrsonie exit. A1.idc from the facl that zero-th ordcr cxtrapolation is bcing used for thc 
actual cxtrapolation process, the trcatment of entrance and exil conditions here i:- an exact exlension 
to3-D of the ideao; discussed in At.cvcdo (1990). A1cvedo ct ai. ( 1992). and Azevedo, Fico and Ortega 
( 1995), and the interc:-.lcd rcader i~ rcfcrrcd to these refcre.nccs for funher dctails. 

Ali boundary conditions in tht: two-dimensional simulalions werc 1rcalcd prccisely as presenteei in 
thc previously citcd referenccs. anel they willnot bc further discu!>scd hcre. 

Results and Discussion 

lnitial evaluauon of lhe proposcd nozzles was pcrformed using a two-dimensional formulation . h is 
dcar rhat the llnwficld in the nonJe~> eonsidered in thc present work is truly 3-D. llowcver. tbese inilit~l 
2-D calculalions tllready pointed oul some of the c.lifficultics associtllcd with obtaining high test seclinn 
flow quality. A 1ypical grid used for the 2-D simulattons is presentcd in Fig. I. This particular 
configur.uion corre:-.pond:. to one of lh<! proposed Lavai nozzles. and the grid shown ha:. 94 '1: 59 grid 
point~. Thc 2-D grids were gcnerated by algcbraic methods and exponential grid slrelching funelions 
wcrc used in ordcr 10 cluster grid puinls towards 1he nozzle wal l. in the 11-dircction. Although not 
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shown in Fig. I. some of thc gnds used also considered sorne grid clustcring towards the throat in lhe Ç­
dirc.:tiou. The wall contours for <Lll three nonlc~ treated in the prcsclll 2-D simulation1. are ~hown in 
Fig. 2. 

:.>.I f; 

0.1 1 

Fig. 1 View ot a lyplcal 2-0 computational grid 

$onlc Nozz:le 

Gaomelly a 

Geome~Jy b 

o 10 -

u (1 ) U.b•l J.bl) 
xlxmax 

Fig. 2 2-0 wall geomelry for lhe sonic and lhe two Lavai nozzles 
(lhe latter are indicaled as geometrias a and b) 

1 fji i 

Thc authors point out thnl lhe spccific definition of thc threc gcomelries considcrcd in lhe present 
simulations is beyond lhe scope of Lhe presenl work. These geometrics. both for ihc sonic <lnd lhe two 
Lavai noales, were dctermincd by lhe TTS Projccl Leam nnd. then. givcn to lhe present aulhors for 
analysis. The authors are not fully aware of lhe procedurcs used by lhe TTS team to arrive nl these 
configurations and, morcovcr. such infom1a1ion i~ par1 ofproject st:n~itive data which is not available in 
public domain. 



285 J. of the Braz. Soe Mechanical Sciences • Vol. 21 , June 1999 

An examplc o f lhe type of rcsulls which can bc obtained wilh lhe 2-D calculations can be seen in 
Pig. 3. This ligurc present.s wall prcssure distributions along the longitudinal dir~ction for thc two Lavai 
noalcs, with a nominal test sec1ion Mach number of 13 , and for thc ~onic nozzlc. wilh a nominal tcst 
st:etion Mach number of 0.6. ll is clear from lhis figure lhat thc much gentler expansion associated wilh 
gcomct.ry ti yield~ compression wavcs lhat are weakcr than t ho~e gcncrated by geomctry b. 
Comprcssion wavcs at lhe nozzlc ~hould he avoidcd because thcy introduce undesirablc disturbances at 
thc test section. Thc wall pre:,surc distributions for thc sonic nozzle at thc nomina l test scction Mach 
number of 0.6. ;1 lso shown in Pig. 3, reproducc vcry well lhe cxpccted behavior for this enlircly 
subsonic case. ln ~.u ch a situation. the flow expands 111 the convergcnl scctíon of lhe nozzle. bul it does 
bccome sonic al thc throat. As a result, there is no furlher expan~inn at the divergent ~ecli on. ln this 
particular ca~e. since the geometry i~o tailored 10 yicld a soníc flow al the entrance of the lunncl test 
~cction (which is thc cxít of the prc~cnt compulalinnal domain). the so-callcd "divergenl section'' is 
ahnosl straight. Thcrcfore, the pressure should be constant in this rcgion, as Fig. 3 is corretly indicating. 

1 00 

o 80 

o 60 

0.40 

o 20 

0 .40 

SonloC Nozzle M•O 6 

Geome1ry a . M• 1 3 

Geometry b. M• l 3 

o 60 o 80 1 00 
r /rmar 

Fig. 3 Wall pressure uistribution in the streamwise direction for lhe sonic nozzle and lhe two 
Lavai nozzles (2· 0 simulation) 

Furthcr understanding of 1hcse results can bc obtained from Fig. 4 which shows the wall Mach 
number distribut.ions for the two Lavai nozzlcs. Again. lhe strong shock present in geomelry b is 
cvidcm in thi ~ figure. According to the result.s shown in Fig&. 3 and 4, geometry a is clcarly a better 
nonlc candidate than gcometry b for lhe M rs = 1.3 case. Figure 4 al~o prescnts some effect of thc grid 
refincmcnt studie~ which were perfonncd for these two nozzlc configurations. Thc resuhs are indicating 
that, especially for geomctry b. the resolution obtained with thc coarser mesh is poor and a fincr 
computational grid is required. The effect is not so drarnatic for pomctry a, bul onc can sti ll see some 
differences bctwccn coarse and linc grid results. Por both geomctrics. however, thc tose of the fincr 
grids is recommendcd. based on thc rcsults shuwn in Fig. 4. Incidentally, Lhe corresponding fmcr grids 
werc the ones used for the calculation of thc pre~urc rcsults índicated in Fig. 3. 

Thc 3-D calculalions were performcd using 100 x 20 x 29 mes h poinls. Fig. 5 shows an ovcrall 
view of a typical computational grid used in thís work. The 3-D grids were also gcnerated by algcbraic 
methods, after lhe wall surface definition was provided by a CAD system. Particular altention was 
dcdicated to obtain a delailed dcfinition of thc transition from l'hc circular entrance section to thc 
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quadrilateral gcometry of lhe lhroat and down~>tream rcgions. ll ~ohould be notcd that lhe present work 
takcs ad' antage of the nozzlc doublc symmctry in ordcr to rcduce computmional cosi~>. 
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Wall Mach number distrlbution in the streamwise directlon for the two 
Lavai nozzles (2·0 simulation) 

Fig .. 5 View of a typical 3-D computational grid 

The Mach numbcr comours at plane~> perpendicular to lhe streamwise dircction are shown in Figs. 6 
and 7, for gcomctrics a and b, n:l>pCCLivcly. The1.e four planes corre~>pond to i= I (entrance plane), two 
imerior plane~ i=25 anel 75 am.l i= 100 (exit plane). Thc rnisleading imprcssion of a very non-uniform 
behavior rapidly disappean; as one takcs a closcr look al lhe values shown by thc graphic s<.:a les. These 
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tu·c indicaLing that the di rt erem:cs in the Mach numbcr wilhin each scction are of Lhe order of I O·' or I O' 
for the more upstream ~ections (plant.!1> i= I and i=25) on bolh cases. The difft.!rent contour colors appear 
simply becau~c Lhe post-processing package used automatically à!>SÍ!,'llS diffcrcnl colors whcn it detec~ 
any diffcrcnccs in L11e propcrty values rcgardless o f thc legend uscd for the plol. Therefore, in fact, both 
Lavai nozzles have a vcry smooth Mach number distribution at planes along their longitudional ax_is. 
Gcomctry a has the additional advantagc of producing at its cxit p lane a very uniform llow atthe no:ale 
nominal Mach number of 1.3. 
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Fig. 8 Mach number contours at the symmetry planes for geometry a, nominal Mrs=1.3 

Other relevam rc:.ults for the sarne cases are plotted in Figs. 8 and 9. They ~ohow Mach number 
<.:ontours at thc nn;.zle symmctry planes for gcomctry a and geometry b, respectively. The upper ponion 
of both figures rcpre~>ent the plane e = O deg (horizontal plane), while at the lower part lhe Mach 
number contours for the plane e= 90 deg (vertical plane) appear. Contrary to the 2-D results (see Fi g~>. 
3 and 4) in which shock waves appeared in both geometries. the 3-D solution indicates a gcntlc 
expan:.ion. The Mach lines in b01h cases are now fairly straight and extend thcmsclves in the radial 
direction. It appcars thatthe prcscnce of the side wall-;, not accountcd for in thc 2-D ca.\e, helps guiding 
the now more smoothly tbrought lhe nozzle. Morcover, the 90 deg-plane pressurc distributions along 
hoth nozzles are ~>hown in Figs. 10 and l l. For both Figs. 10 anel 11. results for the nozzle wall and 
nozzle centcrlinc are presenteei . The authors emphasize that, unlike the 2-D results, thc 3-D solutions 
are indicating a monotonic behavior in the sense that no shock waves are present in lhcsc cases. This is 
in sharp contras! wi t11 the 2-D solntions shown in Figs. 3 and 4. as already pointed ouL The bchavior 
ob~erved in the 3-D case i& highly dc,o,irable as shock waves would have a tendcncy to ''bump around'' 
inlroducing t1ow disturbances at the teM section. 
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The sonic nozzlc is rcsponsible for fccding lhe tesl section with rlow with Mach numbers up to 1.2. 
As usual in wind lunnt:l operation. low sup..:rsonic specds are obtaincd with sonic no:aJes plus tcsl 
section mass extraction (Goctbcrt . 1961 ). As an cxamplc of lhe llow quality that might bc cxpccted 
from thc sonic no1..zle :-.i mu latcd hcrc, results for nominal lcst 1.ection Ma eh numbers o f 0.6 and 1.0 are 
prc:.cntcd. Mach numbcr comour1. in planes normal to the nonle axis are shown in Fig. 12 for lhe 
Mr,=0.6 ca.~e. Mach numbcr cuntour~> at both horit,ontal and vertical symmetry planes are shown in Fig. 
13 for the sarne case. Corrc~>ponding results for Lhe M" =LO case tlre shown in Figs. 14 and 15, 
respectively. 
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Fig. 15 Mach number contours at lhe nozzle symmetry planes, nominal M .. =t.O 

Thc prcssurc distributions for lhe Lavai nozzlcs obtaioed through the ~oolution of the 3-D Euler 
equation~ werc uscd as input for a boundary-laycr solver (Rotta. 197 1 ). The re~oults appearing in Tablc I 
are for thc ;.ymmctry planes (9 = O and 90 dcg) and for the 9 = 45 deg plane. Geometry a ~hows a 
smaUer value of lhe boundary-laycr thick.ncss. ô. at lhe the noi'.zle cxit than gcometry !J. Further. iL\ 
azimutal vari:nion of ô is smaller. Thcsc two aspccts are important when onc rcmcmbers that the test­
scction walls must be diverged by a small anglc to compensate for boundary- laycr growth. The results 
indicatc that gcometry a demands lcss and more uniform wall divergence and, thercfore, proves once 
more tQ hc superior than geometry !J <L~ a non.lc candidate. 
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Table 1 Boundary-layer thickness at the exit plane for both Lavai nozzle 
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Geometry a 

4.66 

4.65 

4.52 

li mm 

Geometry b 

5.84 

5.67 

5.43 
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ln surnmary. the presenl work has used CFD techniques to perform 2-D and 3-D simulations of 
transonic wind tunnel nozzles. The flow was modeled with the aid of thc Euler cquations. ln ordcr to 
study the maio viscous effects, in particular boundary-laycr thickncss at the tesl section entrance, lhe 3-
D results were, then, used as input to a boundary-layer solver (Rotta, 1971). The full 3-D calculations 
sccm to corroborare thc earlier 2-D results in thc scnse lhal Lhcy point lo geometry a as being a belter 
nozz.le candidate. The sonic nozzle sLudied proved Lo be able LO give high-quality test section flow. 
These simulalions are being used in an actual design environment in order to aid in the selection of 
appropriate nonle geometrie.s Lo equip lhe TTP faci liLy which is curremly being constructed. 
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Abstract 
Tlw eN fatigue desigfl method is J!Oi!· linear wul deftends on lhe loading order mui 011 lhe inilia/ Jta/e of the piect>. 
Tltere.fim•. lhe lmdilirmal pmcedure has<'d 011 rain-flow cowlting of lhe loading .fiJI/mred by Nes1ber, Ramberg­
Os~tood, Coffin-MwiS<IIl aru/ Mine r rufes does nal gsummlre ilu' prediction ofphysically admis.sible hys1eresis loops 
a/ lhe twlcllt's in the complex loading case. ~olutiuns .fi!r this problem are pmposed, arul!hdr implemenlation in a 
f>O>Vel:fitl langsJtll{e nwned ViDa, dl'velopeil to mttomalize the fa tigue designproces.ç, il di.1cussed. 
KeyWords: EN Metlwd. Fatigue DesiJ!n Aulunuuion, ComJtlex Loading. 

Resumo 
O méwdo eN Je projeto à .fadiga é nâo-lim•w· e sen~ívt!l c't orde111 do carregamento e 110 e.>tado inicial da peça. Logo, 
o procedinwnlo tnulicional que aJI/i('(f a .1· regras de Neuber. kmnllerf{ ·Osr<ood. G~ffin -Manson e Miner à contar:em 
rain-llow de um carregamema complexo nào J.iomnte a previ.wio de laço.• de hi.werese F~il'amen/e admi.uíl'eis nos 
ema/lu•.,, S<io propo.1·ta~ .mluçõe.\' pnm este problema, e é discutida sua implemenlação mw10 poder0.111 linguagem 
chamada ViDa desnn•ol.-ida para aulm1wtiwr o dimensirmamemo à fadign sob carregamentos complexos. 
Polavra.~·Cizave: Mérodo EN. Auwmaçãu do Pn!jelo à Fadiga. Curregamento.1· Complexo.\. 

Introdução 
Fadiga é o tipo de falha estrutural causada primariamente pela aplicação repelida de carregamentos 

variáveis. Estas falhas são localizadas, progressivas e cumulativas, e caracterizam-se pela geração e/ou 
propagação de uma trinca, a qual diminui paulatinamente a resistência da peça, podendo leva-la à 
fratura. Por isto, o projeto à fadiga é um problema local que depende dos detalhes da geomett h , do 
material e do carregamento do ponto mais solicitado da peça. 

O principal parâmetro gerador de Lrincas por fadiga é a gama das tensões 6cr (ou das defonnações 
6E) atuantes no ponto crítico. Por isto, as trincas geralmente parlem das raízes de entalhes 
concentradores de tensão. Quando as solicitações cíclicas locais são baixas em relação à resistência ao 
escoamento Sv. o processo é muito int1uenciado pelos detalhes (i) do acabamento superficial, (ii) do 
gradiente das tensões atuantes (incluindo as tensões residuais) e (iü) das propriedades mecânicas. 
Nestes casos. a resistência à iJ1iciação de uma trinca por fadiga tende a aumentar com a resistência à 
n1ptura Su. com a melhoria do acabamento superficial, com o aumento do gradiente de tensões e com a 
presença de tensões residuais compressivas. Entretanto, a medida que as cargas alternadas aumentam. o 
escoamento cíclico localizado torna estes detalhes superficiais cada ver menos importantes, e a 
ductilidadc passa a ser o principal parâmetro controlador da resistência à geração da trinca. 

Já a propagação das trincas por fadiga é um fenômeno controlado primariamente pela gama de 
variação do falor de intensidade de tensões, M 1, c indcpcnde das características supediciais da peça (o 
problema da propagação das trincas sob carregamentos complexos é discutido em Mcggiolaro c Castro 
(96. 97). enquanto que em Castro e Kenedi (95) encontra-se um estudo do correlacionamenlo entre a 

1 Atualmente no Mech.Eng.Dept., M.I.T. 
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iniciação e u propagac,:ão das trincas). 
Para modelar adequadamente o problema de fadiga são requeridas infom1açõcs em seis áreas. que 

funcionam como uma corrente cuja precisão é contro lada pelo seu e lo menos acurado: 

(i) Dimensões Geométncas (incluindo principalmente as dos entalhes e das L(incas. caso presentes) 

(ii) Cargas de Serviço (devem ser rnedtdas e não estimadas. pOis influenciam dtretamente as previsões) 

(iii) Propriedades dos Materiais (também devem ser preferencialmente medidas. pela mesma razão) 

(rv) Análise das Tensões Elastoplástlcas (nos pontos críticos. para prever a iniciação das trincas) 

(v) Análise das Tnncas (para prever a sua propagação, segundo os conceitos da Mecânica da Fratura) 

(vi) Analise do Acumulo de Dano (e.g., o modelo de Wõhler-Goodman-Miner no método SN) 

Para se otimi.zar ü dimensionamento à fadiga, todos estes elos devem ser conhecidos dentro da 
mesma preci~ão c confíabilidade. Não se pode pela sofisticação dos três últimos (que dependem de 
erudição acadêmica) suprir as infonnaçõcs experimentais indispensáveis aos três primeiros elos. Por 
outro lado, é impossível prever adequadamente a vida à fadiga usando modelos de cálculos que não 
descrevam a física do problema de forma apropriada. Dentro desta ólica. os objetivos deste trabalho 
são: 

I . apontar as limitações da metodologia EN tradicional de projeto à iniciação de uma trinca por 
fadiga, no ca-.o de carregamentos complexos. 

2. detalhar as correçõcs que devem ser implementadas no método EN para que se possa obter 
previsões fisicamente corretas naquele caso, e 

3. descrever sua implementação numa poderosa linguagem chamada v1ca, desenvolvida para 
automatizar todos o~ métodos tradicionalmente usados no dimensionamento mecânico ã fadiga 
(Mcggiolaro e Castro 95. 96 c 98). 

Note-~e que neste trabalho a filosofia do método eN não é questionada. Este é um enfoque 
consagrado pelo uso e corroborado por forte suporte experimental. Apenas mostra-se aqui como suas 
equações devem ser corrigidas para se garantir a previsão de laços de b.isterese fisicameute admissíveis 
no caso de carregamentos complexos. 

Resumo do Método eN Clássico 

O dimensionamento mecânico à inic iação de uma trinca por fadiga pelo método eN tradicional 
correlaciona o número de c iclos que inicia a trinca. N. com a gama das deformações atuantes no ponto 
crítico da peça, .de (que é um parâmetro di.rctamente mensurável. c é numericamente mais robusto que 
.d<rno caso plástico). Esta modelagem requer quatro tipos de informação: 

• uma relação .d<r·.dE, para descrever os laços de histerese elastoplástica na raiz do entalhe, 
• uma regra de concentração de defom1açõcs, para correlacionar as tensões nominais L1o;, 

aplicadas sobre a peça com as dcformaçõe.s L1e por elas induzidas na raiz do entalhe. 
• uma relação entre a arnplüude de deformações .de e a vida à fadiga N, c 
• uma regra de acúmulo de dano. 
O método êN só se aplica ao dimens ionamento à fadiga de peças não-trincadas mas, por quantificar 

explicitamente as deformações plásticas cíclicas macroscópicas. pode ser usado para prever qualquer 
vida de iniciação. (0 método êN tem que ser usado quando o problema for fadiga oligocíclica ou de 
pouca ciclagcm. isto é. quando a gama das deformações plástica~ .dep atuantes na raiz do entalhe for da 
mesma ordem ou maior que as elástica~ óE.,, e pode ser usado também para o dimensionamento às vidas 
longas). Na prática. o eN é um método moderno e poderoso, ma~ que apresenta certas idiossincrasias 
que devem ser respeitadas sob pena de graves insucessos. 

A metodologia EN cláss ica (Fara.hmand 97. Dowling 93, 8aJ1nanline ct ai. 90, l·lertzbcrg 89, Rice 
88, Puchs e Stephens 80. Mitchell 79. Duggan e Byme 77, Sandor 72 e Manson 65. e.g.) trabalha com 
tensões e defonnações reais. usa re lações .d<r·.de tipo Ramberg-O~good e considera o amolecimento ou 
endurecimento cíclico do material , ma~ não o seu Lransiente a partir do comportamento monotônico. 
Este método assume uma relação únic<l entre as amplitudes das deformações c das tensões impostas 
sobre a peça. logo uma equac,:ão única para lodos os laço de .histerese, expressa por: 
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onde E é o módulo de Young, K' o coeficiente c n' o expoente de encmamento da curva <YE cíclica 
estabiliz.ada Estas propriedades devem ser medidas experimentalmente. 

Valores típicos para o expoente de encruamento cíclico estão entre 0.1 < n' < 0.2. enquanto que o 
expoente de encmamento monotônico n varia mais, tipicamente entre O < n < 0.5. K' é o valor da 
tensão (real) que corresponde à deformação plástica (real) de 100% na curva cíclica ou no seu 
prolongamento. 

A relação de Ramberg-Osgood ajusta-se bem à resposta cíclica de muitos materiais, mas é apenas 
uma de muitas relações empíricas que podem ser usadas com este mesmo propósito. Sua maior 
limitação é não reconhecer um comportamento puramente elástico nem sequer para as defo1mações 
muito pequenas, e sua maior vantagem é a simplicidade matemática. 

Na metodologia ~>N tradicional geralmente usa-se a regra de Neuber para modelar o problema da 
concentração de deformações nos entalhes. Quando aplicada a carregamentos cíclicos, esta regra pode 
ser escrita como: 

(2) 

onde Ll<Y e Lle são as gamas de tensão e defonnação provocadas na raiz do entalhe pelas gamas de 
tensão e deformação nominais L1o;, e Lle" (o lermo nominal refere-se ao carregamento em relação ao 
qual é definido o valor de K" o fator de concentração de tensões linear elástico). No caso onde as 
tensões nomjnais sejam elásticas, obtém-se: 

(3) 

Neste ponto é interessante notar uma contradição na metodologia eN tradicional, a qual reconhece 
um comportamento linear elástico para as tensões nominais enquanto usa Ramberg-Osgood para 
modelar as tensões nos entalhes. É possível eliminar esta incongruência, mas o custo computacional não 
se justifica (a menos que as tensões nominais sejam da ordem ou maiores que a resistência ao 
escoamento do material). 

Quanto à relação entre a amplitude das deformações atuantes na raiz do entalhe, Lie/2, e a vida à 
fadiga dada em número de reversões, 2N. ela é tradicionalmente expressa pela regra de Coffin-Manson: 

(4) 

onde o'p f!1; h, c são constantes do material, que devem ser obtidas experimentalmente. 

Estimativas das Constantes eN 

Na ausência de resultados experimentais específicos, vale a pena lembrar que os expoentes b e c 
têm valores típicos entre -0.2 < b < -0.05 e -0.7 <c< -0.5 (ver, por exemplo, SAE 96, que tem uma 
boa tabela de dados experimentais). Para estes casos. Manson propôs empiricamente em 65 o chamado 
método das Inclinações Universais: 

(5) 
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onde ln[ li( 1-RA.J} = 2/n(d1/d1) = f 1• sendo H.A a redução de área, d,, e d, os diâmeirol> intcial e tina! , e Er 
a deformação real na ruptura do c~pécime de tração. respectivamente (assumindo conl>rância de volume 
das deformações pl:ísticas mesmo ap6s a cstricção). Note-se que este método estima h = -0.12 e r· = · 
0.6 para todos o:. materiais. 

Na mesma época. Morrow (65) estimou os valores de b e de c a partir do CXpo<:!nte de cncruamento 
cíclico n' como: 

h = -11'/( I + 5n') e c = - I/( I + 5n') (6) 

o que implicaria numa relação entre o:> três c>. poentes: b/c = n'. Deve-se notar que ne~tc caso. usando-se 
os valores de b c c propostos cm (5). o valor de n' Lambém seria invariável c igual a 0.20. 

As constantes d 1 c f'rpodcm ser estimadas a pa1·tir de um teste de tração usando-se as aproximações 
de (5) mas, como cstn equação trabalha com L1E e N e não com L1d:? c 2N. deve-'c notar que a 
esrimati' a de Manson prevê que: 

d 1 =3.5S,/2'''' = ! ,90'S" e f'1 =0.76's,''" (7) 

Há diversas outr.1s Cl>timativas similarc~ proposrns na literatura como. por exemplo: 

-
d 1 "" ~ -= S" (I +eJ) ""' S,{drltM (8) 

d 1 = (S" + 345)Mpa (9) 

(10) 

O corrclacionamenlO de resultados experimentais com estimativas como as apre~cntadas acima foi 
avaliado recentemente por Ong (93) e por Brennan (94). 

Uma relação útil para se definir o limiar da fadiga oligocícliea é dada pela t:hamada \ida de 
transição. N,, na qual as deformações elásticas e plásticas da equação de Coffm-Manson são iguais. 
Para vidas menores que N, há predominância das deformações plásticas :,()brc as elásticas, c aquelas 
certamente não podem ser desprezadas nos dlculos: 

I 

NT -- - -_ .1 [ a'1 . ]"-" 
2 Eeí 

(II) 

Segundo Landgraf (70). N, decresce exponencialmente com a durez<t Brinell (HB) dos aços, 
variando da ordem de 15000 ciclos para 1-18 no entorno de 2GPa até tão baixo quanto I ciclo para l-IR "' 
7GPa. Ajustando ~cus resultados experimentais. a vida de transição Nr dos aços pode ser e:.timada por: 

Nr .. 6.8·10'exp(- 1.9HBl (HB cm GPa) ( 12) 

Por fim. assumindo que deva haver coerência entre a~ partes elástica.-. c plástica:. dos aju~tes dos 
laços de hi~terese por Rambcrg-Osg<x>d c da curva eN por Cortin-Manson, igualando a~ Eqs. (I) e (4) 
obtém-se: 

a' 
K'=-'-· 

~,,* , 
" r 

b=c ·n' ( 13) 

Logo. ~ó quatro enire as seis constantes { K', n', d 1. e fi b. c} ~criam independentes. Deve-se tomar 
cuidado. entretanto, para não assumir que este algebrismo possa ser usado para substituir experimentos. 
Tanto Cofftn-Manson qu~mto Ramberg-Osgood são relações empíricas que podem descrever 
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adequadamente testes de fadiga de vários materiais. ma!> não são leis fíl>icas. O que realmente importa 
são os resultados efetivamcntc medidos. e todas as seis constantes devem, sempre que possível. 1>er 
obtidas pelo ajuste de resultudos experimentais confiáveis. 

Dimensionamento eN Clássico no Caso de Carregamentos Complexos 
De fato, há vasto ~uportc experimental para justificar o uso das simplificações do método EN 

Lradicional no caso do dimen~ionamento mecânico à fadiga sob carregamentos simples, mas em geral a 
literatura não reconhece explicitamente a fundamental import.'incia do estado inicial da peça e da ordem 
do carregamento no resultado das previsões feitas com o seu uso no caso de carregamentos complexos. 

A forma tmdicional de se projetar pelo método cN nestes casos tem sido: 
• Calcular o dano d; provocado pela aplicação das n/2 reversões ou 1!2 ciclos do i-ésimo 

carregamento nominal Lla,;, contadas pelo método Rain-Fiow como se os diversos ciclos do 
carregamento fossem independentes: d, = n/2N;, sendo N; o número de ciclos que a peça 
duraria se somente o carregamento nominal L1o;., estivesse atuando, e 

• Usar a regra de Miner para acumular o dano total causado pelos diversos eventos do 
carregamento. 

Como o método tradicional não leva em consideração a história do carregamento, ele pode ser 
facilmente resumido à aplicação sucessiva de dois conjuntos de equações quando os carregamentos 
nominais são elásticos: 

(i) Dado o i-ésimo evento do carregamento Lla,1• calcula-se a tensão L1a; na raiz do entalhe usando 
Ncuber: 

I 

L1a- +2E·L1a · · -- = K Lla . , ( L1al ) ;;: ( 'f 
1 r ZK' 1 nt 

(14) 

(ii) A seguir calcula-se o óE, causado por L1o; , e os correspondentes N; e d,: 

I 

Lla; (Lla, )"' 2aí ( f , ( 'f n1 L1E =--+2· - - =-- 2N- +2e1 2N =>d =--
1 E 2K' E I I I 2N · 

(15) 

Estas equações não são inversíveis, logo o uso do método eN é computacionalmente trabalhoso. o 
que explica (mas não justifica) a pouca divulgação dos problemas que o seu uso não criterioso pode 
acarretar. Por isto. é indispensável reconhecer e enfatizar que a aplicação destas equações a uma 
contagem ra;n-flow do carregamento não permite a previsão de laços de histerese fisicamente 
admissíveis. 

De fato, para se poder usar confiavelmente o método eN. antes de mais nada deve-se garantir que o 
mode lo de cálculo reproduza 01. laços de hi sterc~c que atuam na raiz do entalhe, para só então calcular o 
dano por eles provocado. Como a prática ensinou dolorosamente aos autores que a única maneira de se 
evitar erros com o uso do eN é desenhando os laços de histerese previstos, a seguir são didaticamente 
discutidos vários problemas que ilustram os cuidados necessários à correta aplicação desta metodologia. 

Problema do 1Q Evento Elastoplástico 

Segundo a idéia básica do método t:N, a trinca de fadiga será gerada pelo dano cumulativo causado 
pelas s ucessivas, gamas de deformação L1e, atuantes no ponto mais solicitado da peça. em geral na raiz 
de um entalhe. E claro que para modelar este problema é indispensável calcular corretamcntc estes LlE;. 
Mas qualquer solicitação que cause plasticidade, ainda que pontualmente localizada, é memori:,ada pela 
peça, devido à irreversibilidade deste processo. Logo, a trajctória do material no plano a·E depende da 
história do carregamento. 

Além disto, mesmo que a peça s~ja virgem, que o estado de tensões c deformações residuais no 
entalhe seja zero, e que se possa desprezar os transicntcs de amolecimento ou de endurecimento cíclico, 
ainda assim é necessário distinguir entre o comportamento do primeiro evento do canegamento o;,1 c os 
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subseqüemes: a peça virgem pane da origem do plano <J-E. logo o primeiro 1/2 ciclo do carregamento 
~egue a equação da curva <J·E dclica, 

(16) 

e não as equações do laço de histerese, como mostrado na Fig. I. Portanto, ptu-a se calcular o dano c/1 do 
primeiro 1/2 ciclo do carregamento é necc~sário usar: 

)()G I 
cr i; ____ L-__ JL--~--~~~~ lSO.;_ 

·101..._ -

Fig1 O primeiro evento elastoplástico segue a curva a c e não a do laço óa 6C 

I 

' • ( <1 1 )"' ( \l a;+E ·a 1 - K' =K,a111 J ( 17) 

( 18) 

Note-se que como o;,= e. = O, L1a. = <1J • a.,= a,, mas não se usou a notação L1 na~ equações acima, 
para enfatinr que o primeiro evento é diferente dos subseqüentes, os qua~ têm que ser modelado~ pela 
equação do laço de hi~tcrcse (devidamente corrigida. como discutido abaixo). 

Note-se também que do ponto de vi~ta físico e:-.ta separação do evento inicial deveria ser mais 
apropriadamente enunciada como "deve-se ~eparar o primeiro evento do carregamento capaz de gerar 
plasticidade (na raiz. do entalhe crítico}, o qual ~c.gue a curva <J·f, dos eventos subseqüentes, que 
seguem curvas do laço L1a·L1e". Isto porque respostas completamente elásticas são n:versíveil>, logo 
isentas de memória. Entretanto, como já mencionado acima. a modelagem d<! Ramberg-Osgood prevê 
plat.1icidade para qualquer carregamento. c sempre gera no entulhe efeitos de memória que devem ~er 
considerados. 

Para exemplificar os problemas que podem ser gerados se o [0 ciclo não for separado dos 
subst:qücntes. nada melhor do que desenhar alguns laço~ simple:-. mas repre~cntativos. Na Figura 2a - b 
plota-~e a previ~ão dos laços de hister~e elastoplástica corrigido~. para a ~cqüêoc1a de carregamento 
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{O-? 400 -?O -? 400}MPa. imposta sohre um corpo dt: prova (CP) fN não-entalhado. Nos cálculos 
usam-~e as constantes de um a~,=o I 020 (SAE 96): 

E= 203GPa, K' = 772MPa. n' = 0.18. c/1 = 896MPa. l:.~r= 0.41, b = -0./2. c= -0.51. 

A Jeformação máxima resultame no CP neste caso é de 2.89'<·, e o dano causado por este evento, 
calculado segundo Coffin-Manson. é d = 9. 9· I(Y Já na Fig. 2b, plotam-se os laços previstos para este 
mesmo evento sem separar o 1 ~ c iclo dos demais. A máxima dcfonmação prevista neste caso é de 
0.31%. e o dano é de apenas d = 8-JO·<·, uma diferença não-conservativa de 12300%! É também 
importante notar que a Fig. 2a reproduz a fom1a e a aparência elos laços.experimentalmente medidos, 
enquanto que a Fig. 2b é incompatível com a física do problema. 

-

------~ ~ ' --------
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Laços de Histerese - S (MPa) x: e (c) 

Fig. 2a Laços causados pelo carregamento {O ~400 ~O~ 400} MPa em CP padrão de aço 1020 

o ~m COOI 

Laços de HiBt.eresc- S (MPa) x e (e) 

Fig. 2b Laços que seriam previstos para este mesmo evento sem separar o 1° ciclo dos demais 
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E~ te exemplo ju~tifica muito bem a máxima "desenhe seus laljOS de histerese". mas não deve ser 
tomado como representntivo dos erros numéricox que podem ser esperados em todos os casos práticos, 
caso não se separe o primeiro evento dos demais. Não é possível quantificar a priori a magnitude dos 
erros que podem ser cometidos, mas pode-se garantir que laços fisicamente inadmissfvcis geram 
previsões não conJiáveis. 

Problema da Limitação Física dos Laços de Hh;terese 

Separar o primeiro evento elastoplástico dos demais não é sulicicntc para garantü· que a previxão de 
todos os laços de histerese esteja correta. E. novamente, o desenho dos laços calculados na rajz do entalhe 
é quase indispensável para que se possa compreender a complexidade mínima necessária à modelagem 
deste problema. Para ilustra-lo, aplica-se o carregamento da Fig. 3a (um evento principal que é 
interrompido por dois pequenos descarregamentos, na stXJüência {0 -7 300 -7 100 -7 400 -7-100 -7 

100 -7 -300}MPa) sobre um CP idêntico ao do exemplo acima 

Picos e V ales (Tensões, MP a) 

-~+---------------------------~ 

Fig. 3a Carregamento para ilustrar as limitações físicas dos laços de histerese elastoplástlca 

Laços de Hillta'ele • S (MPa) x e (c) 

Fig. 3b Previsão dos laços usando a metodologia tradicional 
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<Hifl 

Laços de Histttesc- S (MPa) x e (e) 

Fig. 3c Previsão dos laços só separando o primeiro evento dos demais 

L..at,oos de Histerese- S (MPa) x e (e) 

Fig. 3d Laços corrigidos para evitar cruzamento das curvas cr t do "olhão" 

Note-se que tanto a Fig. 3b, onde se usa o método sN Lradicional, quanto a :lc, onde se aplica a 
curva a-ê ao primeiro evento do carregamento e as equa<;ôes d() laço aos demais. mostram previsões 
absurdas. Como pode ser visto na Fig. 3d. para que os laço~> previstos sejam fisicamente admissíveis. 
eb. também devem ser corrigidos para: 

• Serem limitados pela curva a-e cíclica ou pelos maiores laços de histerese previamente 
gerados. e para 

• Forçarem a simetria dos la<;OI> já iniciados. 
Para isto, ao se calcu lar a seqüência dos laços induzidos por um dado c~UTegamento complexo, 

deve-se verificar se a previsão cruza ou a curva a· e cíclica ou o maior dos laços previamente induzidos 
(aqui chamado ele "olhão"). No caso de cruzamento. deve-se abandonar a equação do laçQ u partir de 
sua interseçfto com a curva <J·E (ou com o olhãQ), c passar a seguir a curva a-e (ou a do olhâo) até o rim 
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do carregamento. Esta correção é complicada. mas é tão indispensável quanto a do 1" evento. sob pena 
de se fazer previsões: 

(i) Fisicamente inadmissíveis,~ 
(ii) Provavelmente não-conservativas (o dano segundo Coffin-Manson da Fig. 3b é 2.9·10·5 e o da 

3c 6.1 ·10·5, enquanto os laços cmTigidos da Fig. 3d geram um dano de 1.3· JO·', um valor duas 
ordens de grandeza maior). 

Deve-se notar que simetria dos laços tem prioridade sobre a cuJva cr-c, isto é, a curva cr-e cíclica 
deve ser cruzada para forçar a simetria de um olhão já iniciado, como ilustrado na Fig. 4a (Meggiolaro e 
Castro 96). Este carregamento é dado cm deformação: {O ~ 5000 ~ 3500 ~ 8000 ~ 5000 ~ 6500 ~ 
-1500 ~ 2000 ~ 500 -7 8000htmlm. O CP é .idêntico ao dos exemplos acima. Na Fig. 4b vê-se que o 
olhão do laço de histerese vai de - 1500 a 8000~m, e que para forçar sua simetria e fechamento é 
necessário cruzar a cuJva cr·e duas vezes. Deve-se também observar nesta Fig. os três descan·egamcntos 
parciais de óe = 150<lflm/m. devidamente contidos por seus limites: o primeiJo pela curva a.e, o 
segundo pela cuJva infelior e o terceiro pela curva supelior do olhão. Para comparação, a Fig. 4c mostra 
quão absurdos ficariam os laços previstos se nenhuma das corrcções já discutidas fosse aplicada. 

Picos e V ales 
(Deformações, J.lfT\I'm) 

60001-l---- ·-f--~--------1-

~-~-~~~-----L-----r-'· ,· 

~~+--------------~--~-~--

-2100 

. 
I 

! 
J 
•' 

"t-·-+--+---1---li--.,.,61-.+, -+-1 --...--l 

·~/ 

Fig. 4a Carregamento que ilustra o cruzamento da curva a € para forçar a simetria dos laços 

<100 -

~----~~~L-4---~~----~~-----r----~ 
.0.002 

i 
-300~ 

Laços de Histerese- S (MPa) x e (e) 

Fig. 4b laços causados pelo carregamento da Fig. 4a, devidamente corrigidos 
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I 
6001 

/ T , 

Laços deHi&terese- S (MPa) x e (e) 

Fig. 4c Laços que seriam previstos pela metodologia €N tradicional 

Um outro ponto muito interessante também pode ser ilustrado por este exemplo: t:omo foi imposta 
uma história de deformações sobre a peça, os danos causado pelos laços das Figs. 4b e 4c são idênticos! 
Em ambos os casos calcula-se um dano de 1.24·10", porque o modeiQ de Coffin-Manson só depende 
dos .1e,. sem considerar os efeitos da carga média ou a fom1a dos laços. Logo, deve-se enfatizar que não 
se pode usar resultados experimentais de vida à fadiga obtidos em controle de defonnação para 
justificar o comportan1ento de problemas controlados por tensão. 

Para fugir destes problemas, a:. vezes é recomendada a reordenação dos carregamentos: colocando­
se (l maior deles em primeiro lugar todos os outros eventos estariam contidos dentro do olbão inicial. 
eliminando a necessidade das correções discutidas acima. Entretanto, este também não é um 
procedimento adequado. conforme mostrado a seguir. 

Problema do Efeito da Ordem do Carregamento 
A importância da ordem dos carregamentos é ilustrada através de mais um exemplo simples e 

convincente: Seja uma história de can-egamemos e alívios crescentes como a mostrada na Fig. 5a, 
mwamente aplicada sobre um CP não entalhado de aço 1020, idêntico aos dos exemplos acima. Os 
carregamentos e alívios foran1 escolhidos para gerarem laços espaçados aproximadamente da mesma 
distância, seguindo a següência: 

lOO 

Picos e V ales 
(Tensões, MPa) 

Fig. 5a Carregamento crescente para ilustrar os efettos de ordem no método EN 



305 J. o1 the Braz. Soe. Mechanical Sciences - Vol. 21. June 1999 

Os laço:. correspondentes. devidamente coni~o.'itlo~. são mustrados na Fig. Sb: a maior tensão (real) 
aplicada é de 500MPa e a máxima deformação obtida chega a 9%. Já na l'ig. 5c dest:nham-se os laços 
gerados pelo método eN tradicional, para mostrar como a fonna dos l<tr,:os previslos pelos 
procedimento:. tradicionais é incompatfvcl com a fí1.ica do carregamento. ao contrário do~ resultados 
liUe incluem as correçõcs necessária~ nos cálculo~ dos laços. 

T ! 
! 
i 

1--.,--- :.--

./ I .,.,~.-:: 1- - 1-- ·- -,.., 
/ 

7 
- f-- 1- - - -

J 

o 'J v 
000 Jt4 UI I!'! O lU 

Laços de lústcr~e- S (MPa) x c (1:) 

Fig. 5b Laços induzidos pelo carregamento da Fig. Sa, devidamente corrigidos 

Laços de Hi>terese - S <MPa) x e (e) 

Fig. Se Laços que seriam previstos pelo método eN tradicional 

Aplicando-se Coffin-Manson aos laços da Fig. 5b para calcular o dano ciclo a ciclo, chega-se a d = 
2. 1·1 o·;. (Par::~ efeito de comparação, na Fig. 5c o dano calculado por Coffin-Manson é de 2.0· 1 O·, cerca 
de dez vezes menor que o obtido a partir dos laços corrigidos). Mas provavelmente este é o tipo de 
carregamento que deve ser melhor analisado pelos modelos que consideram o efeito da carga média na 
relação EN. como: 
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Ae a' - a 1 
III (2NY' ' 2N .. - = +EJ ( ) 

2 E 
(Morrow) ( 19) 

L\e = aj - a"'r2N /'+eí[l - a~, }2N l 
2 E a r (Morrow moclilil:ado) (20) 

L\e a'2 a't ·e', 
- = J (2N) 21'+ · (2N/'' ' 
2 E·a 11111 , CI 11111 , 

(Smith-Topper-Watson) (21) 

onde am c 0 111_. ~ão a componente média c o valor máximo da tensão atuante. 
Nas mc11mas condições de cálculo do dano ciclo a ciclo nos laço~ corrigidos, o modelo de Morrow 

prevê um dano de 2.4·10' '. o de Morrow modificado 4.2·10 ' e o de STW 3.9· 10··. todos valores 
coerente!. c:ntre si. Jsto porque o modelo de Morrow só considera o efeito da~ cargas média~ na 
componente elástica dos laços, enquanto que O~> modelos de Morrow modificado e de STW também 
quantificam dano causado pela carga média na componente plástica dos lnços. 

Para ilustrar os efeitos da ordem do carregamento. mostra-se na Pig. 6u o carregamento anterior 
aplicado na ordem invertida. e nu Fig. 6b os laços obtidos. devidamente c<migido~. Deve-se notar como 
a forma dos laços gerados é totalmente diferente, isto é. como a inversão da ordem dos carregamentos 
altera completamente os laços de histerese induzidos no corpo de prova. Conforme afirmado acima. sem 
desenhar os laços de histerese previstos lica realmente difícil vi~ualizar o problema. da fadiga 
elastopl:istica. quiçá equacioná-lo corrctamcnte. 

Problema do Momento Certo para se Efetuar a Contagem Rain-Fiow 

As histórias de carregamento das Figs. 5 e 6 também servem para ilu~trar problemas que podem 
ocorrer na contagem de dano: quando se calcula ciclo a ciclo o dano causado pelos laços da Fig. 6b, 
obtém-se um valor uma ordem de grandeza maior que o obtido dos lnços ela fig. Sb! (por Coffin­
Manson 1.2· 10 ·. por Morrow 1.3· HP, ele.). Isto apesar de nestes dois casos tanto o "olhão" como os 
laço~ internos terem amplitudes similares. 

E claro que este problema é causado pelo procedimento de cálculo de dano ciclo a ciclo. o qual não 
reconhece todos os eventos do carrcgomcnto. Para se resolver este problema deve-se efetuar uma 
contagem tipo rain-jlow. De fato, só apó~ recalcular o dano causado pelo~> laço~ da Fig. 5b aplicando-se 
a contagem rain:fiow às deformações induzidas. chega-se a valore11 de dano similares àqueles 
calculado~ na Fig. 6b. Isto porque nesta o I'' c,·cmo do carregamento também é o máximo, enquanto que 
na Fig. 5b justamente este maior valor não é contabilil'.ado pela contagem ciclo a ciclo. 

Picos e V ales 
(Tensões , MPa) 

• 6 8 10 :l 14 16 18 ;o 22 24 :l6 28 

Fig. 6a Carregamento da Fig. Sa aplicados na ordem decrescente 
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""' 
... --- ---

. ., ))4 '" ... • • 
Laços ck H1111~. S (){f'a) xe (e) 

Fig. Gb Laços correspondentes ao carregamento da Fig. s•, devidamente corrigidos 

Note-se que a contagem rain:flow fo i aplicada nas deformações calcu lada~. Mas a prática usual. 
como se sabe, é contar o carregamento, com uma eventual filtragem de amplitude, como mostrado na 
Fig. 7. (A lillragcm das pequenas cargas é um recurso muito útil para diminuir o esforço computacional 
nos cálculos de d<mo à fadiga sob carregamentos complexos. ma~ deve ser usada com cuidado para não 
eliminar carregamentos capazes de causar dano à peça Castro et ai.. 1)4). Quando se trabalha com um 
método linear elástico como o SN esta prática é correta e recomemk\vcl, pois a ordem dos 
carregamentos é irrelevante. 

.,. 
Picos e Vales (Tensões, MPa) 

(sem fikro) 

Picos e Vales(TensOes. MPa) 
(filtro : 90 MPa) 

·~+-------------------L--------

:.XI 

Rainflow 
(sem filtro) 

-11114-------------±;j 

Rainflow 
(filtro : 90 MPa) 

Fig. 7 Carregamento complexo filtrado em amplitudes crescentes, com as respectivas contagens rain-flow 
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Ma~ no ca:-.o da~topláslico, contar o carregamento (neste caso a~ tcn1-fx:~ imp1ma.~) e não o seu 
efetto (a, tkformaçõe~> resultamcsJ é um proccdimt:nto totalmente inadequado. cumu ilustrado nas Figs. 
8: na 8a o carregamento compl~xo não-filtrado da r-1g. 7 é tratado scqüencwlmcntc. mclumdo todas as 
eorrcçõc~ recomendada:- acima: na 8b plota-sc o rcsultadu obtido mantendo todas a:. ..:orreçõe~> dos laço.s 
mas fazendo <l contagem rain~flow da:- tensões; c na Fig. 8c aprcsent~H;e o resultado da metodologia EN 
tradicional. 0:-. dano~ calculados no:, três casos são: 

Caso Coffin-Manson Morrow Morrowmod. S-T-W 

Laços corngodos. ram-flow nas deformações (flg.8a) 1.4 ·10'' 1 7 10 2.4 10 4 2.2 10'4 

Laços corrog1dos. ram-ffow nas tensões (fog.8b) 1 1 to·• 1 3 to·• 1 8 to • 1.910"' 

Método LN tradocoonal (fig.&) 2 5 10'' 3.310. 4 1 10'' 8.4 10'" 

<o 

OOIS 

Laços de I hllla-Cilc - S (MPa) x c (e) 

Fig. 8a Laços induzidos pelo carregamento da Fig. 7 (sem qualquer filtragem), com as devidas correções 

I 
OOJJ 

l.açOi de Hitllcrae - S (MPa) x e (e) 

Fig. 8b Laços corrigidos como na Fig. 8a, mas com rain-flow feito nas tensões solicitantes 
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Laços de I Jistc:rese- S (MPa) x e (e) 

Fig. 8c Laços previstos pelo método t N tradicional para a contagem rain-flow do mesmo carregamento 

Note-se que este carregamento se aproxima bem mais dos caso~ reais que o" exemplos didáticos 
di~cutidos anteriormente, c que pode ser usado para ilustrar o tipo de erro que ::.c pode obter na prálica 
do dimensionamento mecânico. Por isto vale a pena enfatizar que a não linearidade do método EN tem 
sempre que ~er considerada antes de sua aplicação. E como o método rain-.flnw tradicional gera uma 
tabela na qual a ordem dos carrcgamentns é alterada. o proceunncnto de cálculo de dano correto no Ca$0 
de <.:<1rregamentos complexos é: 

• Calcular primeiro os laços de histerese indutidos pelo carregamento ócr,., na raiz do entalhe. na 
seqüência em que eles efctivarncnte ocorrem (incluindo todas as eorreçõcs neces~árias!), e 

• Fazer a contagem rain)Tow nas deformações L1e, resultantes. 
Deve-se enfati/.ar que a conlagem da::. defom1ações L1e; resultanlc~o é indispensável para o cálculo 

correio do dano! Isto porque a hislória das deformações re:.ultante:. de um carregamento complexo 
tamhém é complexa, e só a contagem rain-jlo11· pode quantificar o dano causado por todos o~ eventos. 

Problema da Aplicação Correta da Regra de Neuber 
No problema do dimensionamento mecânico real é indi~pensável consider<lr todas as con·e~ões 

discutidas acima na modelagem do comportamento clastopl{•stico cíclico dos pontos críticos das peÇ<ls. 
Portanto. é indt.spensávcl estudar-:.c o componamento da rai/. de concentradores de deformação, que é 
onde as trincas de fad1ga quase ~ocmpre se inician1. Seguindo a~ idéias tradicionais. para isto deve-se 
aplicar •• regr;1 de Neubcr cm conjunto com as correçõcs necessárias pura garantir a qualidade dos laços 
previsw~>. Mas nestes ca~os não se pode usar a f-q. ( 14). que só se aplica quando o material permanece 
numa mesma curva CJ·f. 

Neste ponto vale a pena lembrar que o problema na realidade resolvido por Neuber em 61 foi a 
com.:cntração de tensões c deformações na torção monotônica de corpos prismático~: feitos de qualquer 
material não-linear elástico. Ponanto. o uso da regra de Neuber no método eN tradicional é uma 
apro,.imação qut:. :.egundo Fuch<; e Stephens (80). só é corroborada experimentalmente nos ca~>os de 
tensão plana dominante na raiz; do entalhe (por isto aqueles autores recomendam o uso da regra Linear 
de concentração de deformações (K1 = K, = Ll&'L1E,) para Ol> <.:<tsos de deformação plana). Para usar e~>la 
mesma aproximação nos caso~ das mudanças de curvas cr E m:cessária.~ para garantir a admis:;ibilidade 
física dos laço~ de hiMercsc, ba.,ta manter a constância dos produtos Lia L1e = (K1 L1a,/!E. Esta tarefa é 
conccnualmentc simples, como ilustrado na Pig. 9. apesar de exigir uma implcmcnta~âo numérica não­
trivial. 
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A idéia é aplicar o carregamento Ll<r, cm pequenos incrementos Llo;,j, e ir construindo o caminho 
L\0"1, Lle1 correspondente no plano 0"·€. seguindo primeiro a curva I da Fig. 9 até o seu cruzamento com 
uma das curvas limitadoras do olhão. que no caso é a curva 2. O ponto de parada na curva 2 é 
localizado comparando-se a cada incremento do carregamento o valor do produto Ll<r;.Lie; com 
(K, Llo;,)'/E, que é um valor conhecido. 

Note-se que este procedimento pode facilmente ser generalizado para carreg<Ullenlos nominais 
elastoplásticos. Entretanto este caso, que é mais de Lntcrcssc acadêmico do que prático, não será 
discutido aqui tendo cm vista que o esforço computacional necessário djficultaria seu uso em uma 
ferramenta capaz de rodar cm micros. 

Problema da Solução Numérica dos Sistema de Coffin-Manson e de 
Neuber 

A solução numérica da!> Eq~>. ( 14) e (15) merece ser comentada. Para resolve-las foi desenvolvido 
um método baseado no fato daquelas equações constituírem esseucjalmcntc a combinação de duas retas, 
quando traçadas em escala bi-logaríunica. Uma vez que o método de Ncwton-Raphson é muito cticaz 
para resolver cquaçôes que possuam derivada aproximadameme constante, esse método foi adaptado a 
uma escala logarítmica, escrevendo-se a..~ equações de Neuber e de Coffin-Manson na forma geral: 

õ = [Jexp(BxJ + rexp(Cx) (22) 

onde x é a incógnita a ser calculada numeric<:~mente. No caso da Eq. (14), tem-se: 

(j = (K,LI<r,,) ', f3 = i, 8 = 2. r= 2E/(2K')''" . c= I + 1/n'. X= ln(LIO";) (23) 

e no caso da Eq. ( 15) 

ô = Lle/2, f3 = a,'IE. B = b. r= éf', C= c, .r= fn(2N) (24) 

O procedimento para a solução da Eq. ( 16) pode ser resumido por: 
• Encontra-se o valor de x., para a primeira iteração através de 
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. ( ln( o I {J J ln( o I y J ) 
x0 = n11n 

8 
. c (25> 

onde a função min retorna o menor dentre dois valores. No ca:w da regra de Cofnn-Manson. a Eq. ( 19) 
avalia ~c o gradiente de deforn1açôcs está na região predominantemente elástica ou plá~>!ica, tornando 
como \alor inicial aquele que mais se ~tproximar da :.olução. 

• C a leu la-se o valor de x,. 1 da nm a iteração em função do valor de x, (i 2: O): 

(26) 

• Sendo (Ç,-1) o erro relmivo máximo admi~'lvcl, prossegucm·'>e as Iterações até que a expressão 

ln[ ,IJ! •,+ln/; 1/ ;')t,n.r;+iniÇ 11 j 
(27) 

seja negativa. Para exemplificar o UM> deste método, calcula-se a vida residual de um e~pécime cujo 
material (um aço) possui as propriedades dadas: E = 203GPa. <J1'= R96MPa, €/= 0,41. ú = ·0.12 e c= 
-0,51. A partir da Eq. ( 14), para \ltn gradiente de deformações Lle = 2000tlfe Ç = 1,001 (erro máximo 
de O.J% ). calcula-se então : 

Xn = 6,60: x1 = 11.12: x~ = I I.R7; r3 = 11,91 7 2N =e".,= 149000 reversões 

c o processo converge em 3 iterações.Sc o método tradicional de Newtou-Raphson fosse utilizado. 
mnsideraJidO·I.e um valor inicial de I para 2N. seriam necessárias 15 iterações para calcular-se a 
solução na preci&ào de 0.1 %. Além di:.so, mesmo se fosse uulizada a cundição inicial definida no 
primeiro p<tsso do algoritmo apresentado acima. o método de Newton-Raphson ainda uecc::ssitaria de lO 
iterações para a convcrgGncia. 

A Linguagem ViOa se 
Como o método EN é bem mcno~ simples do que aparenta. para poder aplica-lo aos casos reais de 

canegamcnto complexo é indispcns;)vel usar suporte computacional adequado. Para isto, foi 
recentemente desenvolvida a linguagem v;oa (Meggiolaro e Castro 96), atualmcntc na sua versão se. 
da qual ~e fa7 uma breve descrição a :o.cguir. 

Esta linguagem f01 concebida para automatilar todoo,; os métodos tradicionalmente usados no 
projeto medinico à fadiga ~ob carregamentos complexos: o SN. o ITW (para cstrULuras soldadas) e o eN 
para prever a iniciação da trinca, c o da/dN paru estudar a propagação da:-. trincas planas c 3D usando 
conceitos du Mecânica da Fratura. Nela também se incluiu inúmeras facilidades úteis ao projetista. 
como vário~ bancos de dados wteligcnte~. doil. contadores rain-flow e um fihm roce-traL'k, gerador de 
laços de hi,tercse ela~lllpl(L-~tica (incluindo toda~ as correções necessárias no método EN. seguindo o:. 
procedimentos discutidos acima). aJUSte automático de dados experimentais. interpretador de equações. 
e várias outras ferramenta:-. similares, todas com uma interface gráfica amigável que roda num ambiente 
Windows. 

Com o vloa se pode-se também desenhar a curva eN e ~>obre ela a curva SN tradjeional. c forçar a 
componente elástica da dcfonnação a atingir a curva SN oo limite. O programa calcula o dano EN por 
todos os métodos di~culldos (Coffin-Manson. lU, Morrow. STW. etc.). de forma seqUencial. e pode 
aplicar o rain-flow nas deformações resultantes. Há também as opções de trocar a re~::ra de Neuber pela 
regra Linear de concentração de deformações. c de de:o.cnhar os laços de hisrerese devidamente 
corrigidos ou os previ~to~ pelos métodos tradiciomti~> (para quando não se conhecer a história prévia da 
peça e ainda assim se qui,cr fazer uma estimativa EN, ou para q uando se quiser desconsiderar os efcttos 
do ordenamento apesar de todos os problemas de incompatibilidade física das previsões). Na realidade. 
todos os laços apresentados neste lrabalho. bem como todos os danos calculado~ nos exemplos, foram 
gerados usando-se o v;o., num micro AMD5g6 de I J3MI Iz, com 16MB de memólia RAM . 
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Conclusões 

Foram discutidas várias limitaçõe~ do tradicional método EN de proJeto à fadiga. e apresentadas 
soluçõe~ para eliminá-las. Também foi apresentada uma nova linguagem chamada v;o a se, que 
automatiza o dimensionamento à fadiga sob carregamentos complexos c na qual estas soluções foram 
implementada~. 

Os problemas causados pelo ordelll do carregamento e pela limilação dos laços de llisterese 
cl<~slopliítica nos levam a questionar o uso dos procedimentos tradicil)twis ~'N cm peças usadas cuja 
história e lastoplústica seja ignorada: o desconhecimento do estado inicial de t cn~õcs c deformações 
residuais mt raiz do entalhe crítico pode invnlidar as previsões feita:. a partir da 1.0lução repetida das 
equações do laço de histerese. Paw se aplicnr adequadamente o método eN cm peçns que não sejam 
virgens. deve-se primeiro localizar a origem dos laço~> de histerese no plano CJ·C. Isto provavelmente 
requer <1 medição do estado inicial de tcn~õcs c defonnações residuais no ponto crítico da peça (e. como 
é a história CJ E na rai7 do entalhe que i m()(>rt<~. não adianta medir as tens&!~ rc;,iduais fora deste ponto!). 
Esta é a única fomu de prever os laços subscqücnrcs usando as correç&!s ncccs!>ártal. para garantir sua 
adnussibilidadc física. 
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Abstract 
riu• f"<'M'Illflllflt'l" co/1,;,,,, '!/ lht irlcmijintlwll o/iltt· \lt//m•.n t>mpt!rltc.> o/ .wmc/11 tt /1 • omtwsi/i' 1/rll<"/tlrc., hy u.-in;: 
'!l>m/WIIIIIt'll\lll"l'lll<"lll\ doia. lht· r "''lfint'IIIS arr· ltlc·nJt(ir·d I>) a 11/Ui/t'i IIJ>tlu/m,c ltTflllitfiW. Tltc 1/ll'tf{omwlallt>ll ;, 
hmnl o/1 IIII' mitliuu;·u/11>11 o( i/te' ··igt'll\11/l/limt 1"1'\lduu/., (.wnlilil'tly mr·iltotiJ. /'lu, Jr·dmique c~llo\\' IIII' \lllllllilllll'ott\ 

Mcnll/inllwn o( wn·ral l'fll/'<'rill"\ _/mm a 'm~l·· ,,.,,. Sllfliw.n pmpt•rflt'\ of t'llt'IISÍOII, benclmg. /IIH/111~ 011d 
/IWI\I't-r.l<' 1/rt•ur t~[f<'• ,, uu· ulclllr(iccl, ulwt r' no/,., idr•nffiwrr c/11\sica/ rclcnli/inrtum 11'\1,1 of •wrclu" lt •Jnwturr.\ 
/?nu//, uilltllfll'rl ''·' 11111110 ic ulllmllftlltt>/1\ 1/11H1 1/rr• t'/(it rorr.1 o( !Ire propo.l't'rlllll'llrorlology. 
Keywords : Comf"'-''lt ' illolt'l 11111. Swu/11 ,.-/r .'iii'IICI/Irt''· Uosuc Crmstant.•. ldt'lll~/inllimr. Morld l1ptl<11ing, 
I 'i ln <1lion 

Resumo 
Lili' Jrul>rrllw tmlrr riu trll'lllt/rnr\úo dt• r·on.•ltllllt'' dasllur,, de ~'.1/rll/ur<l\ ltlllrllll!·lres em mlltnwr., c'ompo.Ho~ ti 
f'tlllll. rir• <'11.\tlto.> tlt• nhra\tio. ' ' ' J>m(lrlt't!tllln ~tio irlntll/int<la\ f>da ln mnt dt• aj111t<' d.- moddo\, () mt'tmlo 
utilt:wlo ,. htl\t'llllo rw IIIÍ/111111 :a1iio tft• rr,iduo' _/rm11arlo• pela.\ all/tHOiupin lmcl•~tlo th• H'll.lllnltdrrrlr•J. I ténuca 
/'<'11111/t' u idc1111/icaçiio '"mdttlllt'tl de rlll'ena,,· proprredade., 11 parir r de "f'l'lll" 11111 t 'll.\mo tlilltÍIII/Co. 0/1/ém-w dn!n 
mollt'll'tl pmpnedadt!.> de [k1tio. lorvio, memhrww , 1 r.~t~llwmcnlo lrtllll'<'r.ml, o <JII<' ruio é ,.,.idr•/1/t' 1111., mélodo.• 
..Jm ''C'"' de rdemrf/l'(t('tio <'III ,.,tnllurus do ltf"' \tllrr/rrrí ire. 0., re.•ullalius oht11lo.~ pm ,\1/lllllartio '"""é rica 
dt•mmlslrwll a e./icihwia da 1111'/odolo.~ irr pn•Jiosta. 
l'nlm•ras-Ciwve : Ma/(•riws Cotrrpo\los. Eslmlllrtt.l' Soll(/llfclres, Co/11/WIIt',\ 1:/mtir·lls. /derrtr/inrrcio, .1ju.~ll' df 
Jl/or/,•lo.l. \ 'ibmr<io. 

Introdução 
Com o aparecimento de novos matena1~. elahnrudo~ à partir de nova~ filosofias de concepção e 

fahrkação. o campo de uplkação dos materiais compostos evoluiu consiúcravelmcnte estes tíltimos 
ano~. Novas gerações de cstrutums ditas mulll -fu ncionais, como os materiai~ htbridos ou mais 
recentemente os composto~ adaptati vos ou in teligentes. começam a aparecer (Chou. 1992). 

/\-,. nova~ tecnolog tas requerem de1>ta forma novas técnicas de análise do comportamento mecânico, 
adaptada:. a estes novo). materiais. Este trabalho tr;tt;t da identificação de: propriedades de rigidez de 
C\lruturas do tipo sanduíche à partir de cnsato~ dinâmi~:lK A pcculiaridadt! da configuração estrutural e 
do~ materiais con'>tituinte' de um sanduíche toma difkil a caractcnzação experimental dos mesmos à 
l>art ir do~ en~uios dásMCO~ (tração, ncxão. etc.). O interesse do~ en~tos dinâmicos c..'tá no fato de que 
o comportamento vibratório de uma estrutura ~ caracterizado por vária). cnergws de nawrcza diferente. 
o yue vai de encomro ao carátcr de identilicw;ão muhiaxial. inerente <lOS compostos em geral. Pode-se 
itlenlilicar de maneira s imultânea várias propricdadcs à parti r de apcnal> um ensaio. A lém disso. o 
método é do tipo não-de:-trutivo. Os coeficientes siio ic.lcnlifi.eados pe la técnica de ajuste de modelo~. A 
metodologia utilizada (do tipo modul) é bascat.l a na minimização de um resíduo consu·uído a panir das 
auto-soluções do modelo e da estrutura. &ta técnica~ comumcntc chamada de método de sensibi lidade. 

Manuscnpt received July 1997, revtsron recewed January 1999 Techmcal Edrtor Agenor de Toledo Fleury 
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Formulação do Método de Sensibilidade 
O método de sensibilidade consiste na minimi7.ação de um resíduo baseado oa.s auto-soluções, 

considerada~ como grandezas de saída (Fig. I ) (Piranda, 1994). Suas vantagens em relação à outros 
métodos de ajuste de modelos cm claslodinâmica são, de maneira geral as seguintes : não há expansão 
ou condensação; é aplicável no caso onde o número de sensores é reduzido, portanto bem adaptado ao 
tratamento de grandes siste mas; é robusto em re lação aos ruídos nas medidas; a manipulação e 
interpretação física das variáveis do problema considerado é facilitada. Seus principais inconvenientes 
são : má convergência ou possibilidade de mínimos locais, o que impõe um modelo inicial 
relativamente próximo da estrutura real: necessidade de emparelhamento dos modos; utilização das 
massas generalizadas: problemas numéricos no caso de autovalores múltiplos ou quase-múltiplos. A 
maioria destes inconvenientes pode no entanto ser resolvida através de procedimentos adaptados 
(Cunha. 1997). 

discretização 
elementos finitos 

matrizes 
KeM 

autovalores x~J 
autovetores y~.a) 

correção 
óK 

ensaio: 
análise modal 

auto-soluções 
reais 

~~·~ yr > 

Fig. 1 Organograma geral do método de sensibilidade 

Em ajuste de modelos, procura-se determinar as t:on-eçi:ies M entre as malriz.es de rihridcz do 
modelo analitico (a) e da estrutura real (ex): 

(I) 

Para isto. supõe-se que o modelo de elementos finitos é composto de ~ubdomínio&, chamados 
macro-elementos. que possue m e le mentos dependentes dos mesmos parâmetros : 

r 
K = 2:-K~"> E R N.N (2) 

,•~1 

onde r é o número de elementos ele um macro-elememo e K~. F J é a matriz de 1igidez associada ao 
elemento e. As correções são efetuadas nos p macro-elementos de rigidez. da seguinte maneira : 

,, 
Ka =~k·K· L..J I I 

i=l 

(3) 

onde ki é o coeficiente corretor que se procura identificar e K ' é a mmriz de rigidez completa. O 
resíduo é construído à partir das distâncias entre as auto-soluções identificadas na estnttura e calculadas 
pelo modelo de elementos finitos. avaliadas nos graus de liberdade correspondentes aos c sensores: 
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,. = I •.... III (4) 

O método de sensibilldad~ con~i~te cm cxprcs~ar as di~tância~ cm função das variações dos 
parfum:tro~ de t·oncepção dos macro-clcmcntos. Para isto. desenvohe-sc a~ auto-:.oluçõcs medidas em 
série dc Taylor de primeira ordem. nas vit.rnhanças da:. m1to-soluçüe:- emparelhadas do modelo : 

1, ""~,la) 

,'"'' _ ,tnl ~a)',. -'k .~, . - .~,. + L -----.., i 
t I rJk; 

Sob fonna matricial tem-se : 

I ~ ~ 
ô'' 1 

tiJ., rJ J. I' 

(} ylll ~ 

-',~·: =-
;}J. , ,)1. /' 

~ r);t I 

di. , r)Á I' 

.\À"' J ,jÃ_ m dÀ·, .. 

r) I.. I r/J. I ' 

(5) 

[ ~Y J = [s~" ']r~ 1cu] ~À tk l I l '" ' j SA (6) 

~ .& s t,p 
di. ,. /III((~ I), I/ /III(< ' + I). III /11. I I 

onde 111 é o número de aulo\'ctorcs tdenufi.:ado~: r é n número de grau:, de lib<:rdadc in,trumcntados: pé 
o numcm de maero-eh:mentos de rigidc1: N é o número de !:,'Tau-; de liberdade do moddo de elementos 
finito~: 11 c o número de autO\·etores calculado~ do modelo de elemcnto' linitos. Em relação à matri;r de 
~>enstbilldadc S. a~ e:~.prcs1.õ~s da~ deri\adas pnmciras das amo-soluções cm relação aos parâmetros de 
ngidcl ~ün ohtidus dcnvando-sc a equaçuo de cqu1hbrio do modelo. con~idcrando-sc igualmente a~ 
rcla,·õe:. de orwnom1alidadc (Pirnnda, I 994 ). Pat.-~1.! uma aproximação por combinação linear dos 
auto\'clorcs de uma hasc: modnl incompleta Y ". A~ c..:xprcss6es resultante!> ~ão : 

(7) 

I lt1I K I"I lt1J 
' \· t .'\· (8) 

rom : 

Consideração dos Erros das Massas Generalizadas 

A ddtnição do r~síduo dos aulo\·ctorcs implica na normalintção correia dos autovctorcs 

idenLificaclos. condição difícil de :,atisfazer cxpcrimc:nlalmentc cm identificação modal. Os erros de 
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a obtenção de bons resultados para a maioria do:. compostos estratificado:-., incluindo-se os sanduíches. 
A equação con~titmiva é escrita da :.eguintc maneira: 

[Nl [A 8 O][E111

] 

~ = ~~~;. 
onde: 

LA] E R u : matriz de rigidez em membrana: 

[8] E R ' ·3 
: matriz de acoplamento cm membrana-flexão/torção; 

I O] E R' 1 
: matriz de rigidez cm llcx1ío/torçâo; 

]li] E R~.~ : matri7 de rigidez cm cisalhamento transversal. 

11 

i\,1 = L(Q;1 )J.(hJ. -hk-l ) 
I. I 

11 

11u= kij'L.<01 )k(h~. - hk- 1l 
.1.=1 

( 11 ) 

(12) 

sendo Q;1 a:. constantes de rigidet de uma camada em uma direção qualquer: 1!1. a cota da face da 
camada k ; 11 o número de camadas e k,1 O~> fatores de correçào do cisalhamento transversal. Estes fatores 
vtsam corrigir as deformações de ci~alhamcnto transversal ao longo da espessura da placa. 
E:,pccitieamente em relação ao:> sanduíche~ e;,te aspecto é ainda mais importante devido à grande 
diferença entre as características mecânicas c geométricas das camadas, o que pode dificultar tam bém a 
condição de continuidade dos dc~>locamcntos e das tensões cisalbantes nas interfaces das camadas 
(Cunha, 1997). 

A identi ficação de propriedades de rigidez de materiajs compostos por métodos do tipo ajuste de 
modelos em dinâmica é relativamente recente. Dada a sua complexidade. o tema est<1 bastante aberto. 
De faro . o caráter de anisotropia. a diversidndc dos materiais e a variedade das formas estrutmais faz 
com que o comportamento mecânico elos materiais compostos seja particular. Pode-se citar por exemplo 
o efeito de acoplamento dos esforços c o fenômeno de delaminaçâo. típicos dos estratificados em geral 
(inclusive sanduíches). Desta fonna. não existe na Literatura formulações gerais que pennitam resolver 
todos os casos de;: idenúficação. Encontra-:-.c frequentemente estudos aplicados à casos particulares. A 
grande maioria destes estudos utiliza o método de sensibilidade. com cMimação do tipo Bayes 
(Fredcrikscn. 1994; Pederscn, 1988: Deobald anel Gibson. 1986). Uma maneira interessante de abordar 
u problema é de utilizar as constantes de rigidez da lei de comportamento da estrutura (Eq. 11) que 
expre~sa a~ rc::sultaotes e os momentos em função das deformações de membrana, de cisalhamento e das 
curvaturus (Sol. 1986; Ltnk and Zhiqing. 1993). A utilização das mau·izes A, 8 . D e H apresenta 
algumas vantagens em relação a outras formas de parametrização do problema : 

• Facilidade para a compreensão do comportamento mecânico da cst111tura : estas 
''propriedades globais" explicitam os efeitos de membrana, flexão, torção, cisalbamento, 
acoplamento, etc; 

• Possibilidade de fazer a interface do método de sensibilidade com os programas de cálculo 
de elementos finitos. pois as constantes de rigidez são lineares cm relação às matrizes 
elementares de rigidez: 

• Finnlmente, pode-se lembrar que os pmgramas comerciais de elementos fmitos permitem a 
utilização direta das con~>tantcs A. 8 , D e H como dados de entrada. o que evita a 
identificação das propriedades das camadas. Este aspecto pode ser interessante para o caso das 
ewuturas sanduíches. pois a identificação das propriedade!. da.\ camadas, cm particular para as 
colméias, não é evidente. 

No método de sensibilidade as correções são cfetuadas nos macro-elcmcntos. que são as 
componentes das matrizes A, B. D e H. Cada mac.:ro-elcmcnto possui assim um papel bem defmido no 
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comportamento mecànico da estrutura. Para ilustrar a idéia. toma-se como exemplo o caso de uma placa 
estratificada simétrica. As correçõcs nos p macro-elementos são feitas da seguinte forma : 

, 
K'' = 'f k; K, = k1D11 K 1 +k2D12K2 + k1D2~K3 +k~D16K4 + k5D26K~ + 

i = l 

onde : D11K1, D12KJ . ... , H<sKu representam a:, matrizes de rigidez do~ macro-elementos: k, é o 
coeficiente de correção do macro-elemento i ; KJ é a matriz de rigidez completa. As constantes de 
rigidez são: D 11 - rigidez de flexão x: D0 - rigidez de acoplamento llexãn x I flexão _v: D22 - rigidez de 
tlexão y: D 11,- rigidez de acoplamento flexão x I torção; D~6 - rigide1. de acoplamento llexão y I torção; 
D61; - rigidez de torção; A11 - rigidez de membrana x: A12 - rigidez de acoplamento membrana x I 
membran~t y: A2~ - rigidez de membran<t y; A 1~ - rig idez de acoplamento membrana x I cisalhamento xy; 
A2r,- rigidez de acoplamento memhrana y I cisalbamento .\:v: A M- rigidez de cisalhamento xy; H 14 -

rigidez de cisalhamenlo transversal yz; H:,:,- rigidez de cisalhamento transversal xz;. 
Esquematicamente. a discretiz.ação e lementos finito:. dos macro-elememos. que petmite a obtenção da 
matriz de rigidez completa, é mostrada na Pig. (2). 

------

estratificado 

elemento 

1-----, D, 
D,z 
Dzz 

Fig. 2 Esquema da composição dos macro-elementos de um estratificado 

As estnnuras sanduíches são um caso particul<u· dos esLrati fi cados cm geral. O princtpto de 
construção de um sanduíche é de aplicar sobre uma alma. constituída de uma material leve e com boa~> 
propriedades de compressão e c isalhamento transversal. duas peles. possuindo esscnciahnente boas 
propriedades de traçãolcompressão (Fig. 3). Esta configuração permite obter uma estrutura bastante 
leve, com boa rigidez em flexão. Contrariamente aos estratificados. os sanduíches têm um 
comportamento mecânico diferenciado. onde a alma e as peles desempenham papéis distintos. A alma 
trabalha basicamente em cisalbamento tran~versal, enquanto que as peles trabalham como membranas 
(Pagano. 1970: Dang. 1976: Donatus. 1989). Existem aspectos relativos ao comportamento mecânico 
das estruturas sanduíches que dificultam a modeliLação. Para tal, utilizam-se teoria~> aproximadas que 
simplificam o problema. Por exemplo. a determinação das propriedades físicas e mecânicas da alma não 
é evidente, dadn a complexidade da geometria da mesma. Adota-se para este cal.O propriedades médias 
equi valentes. Quanto ao aspecto de identificação das propriedades elásticas dos sanduíches, desde que a 
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modelização tenha ~ido feita corretamt:nte, não existem problemas particulares com relação à 
identificação dos c~o.tratificados em geral. Isto scr:í verificado na simulação numérica a seguir. 

Simulação Numérica 
A placa ~anduíchc analisada faz parte de uma estrutura real, chamada TSP (Truss Supported 

Ploiform). elaborada à partir de um a<.:ordo científico entre a Agência Espacial Européia e algumas 
universidades (Cunha. 1 997). A~ <.:<lractcrísticas da estrutura e as condições de ensaio são (Fig. :l) : 
con~tituição das peles : estratificado cm CFRP (Carbon Fiber Reinforced Plastic); constituição da 
alma: colméia em alumínio (NJDA): condição de contorno : livre-livre: número de sensores 
(acelerômetros) <1"> = 17 (z); número de modos medidos "experimentalmente"= 10. 

Propriedades da~ peles : 

E,= 1.35 x 10 11 N/m~ 
E2 =I x 1010 N/ml 
G 1~=G11 = 5 x 10'~ N/m1 

G23 = 4.5 x 10'' N/m2 

V11 = 0.27 
p = 1580 Kg/m 

1 

Propriedades da alma : 

G13 = 1.52 x ION N/m2 

G21 = 7 .S8 x 107 N/m2 

p = 36.8 Kg/m 1 

Estes valores levam às seguinte& constante~> e lásticas a serem idcnti ficadas : D 11 = 1719 N.m. D ,, = 
526 N.m. D~2 = 1719 N.m. D""= 594 N.m. H+~= 7.6 x 106 N/m, H5 <= R.O x IOf> N/m. 

17 o• 

f1L- +45° 
15 ~ ---
14 ·45° 
13 ·45° 

pele 
---

12 go• 
-

11 +45" 
10 o• 

91 I I I I alma 

__! o· 
7 +45" 

6 go• 

5 ·45" 
4 ·45ç 

pele 

--
3 go• -
2 +45" --- -
1 O' 

Fig. 3 Estrutura sanduíche e condições de ensaio 

A distribuição dos sensores na estrutura foi obtida a partir de uma técnica de posicionamento ótimo. 
baseada na minimização do condicionamento da matriz modal (Cunhn, 1997). A':> constantes de rigidez 
do modelo inicial foram perturbadas cm± 25%. O problema cun~i:.tc cm temar recalcular os valore':> das 
perturbações introduzidas através da técnica de ajuste de modelo~ . Tr.tta-se portanto de uma simulação 
numérica de identificação. 

Os resultados obtidos foram bastante satisfatórios. A Figura 4 mostra a evolução dos parâmetros no 
processo de ajuste ao longo das iterações. Os gráficos mo~tram uma ex<.:elentc convergência destes 
parâmetros, com urna redução ~>ignilicativa das dil>tâncias entre a!> auto-soluções. Verifica-se uma boa 
sen~ibilidade para todas as constantes. A Tabela I confwna os bon~ resultados das correções. onde os 
valores das con~tantcs de rigidez iniciais foram reencontrados (o número entre parênteses representa a 
diferença cm relação ao modelo inicial). 
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Evolução das correções de rigidez 

I o,, 0,2 
H 11 
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2 3 4 5 6 

iteração 
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-15 -- I 
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40 

2 3 4 
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Fig. 4 Evolução dos parâmetros de ajuste ao longo das iterações 

Tabela 1 - Resultado final do ajuste das constantes de rigidez 

Constantes Modelo Modelo Modelo 
de rigidez Inicial Perturbado Ajustado 

D" (N.m) 1719 2149 (25%) 1719 (0%) 
0,2 (N.m) 526 658 (25%) 526 (O%) 

D 22 (N.m) 1719 1376 (20%) 1719 (0%} 

Dos (N.m) 594 475 (20%) 594 (O%) 
H04 (N/m) 7.6 X 108 9.5 X 106 (25%) 7.6 X 106 {0%) 
H., (N/m) 8.0 X 106 6.4 X 106 {20%) 8.0 X 106 (0%) 
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Conclusão 

A diversidade dos matcriai~ c a complexidade das conligurações cstnHurais 1":17 com que a 
claborac,:ão de modelos gerais de comportamento para os materiais ..:ompostns ~cja ba~tamc difícil. bto 
acontece igualmente para o~ métodos de identificação de propriedades mecânicas das estruturas 
estratificada~ c sanduíches. Dentro dcMe contcxto. a técnica de 1tltmtificaçãu à pa11ir dc cn,aiOS 
thnâmicu~ ~ intere:-.~•mte pois pode ~er aplicada cm v;ínos tipos de.: estrutura~. O processo~ do tipo não 
destrutivo e sua implcmentaç:1o 1.\ relativamente simples. A 111ctodologia utilizada se mostra bem 
adaptada ao caráter de ani!.otropia dos materiais compostO!.. Em relação à outra' técnica). de 
identificação. o método apresenta a vantagem de simplificar con~idcravclmcnte os tc~te~ p<li" pode-M: 
Identificar \'ária~ propriedade~ difercntcr,. de maneira ,imultânc:t. Uma outra vantagem é que se pode 
aplicar a técnica de identificação diretamcntc na esu·utura (placas. ca!.cas, tubos ou mesmo geometlias 
mai~ compl~xas). sem a necessidade dc ~.:m-po..., de prova adaptados a cada cnl!aio. segundo o parâml!tro 
a sl!r identificado. Por outro lado. as con~talltei- de rigideL identificada.' podem ~cr introdu/Idas 
dirctamentc como dado de entrada nos programa~ comt:r~o:iats de ell!mcntos fim tos. 

Deve-se observar três aspe~.:tos importantes no processo de idcmificação : boa ~cnsibilidade c 
mdcpendt!ncia linear das constantes a serem identificada~ c uma hoa base modal com um número 
suficiente de sensore:.. Exi:;tem várias fonte:-. de erro'> po~~íveis na técnica de aju~te de modelos. E~te" 
erros são (Cunha, 1997) : de modelitação (malha clemenl<ls finnos, h1póte,es simplificadoras de 
c:ílcukJ, etc) ; erro~ no pmccr,so de correção (método de sensibilidade) : m:í representatividade na 
f"unçâo objCLivo (linearização do problema, base modal experimental reduzida, ponderação dos 
parâmetros. etc.). não-unicidade c instabilidade da solução. ele: erros de topologia do matt:rial : 
heterogeneidade da' propriedade\ física:., impcrfeiçõe' geométrica~ (cspes~ura. orientação das fibra.s. 
t:tc.). defeitos cm geral :erro~ de medidas : erros sistemáticos c aleatôrio~ quando do ensaio dinãmic.:o 
(posicionamento dos ~oensores, ruído:-., ele). 

Concluindo. pode-se ditcr que a qualidade dos resultados é, de uma maneira geral. ligada 
diretamcntc à qualidade d~> modelo de elemento~ finito:.. à estratégia de aju!>te milizada c à preci~ão das 
medidas cxpcrin1ellla1s. E a a~~ociaçâo destes três fatores que pode conduzJr à uma idemificução 
confiável. 
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Abstract 
11 haf ht•t'll oh.wned throughout Eumpe 1/uu t'lll'trtmme/1/al po/icy lwf rwt nt•t·t•.naril.' luul a negatil'e economic 
impacl. 71r<' 1111egmtinn of enl'irormrelllill lt•clrnolnfii<"V ur industry cem conduct 10 hotlr economit- mui ecologictrl 
adl'tlllftl/11!~ t'tllllpared lo llllltll lechnnlogiPI', wlrerl!os lhe use of resnunes is minimi.H:d wul wilh 1hem. lhf' mw 
emis.1ions. til ali swges of lhe pmdw·tion flrtlct',\.~. 
Tlús paper mwi,\'11'.< lhe environmemal mui Jiw /t•t'luwlogica/ ussessmem associoted with lhe implementmion o{ a 
('Ogenemlirm Jlllll'er piou/, usíng a high prr•<.wrt· boi ler huruing olive oil haga.1·se (a., obttu11eli q{ler extraction) anrf 11 

loH·-power Sll.'t/111 turhinP. 11 denum.\trates the l/ SI' of l .irwor Programminf! modt•lliug as a wol for identiJ.i•ing mui 
ewliuatill!i 1111' hl'sl pn.<.,ible optious .for em•inlll/1/PIIIt.d /Jt!r{onnance o.f the ·')'·'·rem unolysed, wul extends this 
tedmique for lhe as.I'I!SS!IIent o.f indiret·f t•t·o-ta.\e.,. ulso ca/led "Pig1111 taxes", a,,.,tlcioted with environmentnl 
regulminllS. lt is ~hm1'11 i11 1his .1·tudy thw a />tllnllrf' herween endronmemal and economic perfomwnce in systems 
mrnll·si' lie.1 in c.\flloring a se/ of aiiPmlllll't' OfJiiolls jiJr system impro1·eml'11H. The resultJ show 1hm for a s1eam 
dnnund 1·alue lmn•r tluw 8()'f. of the mtl\imum steom f>roduction capacity. tire profit associa1ed with tire m·t•r­
huming of lHI,f{ll.\' fe slwuld l1e as.wcimn/11 llh 1/ICYI't/\Íng m/ue.1 11f rlw Pigou /lU in ordt•r 10 pre1•em the cO/I..II!lJtll'lll 
m•er 1'1111\.\111/1 oj CO;. 11le paf'<'r .fllfi\\'S tlwt the ecollOillical profitahiliry of tire .\_\.\11'111 I~ correlated wirh rhe cal 
t'llll uitm.s reductilln.\'. for this particular prtljt•cl, for tlifferen/ loading conditions nf COJ(t:neration {Jianl in o li 
ex1rartio11 piam. Althmt!ilt the extmpolmimt of thi., condu~ton shottld be cmuidert:tl witlt catttion, ii can be assumed 
to he wllid .fi1r numy cogenl'mtiml .'>y.çrem.\ in imlustry. Tile principies rif the Li.fe (:vele Assessment - I.CA applied 
with Lill<'ll l' Pmgmmming teclmiques lllll'<' allnH'ell the quantijication of sid1• efft't'ls, w.wl'iwed with the use of 
technologie., as.<eS.\IIIi'lll, comrihuti11g p,,. SllfiJWrting decision making based 1111 technica/ iriformatirm in 
em •inmml!lttal poliry. 
Keywonl.f: /,ife Cyc/e As.H'SS/111!11/, Um•or Pmgrlllllllling. Cogenermion Powa-Piwll, Tedmo/ogical lrmovmion, 
F:m•irtl/11111!11/lll Mtmogement. 

lntroduction 
ln the latcr dccades of this re markablc ccntury. Lhe relationship of humans to the environment has 

become a promincnt subject in our social d ialogue. This social concern is lcading nations for the use of 
Lhe prccautionary approach to protect the cnvironment. Where Lhere are th rcats of serious or irreversible 
damage, scientific uncertainty shall not be used to postpone cost-effective measures to prcvent 
environmenta l degradation. 

ln the eurrent debate on environmental policy and economic developmcnt two basic positions can 
be differentiated, which can be characteriscd as follows: 

lt is argucd that a demanding environmcntal policy can be combined succcssfully with eeonomic 
and employmcnl policies. 

[t is e laimed lhattaking the lead in environmental policy can endanger thc economy. 
As pointed out by Coenen and Kle in-Vie lhauer (1997). empirical evidence exists in supporl of the 

ftrsl posit ion. At Lhe sarne time. it can he observed througbout Europe that environmental policy has nm 
nece~sarily had a negative cconomic impact. Morcovcr, according to Lhe OECD, most macro-economic 
studies o n the link bctween environmental cxpenditures and e mployment suggcst that net employment 
effects are sti ll positive. even if Lhis linkagc is weak. 

It can bc shown Lhat integrating cnvironmental technologies in industry results in both economic 
and ccological advantages comparcd to u~ual teehnologies. From the ecological point of view. Lhe use 
of resources is reduced. as wcU as the raw emissions, not only at the Mage of manufacturing but at the 
prcceding ~tages of resource extraction and refining. lntegrated environrnental technology also offers 
solutions where others technologies fail. The application of integrated environmcntal lcchnology is 
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connech:d with an irnprovemcm nf thc ecological and rcsource cfficiency and can also lead to an 
inneasc m o\'erall pmductivity. 

ln th1 ~ paper. the cmphasis i~ on lhe assCS!>ment of lhe environmental and economical bencllt~ of the 
implementalion of a cogeneration power plant in an o live bagasse oil cxtraction plaut in the ovcrall 
context of lhe olivc bagasse oil li fe cycle. Thc paper analyses both the environmental and thc 
cconomit:al a:.sessmcnt a:.sociatcd with thc implt!mcntation of a cogc:neratJon power plant. using a high 
préSsurc boi ler buming olive o il bagasse (a~ obtained aftcr extraction) and a low-power ~tcarn turbinc, 
as describcd hy Ferrão et ai. ( 1997). 

This papcr dcmonstrate Lhe use of Lin..:ar Progn1mmi.ng modclling as a too! for 1dentifying and 
evaluating the beM po~~ible options for en\·ironmental performance ol lhe sy~tem analy~>ed, as 
suggested by Azapazig and Clift ( 1995). and extends this techni4ue for thc a).sessmem of indirect eco­
taxes, also called '·Pigou tax· ' (Pigou was ::tn economi~t which rirst defcnded eco-taxes. about 50 ycars 
ugo: sec Pigou. I Y52). associ::tted wilh enviromncnlal rcgulations. Since ~u~tuinable improvemcnts 
c.:annot be carried out on the ha~is of em ironmental analy1.1s only, it i~ :,hown in th1:. pape r that a 
balance betwccn envirorunental anel economic performance in systcms analy~is li~ in cxaminiJ1g a sel 
nf altcrnativc option~> for syslem improvemcnts. 

Background: The Evolution of Corporate Environmental Management 

Historically. indu~try has played a minor role in setting broader environmenwl goals. Industria l 
lirms' managers havc traditionully hcld a short-term vicw towurds environmcntal goal setting with 
prohlcms downslreum and upstn:am from lhe ma.nufacturer oftcn not being taken inlo account by 
corporations. This auitudc wal. sustained by a.n em•ronn1ental policy bascd on a norion of the 
cnvironmcnr as a public good whose protection and dcvelopmcnt lic!s bcyoud thc individual concems of 
private bu~incss. 

Howevcr. in lhe last Lhrec dccade:,. it a~ heen ob~erved a shift in .corporate cnvironmental goal­
~ctting practice:.. C'orporate bcha\'iour has been changu1g as consumers cxpre~s thctr prefercnces for 
cnvironmemally-fnendly product~ and pra~:ticcs and manufacturcr~ are obligcd to Jook "upstream'' and 
inquire into tht:ir suppliers Ctll'ironmcntal practices duc to liahility and markcting conccrns. and as 
company operating costs incrcasc as a rcsult of ncw environmenwl rcgulations. This shift cncompasscs 
a four ~tagc cvolution of <:orporate environmental managemcnt a~ describcd hy Ehrenfeld and Howard 
( 1996): Environmental Managcment as Problem-Solvmg. Environmenlal M::magemcnt a,, Compliancc, 
Proactive Environmental Managcment and Managing for the Environment. 

Ar a first and most basic levei envirnnmental managemenl is viewed as :.1 case-by-case problern 
~olving is:.t1e. Environmcntal prntcct.ion is of little orno concem to corporatc dccision-making, which is 
patent in the Jack of pt:m1a.nent1-.laff or budgct for dealing with env ironmental issue~. At a second ~tage 
of evoluuon environmental managemcnt i~ viewcd a~ a rcgulatory compliance issue. EnvironmenLal 
rcgulation is perceivcd as importnnt enough to meril full -timc attcntion butlhcre i.~ no concern aboutthc 
environrncnt itself. as a motive of new practices. Thc third stage is attaincd undcr the belicvc that 
c:nvironmental proteclion ha1. ccrtain ~tratcg•c advantages and significant cosi reductions opportunities .. 
At this :-.tagc the guals of thc fírm transccnd mcrc compliancc with govcmmenl st.1ndard~ and 
cncompass the volunt:lry establishment of st rictcr standnrds. AI the fourth anu last stage cnvironmental 
concerns bccomc a core ~tratcgic factor Íll corporatc deci~ion-ma.l,ing in a manncr that lead~ rather than 
follow;. public poli~:y. At this stage environmental mnnagemcnt is considcrcd a:-. a kcy determinant to 
\ustaí.nable dcvelopmcnt, growing outof proactive practices tu a ncw target for industnal cnvironmcmal 
performanc.:c - Eco-Bflieiency. Is at this levei that wisc resourcc use and product lifc cycle analysis 
becomc key instrumcnts to lirms and lifc-cycle thinking a hasic conccpt to arising goal sctting 
procedurc~ like Industrial Ecology <md Design for the Environn1ent (Angel and Huber. 1996). 

life-Cycle Assessment as an Emerging Environmental Management 
Too I 

Life-Cycle As:o.c1.sment (LCAJ is a tcchniquc that can bc u~ed to cvalualc thc enviroumcntal 
pcrt'onnancc of a product. proccss or activity from "cradle lo grave·· as it follows it from extraclion or 
raw materi<~b to fin<~l disposal. Originating from ·•nct cnergy analysi:-" ~tudics fir~>t published in the 
1970's (e.g. Boustead. 1972: Sundstrom. 1973> LCA u~c and importance ha~ bccn incrcasing in thc Jast 
twt:nty year-. Most ol Lhe carly LCA srud11!s considercd only pad.agmg a.nd only m lhe hcginning o f thc 
1990's LCA staned lo bc applicd to dtffercnt consumcr producl:. Iike chcmicals and agricultura! 
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produd!> or aclivities likc lransporls. Conceptual guidancc was dcvelopcd a~ a rc::.ull of thc need of a 
more standard approach of comluctmg LCA studics. ln I 990 lhe Society for Environmcntal Toxicology 
aod Chcnúst.ry (SETAC) initiated activiües to define LCA and devcloped a general melhodology for 
LCA. Soon aflcrwards thc Intcrnational Organisation for Standardisation (ISO) started sin:ilar work on 
dcvcloping principie!. and guidelines for Lhe LCA methodology. The!>e two organisation!> reached a 
general conscnsus ou thc mcthodological frame"vork and final documents on lhe intemational 
~tandardi~ed LCA methodology are cxpectcd by the cnd of this ycar. 

Lil'e-Cyclc Asse~smcnt. as dcfined by SETAC. is .. a proccss lO evaluatc lhe cnvironmental burdens 
asso<:ialcd with a proclucl. pro~:ess or activity by identifying and quanlifying cncrgy and materiais used 
anel wastes relcmsecl lo the environmenl; lo assess lhe impa<:t of those energy and material uses and 
releases lo lhe environmenl: and to idenlify and evaluate opportunities to effect environmental 
improv~meuts" (Assie~. 1991. Consoli, 1993, Curran. 1996). Figure I prcscnts Lhe mcthodological 
framework for LCA sLUdies. which comprises fmu· main slages: Goal Definition and Scoping, lnvenlory 
Analy~i:,. lmpact Asscssmcnt and Jmprovcmcnt Assessment. 

Fig. 1 LCA stages and the interaction between them 

LCA i>. hecoming an increasingly importanl dccision making tool in cnvironmcntal systcm 
managemenl as it posse>.ses among environmental management tool.s two unique auributes. First it 
cousiders lhe whole life cycle of a product or service from cradle lo grave. Thi;. broad appma<:h differs 
ti'om other environmental managemem tools which consider specitic parts of the life cycle. such as the 
rcleascs of individual chem.icals, lhe environmer1tal balances of particular manufacturing sites, or the 
contributions to a singlc environmental problem. Thc lifc cycle approacb can thcrefore help prevent 
"problem shifting''. whcrcby a solution to onc cnvironmcnt.al problem lcads Lo grcatcr detcrioration at' 
another place or lime in lhe life cycle. Second, the life-cyde approach allocalel' ali lhe environmental 
burden" to lhe funclionaJ unit. i.e .. lo lhe value of lhe producl or servke lO sodety. Tt is lherefore 
possible to altempl a value/impacl assessment whereby the value (performance anel coso of lhe producl 
or "scrvicc lo socicty" can bc balanced against its cnviromncntal burden. 

As an cnvironmcntal managcmcnt too]. LCA has two main objectives. Tbc first is to quantify and 
evalualc Lhe cnvironmental pcrformancc of a product or a proccss and so hclp dccision-makcrs to 
choose betwccn altcrnativc processes or products. Anothcr objective is to provide basis for assessing 
potential improvemenls of Lhe ~nvironm~nlal perfonnance nf an existing ora new system. This is very 
importam to engineers and environmental managers. because il can advice them ou how to modify or 
design a system in order lo deerease its overall environmental impacls. The fir~t lwo stagc;, of a full 
LCA. which togethcr constitute thc process of life cycle inventory (LC!). have been used as a too! for 
prcdicling enviromncntal burdens associated with particular products or services. This approach, 
sustained by a largc numbcr of LCA cxpcrts. views LCA as one specific measuring technique. 
especially useful for asscssing cfficicnt resourcc use and wastc managcmcnt on a per-service basís and 
considered wilhin an overall environmental management framc::work which cncompasses lhe aU range 
of environmental tools that are available. According to lhis view LCA can be mosl appropriately used 
as part of overall cnvironmental management under its ullimate objective lhat should be 
environmentally and cconomically sustainable development (Berkhout, J 996). 

Linear Programming 
LCA providcs for mathcmatical models of imcraction between thc buman economíc activities and 

the cnvíronmcnt (e.g. Thompson and Thore. 1992). This representat10n, which relates tbe burdens and 
impacls of tllcse activitie8 ro tlleir outputs. is based on physical anel teclmicai rclalionships, inclttding 
material and energy balances. Linear PrograllJming (LP) is a simple systems modclling too/ for LCA, 
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and it:, \alue 111 thc:: lnventory and Impact A~~e:.~meni stagcs of LCA ha:-. already been dc::monstratcd . 
.::.g. Azapag1c and Clift( 1995) and ALapagic( 1997). 

LP problcms can bc:: stated as an optimisation problem to lind a sct of de.sign parame::te::rs. 
x = {x. x. x .. }. which can in some way bc dcfincd as optimal. ln a \Ímplc case úlis may be the 
minimisatíon or maximisation of some sy~tcm c haracteristic which i~ dcpcndcnt of x. and subject Lo 
con~>Lraint~ . This original problem is callcd Lhe primai linear problem. and i:. associated with it:. dual 
linear programming problem (e.g. 1-liller and Lichcrman. 1990). ln thü. paper the relationships betwcen 
Lhe primai and the dual problem <u·e strcsscd on the quantificalion or an excise tax to be imputcd ou thc 
cost runction tlue to pollutant cmission, bascd on thc idcntification of the optimal solution of thc dual 
problem. 

Th~.: study uses a comrnercial algorithm. General Algebraic Moddling System-GAMS. as described 
in Brooke et ai.( 1988). to perform thc mathemmical analysis. 

Case Study 

The Process Oescription 
Thc imeraction bctwccn busines~ ~tratcgy. LCA and industrial eosls is illustratcd in this paper 

through an analysis of a tcchnology improvt:ment in a portugucsc SME devotccl to produce food oil&. 
Thc above mentioncd company produces sunllower anel olive bagasse oils and lhe impacts 

a.~sociated to lhe 1mplementation of a cogeneration power-planl buming olive bagasse re:.iduals is 
analyscd in the broader context of thc totallifc-eycle of the oil produccd. Thc analysis is focused on the 
life-cyclc ol bagasse oi l. which is obtained from olive bagasse. lhe :,ub-product of the production of 
olive oil. 

Thc complete lifc cycle includcs the oli n: farming and thc olive oil primary cxtraction which is 
obtaincd b) mechanical tcchniques a~ prel>~ing anel ccntrifuging lhe olh·es, together wilh water. 
rcsulting in three:: outputs: proccss 011. water and olt\e bagasse. 

The olhe oil is the main product uf th1s cycle and has the largest economic valuc. The water must 
be treated aftcr bctng released to the cnvironmelll, and the olive bagas~e b thc major sub-product of the 
olive-oil prnduetion. 

The cvalualinn of lhe cnvironmental impads associatcd wilh the olive oil antlthc olivc-bagasse oil. 
rcsulting from the olive-oil cxtJaction proces:-.. makes use of allocation techniques and cri teria which. in 
this siluation. could be based nn their ncldcd value. allhough this discussion is beyond Lhe:: scope of tbe 
prescnl papcr. 

The olh·c bagasse has oil cuntenl of about 8% and is used lo producc olivc-oil bagasse. This 
product is 1ran1>ported to an oil extractinn pl<ml. whcrc it is dried and the o i I i~ chcmically rcmoved from 
the bagasse by a snlvent. hexane. heated by low-pressure stcam. This mixturc of oil, water and solvem 
is ~eparated in a di~.Lillation unit. allowiog for the l>olvent re-utilisation. T he rcmaining olive bagasse. 
aftcr oil cxtraction. is used ~ fucl in thc boi ler. 

The paper addres~e.'> the qucstion of the eeonomic and environmcnt asscssment of a technology 
impnJ\ emcnt. thc introduction of a cogencration systcm in lhe oil extJaction industry. 

Th1~ as~l.!~'mcnt rcquires d1e compari~on of lwo ahemativcs within the complete life-cyclc: 
• Sleam production from a conventwnal boi ler and purchal-.e of e lectricily from thc narional grid; 
• Stcam production from a high-pressure boiler together with cleclricily gcncration in a steam 

turbine (cogeneration). 
As lhis incremental stcp does only involvc processes pertaining to thc cxlraction industry, the main 

cmphaSÍS in this paper is givcn lO this pha&C of the li fe cyde. 
Thi.! co~ts involved in Lhe energy utilisation throughout lhe industriul proccss dcpend on Lhe 

eon~umption of cxhausted olive baga:.~c (olive bagasse after oi l exlraction) anel the electricity 
con~umed. The hexane. fuel, sLeel and rcfractory production tlow!> are 1>imilar in both situations. 
therefore they werc not considcrcd. 

ln thc coll\ entional solution. the stcam dcmand of lhe oil production proccss is supplied by a sLcam 
generator burning exhausted baga%c. and the electJical energy consumcd lb supplied by lhe national 
gritl. The technologieal improvement rcsuhing from the integration of the cogcncration unit allows for 
Lhe producllon of steam. and. simultaneously. thc production of eleclricity, which can be sold to the 
national grid. whcnever il exeeed!> lhe faclOf)' consumption. 

The mass and cnergy tlows characlcmtic of lhe olive bagasse oil exlraction plant is iJlustrated in 
Fig. 2. 
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The cconomical and environmenral as.sessment of the technological improvement related with the 
introduction of the cogenernlion power plant in lhis industry can be evaluated taking into consideration 
two indicators: 

The et.:onomic pro!lt associatcd with thc use of thc cogencration powcr planl. 
The impat.:l. uf lhe cogencration powcr plant on the environmt:ntal hurdcn~ associated with the life­

cycle of the olive-bagasse oil. As the major environmental intervention associated with Lhe production 
of electricily in lhe wgenermiun power p iam con~>uming an industrial residual consi~L on the emission 
of CO,, this was seleeled for the quanlilative criteria for lhe environmental assessrnent of lhe 
tcchnology improvement. 

lt should bc notcd that this industry is able to scll i) thc surplus of stcam gcncratcd, to a ncighbour 
faclory; ii) lhe surplus of clenricity to thc naúonal grid; and üi) lhe surplus cxhausled bagasse to lhe 
market. Thereforc, thc stcam production. lhe clcclricity gcneration and thc hagasse buming rate are 
variables ihat can be optimiscd. 

The clectricaJ power generation and steam production of lhe cogeneration power plant is depicted in 
Fig. 3 as a function of the exhausted bagasse burning rate. The lower and upper limits of thc bagasse 
buming rate are tcchnologicallimits of the cogeneration system. 
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The Linear Programming Model 
ln thc formulation of thc cnvironmcntal and economical assessment. lhe two indicators above 

me.nlioned can be mergt:d, om:e a cosl is associated to the release of CO,. 
This approach combines economic, technological anel envíronmcntal asscssmcnl results in lhe 

oplimisalion or Eq. (1). thal quantifie.s lhe economic benelit associated with the ímplementation of lhe 
cogeneration puwer-planl. F: 

J 5 J 

Max F =K,,. .. ,. Lh li + I, "Lcu.T1 .. r;i (I) 
j =l i lj=l 

ln this equation C. accounls for the characteristic costs of the problcm, whcrc i is rclatcd wilh the 
five variables being optimlsed, as described below and, j is rclatcd with lhe v alues al diff'erem periods 
of thc day, namcly pcak, full and cmpty, j = 1, 2 . 3. ln particular, in Portugal, these variables were 
quamiJicd and are dcscribcd clscwhcre. Ferrão et ai. ( 1997). The constraints of this linear programming 
modcl are dcscribcd in Tablc I. 

Table 1 Constraints related with the Linear Programming Model 

Constraint Type 

Total eleclrical energy produced at the cogeneralion power-plant Technological 

Minimum amount or burned bagasse imposed by lhe cogeneralion power-plant design paramelers Technological 

Maximum amounl of burned bagasse imposed by lhe cogeneralion power-plant design Technological 
parameters 
Proportional relationship between lhe electrical energy bought and sold Economical 

Proportional relalionship between lhe electrical enE)rgy bought and those produced and used Economical 
within lhe process 

Proportional relationshlp between lhe sleam produced and lhe bagasse burned Technological 

Total C02 emissions <>> Environmenta 
I 

3 3 

(COa,G- coNAFTft - coGRio ) • }. ' ; (x~ + XG) ::; }. ri • (COIM.G -%pc·coMG -co-r.)· (93. 72·so-245) l2l 
.i=l . i=l 

I I)- Smu·cé> o r CO, emission are ocscrihed in Tahle 2 

This modelling approach generates ''envirünmentally" oplimum solutions, which are linked lo lheir 
technological and economic perfom1ance. and, therefore, to lhe costs associated with them. The 
optimisauon of Lhe cosi of lhe energy used within lhe life cycle of bagasse oil will conrribute to idcntify 
acceptable solutions, which represem a balance betweeo the objectives of economic and environmcntal 
performance. 

This LP fom1ulation is schematically represented in Fig. 4, which illuslrales lhe main constraints 
and Lhe solution domain, rcpresented as a f'unction of lhe exhausttld bagasse buming rale. 

The relalions prestlnled ch<u·acteri~>e Lhe technology both in the conventional system and io the 
cogeneration power plant. Table 2 depicted the CO, somces relatcd with thc physical modcl studicd. 
and used in Eq. (2). 

Parameters 

COGRill 

CONAFTA 

COat .. o 

%pc 

Tabfe 2 Sources o f C02 Emissíon 

Definition 

C02 emission rate at lhe nationar power-plant burning fuel-oil 

C02 emission rate at lhe neighbour factory boiler burning nafta 

CO, emission rate at lhe cogeneration planl burning exhausted bagasse 

Loss of efficiency on lhe eleclricity generalion process due to heat tosses 
on lhe turbina 

Minimum burning rate necessary to supply process steam demand 

V alue 

o.641 kg co? 1 kWh 

3.617 kg C02 / kWh 

5.155 kg C02 / kWh 

5% 

SD/5.216 ton/h(2) 

t2)- SD stands for lhe exu·action proces:. steam deman<l. which varies from 3.5 to ~ lon "leam/hr. tlepending L>n lhe ;~mt>tml ni' 
baga,s .. ) to be t'Xtracted 
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Fig. 4 Schematic Representatíon of the Linear Optímisation Problem 

Results and Discussion 
The simulalion of the technological improvemcnl associated wilh the cogencration powcr-planL 

allowed for the quantificatíon of thc impacl of Lhe cogeneration systcm on the overall industrial 
efficienc:y, in terms of reduced pollutants cmiss ion~ and cnergy consumption. Thc funclional uniL of lht: 
analysis consísts on thc scrvicc provided by thc power plants. which is to say thc amount of t:lectricity, 
or iLs cosls, supplied lo lhe customer ctw·ing one day. 

Thc introduction oF lhe cogeneration power plant has proved to have a positive enviromncntal 
impact, contributing to significant air pollutant abatcmenL, mainly by reducing CO., which would be 
emitred by lhe National power supplier plant along lhe complett: processing ofthe olivc bagasse oi l. 

The economical bencfit associated with t.hc c lccLric ity production in the cogcncration power-planl is 
a u·ade-off between thc pricc of lhe cnergy as supplied by the national grid, thc price o f Lhe fuel 
(exhaustcd olivc bagasse) and lhe price of the steam which is sold to other industries. The daily net 
profit associaLed wiLh lhe technological innovation is reprcscntcd in Fig. 5, as a function of bagasse 
pricc (cxpressed in lhe Portugues:e currency- Escudos) and SD. 
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Fig. 5 Evolution ol the Dally Total Profit (normallsed by the original daily cosi of efectricity) as a function of 
the Bagasse price (Portuguese currency- Escudos) and of the Steam Demand (percentage of the 
maximum steam production capacity, 8 ton/hr) 



329 J. of the Braz Soe. Mechanical Sciences · Vol. 21. June 1999 

Tt ~:an be ~:oncludcd Lhal thc maximum profit corrc:-ponds ln lhe maximum Mearn d~.:mand ' 'alui.! due 
10 Lhe O\Cr productwn of dcclriclly. which is sold hat:k 10 lhe nalional grid. lt can hc dcpictt:d 10 the 
~ame figure that thc nct pwlit is not depcndent ou thc bagasse priee, if thc CO. emission~ restriction is 
considcred. 

Pigou Tax 
An impurtant rc~ult of lhe LP analy~is t:onsist~ on lhe quantification of thc so c:alkd Pigou tax. 

dcmonstrating lhe general prop1)Sition that, for a widc class nf model~. it is posf.ihlc to combine 
environmcnlal aod cconomieaJ concerns in thc optimis<ttion of <~n industrial process (e.g. Thore. 1991 ). 
A Pigou taxis an cxct~e tax le,icd on the pun.:ha~e of any good or :-~:rvice. ba~t:d on the proposition that 
hy suitahlc eorrection of the frcc price~ it i~ possihlc to use lhe market to protcct thc cnvironment. 

The use of thi 1-. mcthodology can bc useful for a policy maker tJf a branch of local or central 
govcrnmcnt for whil:h the introduction of Pigou taxes or subsidies can constituLe a viablc allemativc uf 
actual implcmcntation. ln addition. it i:. fdt that lhe re-.ults to fnlfow are in~tructive in mak.ing clcar the 
logical conneclion bctwcen optim•~cd modcl and the price system. This conncctwn riM:~ cven in cases 
where lhe policy makcr does noL .:ontcmplalc any intcrfcrence with tbc workings of thc f'rcc markcts or 
IS in no po:-.ition to make any such aítcmpt. Morcovcr, it is dcmonstratecl Lhal. for a wide clas1-. of 
optimbation prohlem~. the optimi:.ation c:.~cmially modifies Lhe cxisting price :.ysLem. 

The required \alue of lhi:- tax can he obtained a:. thc optimal value of the dual vanable (:.e<: Thore, 
1991) relatcd with lhe CO, emí~~•ons con:.traint. Thc cost structurc associated with this new modcl will 
he dcrived from the constrainl which has hccn artilidally imposcd to the ('() . emissions, by stating that 
the co~ cmissions from lhe cogcneration powcr planl ~hall not cxcccd the valuc com:sponding 10 lhe 
same cncrgy producuon in lhe national grid utility hmlcrs. ln Lhe cogeneratinn power piam operation. 
the ~leam produciÍOil IS also tai-.en Ínto aCCUUilt by evaluating the CQ_ pruduced for gencrating that 
amounl of stcam in a conventional boi ler. 

The Pigou tax corrcsponds to lhe cconomic v;tluc associatcd wilh thc los~ of prolit due 10 the 
limiration to lhe clcctricity gcncration in lhe cogcucration :.ystcm imposed by thc CO, emis:.ion~ 
re:.trietion:.. 

The rcsuiL~ dcpicted in F1g. 6 clcarly show Lhat for a steam dcmaud highcr than go% of thc 
rnaximum steam production capacity, which corresponcls Lo lhe Íl'ocontour region wbere lhe value of lhe 
Pigou tax cquaJs lhe national griel electricity price. tbcre Í1-. a wcal-. dependence on the bagasse price as it 
'~iii always be u~ed to produce the steam rcquired by a conventtonal syslcm. For ~tcam demand bclow 
this levei lhe use of Lhe cogencration plant at its maximum stcam product10n eapacity resulrs in net 
crnissions of co~ highcr than thc conventional syslem and lhe profit assoeiatcd with thc over-buming of 
bagasse (resulting in a extra avai lability of cleetricily anel steam). should be taxecl witb increasing 
values of the Pigou tax if the O\ e r emission of CO. is to he prcvemcd. 

ln this eontext. thc present European Commission ·~ poliey focus on thc imroduetion of a Carbon 
Tax in order to stimulate encrgy savingb anel CO. emission reduction. Thc use of this tax will be 
performed as whole EC. howevcr thc tax dcsign will bc left to be evaluated by cach country separatcly. 
This tax will bc raist:d by Carhon content in energy (50C!O and by lhe energy itself (50%). and it was 
rated at 1993 by 3US$/crude oil barrei with ldullar/year incrcased unt il ycar 2000, reaching a 
maximum of IOUS$/barrcl. A company which has invested to savc energy anel Lo rceluec COl cmission 
should he cxclud~:d with an exccpt amount of (Carbon Tax Payment Total)- (Jnvestmcm Cosi). anel if 
Lhe previuu:. calculation result:. in negative values. cxcept the direct tax. Thesc mca~ures should 
neutralise thc extra rc,cnues due to over use of energy and over cmission of CO .. 

Conclusions 
Thc u1-.e of LCA approach b an unportanl tool for assessing husiness compctitivenc% dcrived from 

integrating teclmology improvements wilh environmentaJ perfom1ance. Thc paper ~hows that thc 
ccontlmical profitability of Lhe ~ystcm is corrclated with the CO, emis~>ions rcducLions, for this 
particular project. for eliffercnt loading couditions of cogeneration plant iothc oil extraction plant. 

Pollution taxe:. can contribute to intcmalise Lhe extemalitics associated to the pollution darnage 
wsts causcd by companies hy rcsuicting thci.r pollution ernissions to a ~u~tainable nptimal levei. The 
<~ccurate determinalion of an appropriatc pollution tax levei is depcndent upon accurute information 
r~garding thc damagl! costs of Lht~l poJlution and Lhe bcncfits of it~> assoeiated production of goods. 
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Fig. 6 Evolution of lhe Pigou Tax {normalised by lhe mean hourly prlce of electricily) as a function of the 
Bagasse price (Portuguesa Currency - Escudos) and of the Sleam Demand (percenlage of lhe 
maximum sleam production capacity, 8ton/hr) 

The results show that in the study case cvalualed for a stcam demand value lower than 80% of lhe 
maxi mum sleam production capacity, thc profit associatcd with the ovcr-burning of bagasse can be 
modcrated with incrca~ing values of thc Pigou lax if the global ovcr cmission of CQ, i~ to be 
minimised. Morcover, this study case also shows that the implemcmation of a cogcncmtion ~ystem is 
only cn\'ironmentally and cconomically beneficial when it does corrc:.pond to thc actual demands of the 
particular industry. 

This correlalion betwccn economic profit:. and cnvironmental benclitio demonstrates th:\1 it pays to 
bc grcen but an excisc tax can be used to prcvcnt lhe incrcasing of cxtcmalities costs. Allhough lhe 
cxtrapulation ofthis conclusion should be considcred with precaution, il can be assumcd to bc valid for 
many cogeneration syslcms in indusu·y. 

The principies o( the LCA analysis have thu~ allowcd lhe quantilication of sidc effccts, associatcd 
with thc use of tcchnologics asscssmenl, contributing for supporting dccis ion making based on lcchuical 
information in environmemal policy. 
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Abstract 
rl11s '' or~ prc.lellls .wmw ,.omiJcrwions alwul dt!.llii"· c·cm.\lmc uon um/ l'llltcfatíon of 11 flmlotypt• o/ <1 .1/l'<llfl-Rllf.il' 
l\'fW tran.wl~tn·r. tlc•i'l'loped 111 ltU'll,l'l/1'1' c'lllllllg j(>JTl'' f'l'l ltluced iii tlw drilli11g J11'tW<'" r!f' spc•nal gc•ometrir · 
.lfwc·imelll. l he ••alitlarimt tn/1 1/11111 ed tlwt the anall'li<al Jomwlm· c'lllfllm·cd f'l/11 he used as u gt~otl cii'.\Ígn 

Uflflrt>adz. 1\'hnz lht! f11'11/tll\/l<' \l'll< 11\t'd /11 lllc'(l<l//'1! 1'1111/11~ jÍI/'1'1!,\" fl'.I/Í/1~ {/11'1'1! 1/l'l'f .\fiC'i Ílllt'/1.\, lhe' 1'\f>t'rtllll'llfllf 

1'<tl11n o/JtWIIt'clnetll'/_1 agl"l'<' 1\illz tiU' 1'<11111'1 cmalyticall\ nzlntlatecltl•mt: c·qcwlítJII{ l.mm11 .from tlw luhliugrapln. 
Tlwrl!,/on·, lhe• fll'lllo/_lf>c' lllclil,\ i11 mclt'lllnalulttv 1('\'lillg 11/llltll<'liah \l'l/S fi/'11\'Cd. 
K<'.I'WOrd.l: S1min Ga;w 7 1'11/l.ldllt 't'r.•. l>rilli11g Forces, l>esig11 t~f'SII'llill (~ogc• Tnm,,tftll't'rs, Orilli11g. 

Resumo 
.\'nl<' trahollm '<io abonlad111 , tmlwi'ÍIII<'/1/tll Út' projt'to, t·omtrurtio ,. mltda(àfl "" 11111 pr?tâtípo de lrcm.wlwor 
t \lc'IIIOI/11'/nro. dnem·ol\·tdo f'lll'll 11 lllt'dl\ tio dt esjorp1.1 tlc caril' rw fum\·âa de t'lll'f/11,\ tlt• le\le. (),, rc.•ulwdo.l tft 

\'ctlitlnçiio tlltl\ll'lll'tlflllflll' a .Jillmulartio Wl<lllfl<'ll t!lllf'l'<'~lltla /em l>u<l tlf'/t>\1/IUI(ÜO JUI/'11 mo 1'111 f>l'lljl' /11, No1 / 1',1 /I'S 

de 11.10. "·' /',1/ÍII'(''" medidos Jl•ram Co/1/[lfll'flclm com e.~/rll'(''" ohlitlo.1 mudittcwllenft• dt• e.\fl/'(',1'.\tJI'.I t'tlldlf'cidas JW 

fllhflflgl'll/ifl , /'IJ/1/[11'0\'IIIIflll SI'(/ 11/ifidat/t' t/Cifi/'11/IÍIÍJIII l'/11 c' /1\(1/11,\ de IHÍI/11.~1 III ;/e /IU/Il'/'Íf/11. 

Palm·ras chm·e : Trtuwlmm E.ltensométrwo. Forra{ til' I '-llntt.~<·m. PrrtJt'lo de Trmlltllllllrt'.l F..ll<'ll\'olllén·i<·n,, 

lumrão. 

Introdução 
A furação é um proce~~o de fabricação com retirada de material. extremamente comum na produção 

de peças. A dctenninação experimental do~ e-.forço~ de corte envolvido:. nesse processo pode interessar 
no estudo de nmos materiais, na antliação do de~empenho da máquina operatriz, no estudo da 
mtluência do1> lluidos de corte e ângulos de corte das ferramentas. na determmação de parâmetros para 
o projeto de uma nova máquina ou no controle automatizado do processo de furação. 

Segundo uma revisão bibliográfica apresentada por Levi ( 1966)_ cm 1888 usava-~e uma célula de 
carga para medir somente a força de avanço na fu ração. Em 1903, já 1>C publicavam rel.ultados 
C).perimentat;, de forças de corte, obtido1- com dinamômeLro mecânico. que empregava uma mola para 
medir forças de avanço. c alavancas. junto com doi~> dinamômclrm. mecânicos, para medir o Iorque. 
Para separar mecanicamente a força de avanço c o Iorque, empregava-se um rolamento de esferas ou 
simplesmente uma esfera. Nesse tipo de sistema de medição, foram inu·oduz.idas inovaçõe~ tais como 
l>Ubstituir o dinamómetro de mola por um hidráulico (Levi. 1966). ou por u·ansdutorcs de força 
b<L,cado~> em princípios cléLricos (Cruz c Fonseca. 1987). Com o ~urgimemo do' princípio~ elétricos. 
rc<:onheceu-sc que o uso de esfera~> ou rolamentos. para separar força c torque, mtroduzia hi:.tcrese nas 
cargas baixa,, e ruído no sinal de saída. o qual é inerente às esfera~> (Levi. 1966). Então passou-se a usar 
lransdutorc~ com elemento e lástico, cm estruturas monobloco, com a separação dos esforços de corte 
ocorrendo eletricamcnte. 

A medição dos ~forço~ de cone na furação tem sido realtzada principalmente com tran~dutores 
piczoelétricos c cxlensométricos. Os piczoelétricos têm a vantagem de apresentar elevada~ rigidez e 
freqUências de ressonância. Em relaçiio a eles, o~ extensométricos têm vantagens como menor 
tnlluência da temperatura, mais fácil tecnologia de construção e menor custo. Devido também às 
freqüentcs melhorias que têm ocorrido na~ características de desempenho dos cxlensômctro~ resistivos. 
Manvscapt receiVed· November 1997. revtsed verstOn. September 1998. Techmcal Edttor Leonardo Gofdstem Jr .. 
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o uso dele~ predomina cm transdutorc:. com elemento elástico. Os usuários que necessitam transdutores 
específicos muiras ve;r.es preferem projetar e construí-los, empregando geralmente o princípio do:. 
cxtcnsômetms rcsistivos (Wevcrs c Ma~t. 1988). 

O projeto de transdutores tem sido extensivamente divulgado na bibliografia e de um modo geral 
envolve aspectos metodológicos (Bosmnn, 1978; Docbclin, 1995; Finkclstein, 1983; Sydenham, 1989). 
modelagem tmltemática (Abdullah c Finkelstein. 1982; Finkclstein e Watts. 197R). dimensionamento c 
análise do elemento elástico (Abdullah c Erdem. 1978; Abdullah e Rahman, 1988; Andersen. 1975; 
Anders~on c Lücke, 1988 c 1989; Bray. 1981 ; Bray et alli, 1990: Sydenharn. 1984 e 1987), projeto do~ 
componentes cletro-eletrônicos (Dorsey. 1977; Pcrry, 1984), uso da informática (Atkinsons. 1987: 
Brignell, 1985; Finkebtc in, 1977; Sydenham. 19R9; Woschni, 1977) e testeb de validação (Doebelin, 
1995; Levi. 1972: Lukas. 1982). 

A con~trução de transdutores extensométricos envolve usinagem do elemento elástico e de 
componente~ mccânicoi>. montagem dos cxtensômctros c do!> demais componentes eletroclctrônicos. 
ajustagem do sinal de saída a valores padronizados, e calibração para o uso confiável (Andersson c 
Lücke, 19!!8; Duhois, 1981 ; Levi. 1972: Libertiny. 1975). 

O objctivo deste artigo é mostraJ' alguns importantes conhecimento:; de projeto, construção, testes 
de validação c de uso de um protótipo de transdutor cxteni>ométrico. desenvolvido para a medição da 
força de aYanço c do torquc, cm corpos de teste submetidos ao processo de furação. 

Projeto e Construção do Protótipo de Transdutor 

Requisitos de Projeto 

Quanto à~ caracterfsticas operacionais. o transdutor deverá atender aos ~eguintes requisitos: 
• Transmitir os sinais de medição direlamcnte, usando fios elétricos. sem a necessidade de 

elementos de conexão gi rante!. como escovas ou transmissão magnética: 
• Ter espaço para acomodar um corpo de teste: 
• Ser compaclo e de fácil manutenção: 
• Possuir vedação adequada para impedir contato do Ouido de corte com elementos elétricos: 
• Ter ele mento e lástico em estrutura monobloco: 
• Sofrer um mínimo de inOuêncin de variações de temperatura no sinal de saída; 
• Ter reduzido o sinal produzido por cada um dos dois esforços (força e torque) no canal do outro 

(efeito de sensibilidade transversal - Libcrtiny. 1975). 
Quanto às características técnicas nominais, baseando-se cm informações de bibliografia (Levi, 

1966; Cru1. e Fonseca. 1987; Wevers e Mast, 1975). foram estahelccidos os seguintes parâmetros: 
• Paixa de força:, de avanço de O até lO kN: 
• Faixa de torques de ± 140 Nm; 
• Sinal de saída nominal, por canal, próximo de 2 mVN. 
O principal efeito da sensibilidade transversal é causado por componentes espúrias da força de 

avanço. Então, supondo uma força de avanço F aplicada com uma excentricidade e, inclinada a em 
relação ao eixo vertical do transdutor e com as componentes radial, tangencial c axial sendo 
respectivamente F, =O. F, = Fsena e r:,= Fcosa. o sinal adicional no canal do Iorque será causado por 
um torque T, tal que 

( I ) 

onde Fsena rc::prcsenta a componente espúria. Assim. sendo F = I OkN c adotando valores especulativos 
de E = 0.00 I m e a = 2°. com base cm valores práticos extremos. possíveis de ocorrer devido aos 
desvios geométricos de forma e posição das partes em contato, e tambtm em conseqüência das 
deformações de contato. geradas e m torno do ponto de aplicação da força f', resulta T, = 0.35 Nm, que 
representa 0.25% da amplitude da faixa de medição do torque (140 Nm), ou seja, um valor de erro 
tolerável para transdutore.<. extcnsométricos usuais. Portanto. soh tal aspecto, os valores mfu<imos de 
força de aYanço e torquc foram estabelecidos convenientemente. 

A forma escolhida do elemento elástico 

Inicialmente aparece a questão de detcrnúnar em qual parte da furadeira deve ser montado o 
transdutor : junto ao cabeçote ou sobre a mesa? Wevers e Mast ( 1988) usaram um elemento elá&tico de 
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fonna básica cthndrica que gira montado junto ao cabeçote. Levi (I \166) desenvolveu um transdutor 
fixo à mesa c çon,tituído de tn~~ elemt:nlos e lástico1- em forma de cruz. montados stmcuicamente cm 
uma carcaça. constituindo um si,lcma estrutural onde foram ..:olados uozc cxtcnsômelros para detectar 
torquc e nulm1- do7.e para detcdar força axial. Na montagem sobre a mesa, vária.\ formas de e lemento 
clá,llco podem M!r usadas. com au,ência de perturbações cau!>ada' por forças de inércia c sem a 
ncce~sidade de tran!'mitir sinai:-. corn elementos girante~. 

Em geral. a escolha da forma dl1 elemento cl:í~tico depende da carga m<'íximn a ser aplicada, da' 
pos~>ihilidades de arranjo (influências na compensação de temperatura c de componentes esptírias) c 
localização (influi na magnitude d::. sensibi lidade) dos cxtensômctros sobre o elemento elástico. do 
material do elemento eláslico, c de outras caractcrí~tka.\ de desempenho tais como resolução. não­
linearidade. smal di! \aída normahtado (Andersson c l.ücke. 1991 ). 

Fonnas de ch:mentm. elá!>Ltco~ derivadas de vigas apresentam ampla~ possibtiJdades de fa1xas de 
medição c, além disso. favorecem •• ~imetria. camclcrbtica geométrica importante para diminuir efeitos 
de temperatura e de componentes espúria:,. d<:: carga:-. (Ou bois. 19H I). Assim. considerando esses fatores. 
escolheu-se o conhecido elemento elástico cm forma de roda raiuda (spoked u•/t(•ef). representad<t na 
rig. I c cuja:-. quatro barras têm se'>ão transversal rcwngular. para facilitar a colagem dos extcnsômetros 
resísti\'os e a usinagem. 

xr 
1-·1 

CANAL FORÇA 

corte AA' 

CANAL TORQUE 

Fig. 1 Forma básica do elemento elástico, posição dos extensõmetros resislivos e seu 
arranjo em ponte de Wheatstone 

Na Figura I representam-se rambém o arranjo c posiçõe!> dos oito cxtcnsômetros rcsistivns usado:.. 
Para o canal de medição de força. são ativos os cxtcnsômt:tros de mesma deformação 1.3 (colado1-
crnbano) e identicamente o::. extcn:.ômetros 2.4 (wlados em cima) dt: deformação com ~inal contrário. I! 
a distância x, representa a pos1ção deles cm relação à borda intcma da roda. Para o canal de torqu..:, o~ 
cxtcn,ômetro~ 5.7 sofrem a mt:.\ma dcfom1ação e os extensômetros 6.8. dcfom1açôes idêntica~ de l>iPal 
contrário, e todos são colados nas faces laterais das vigas. a igual distância xT da bo1d<1 intema da roda. 
Idealmente os efeitos da força axial sobre os cxtensômelros do canal de Iorque são compensados pelo 
arranJO cm ponte tk Wheatstonc u~ado e. da mesma forma. os efeitos do Iorque nos (;Xlensômetros do 
canal da força. Mas os efeitos de componentes c~>púria~o e de dcsalinhamento dos cxtt:n~ômetros devem 
ser Jc,·ado~> em coma na calibração. O ananjo simélneo dos cxtcnsômctros compen~>a o principal efeito 
de inOuência de temperatura no Circuito ponte de \.Vhcatstone, para cadn canal. e O\ efettos residua1s são 
dt:terminados na calihraçào. 

Modelo Matemático 
O t!lememo clá~tim e~colhido foi modelado considerando que somente as qunu·o barras sejam 

defurm:ívcis c tenham comportamento de vigas. 
Para o ca\o da força de avanço. cada barra do elemento elásuco foi modelada como uma viga em 

balanço com uma extrenudadc enga~-.tada na roda c a outra guiada verticalmente pelo corpo rígido 
central c soh a aç5o de um quarto tkt força de avanço aplienda. Na posição x1. onde ~ão colados os 
cxtensômetros 1.2.3 c 4 (fig. I ), o 1110mento flctor é 



335 J of the Braz. Soe. Mechanical Sciences · Vol. 21 , June 1999 

FL [ I ·'!' l M = - ---
4 2 L 

c as defonnaçõe~ específicas e,= E·= E. e e,= ~e .. = -e, . onde 

3FL ( I 
' F = 2Ebh~ 2 ~) L 

O s inal de s:.tída relativo y, do canal da força de avanço Fé dt:temlinado por 

(
u u ç ) ' ~ ~ ) \'1• = --·- =- E - E + C - e =~ E1 . u -1 '' •• ~ 

a ' 

(2) 

(3) 

(4) 

onde s/4 (VIV/m/m) é a sen~ibilidade de conversão e ""• (nlfl/m/m) a sensibilidade de cada 
cxtcnsômetro resi:.tivo. 

Dentre as dcmais caraclerí~tica~ de desempenho do transdutor, é importame para o controle do 
dimensionamento a não-linearidade '1 determinada aproximadamente por 

onde TJ, é a não- linearidade elétrica e rJ,, a não-linearidade mecânica definida como 

"r r.m = --1 
"o 

e onde 

''o =_!_(!=_)
3 

4Eb h 

(5) 

(6) 

(7) 

é o deslocamento clássico da extremidade guiada com rotação nula. e v, é a melhor estimativu do 
deslocamento efclivo de tal extremidade, determinado através de (i\ndcrsson, 191.JO; Roark e Young. 
1975) 

3 :. bhEv0 3 
0 "r+ ~ 11r -vo = 

12n-

Essa expressão pode ser arranjada na rorma 

(9) 

Ohscrva-se que v, < v, , mas também v. = v,. Então a não-linearidade mecânica pode ser estimnda 
por 

-;;. 3bhE 1 
Y!"' =----~v;, 

32FL 
( 10) 

Ao aplicar-se a força de avanço P no elemento dástico, devido à consideração de e lemento rígido 
para a roda, em cada uma das quatro vigas gera-se uma força axial determinada por (Roark e Young, 
1975) 

F =-Ebh - := -Ehh -7í. l .. ( 11 )

2 
r: l 4 

( v0 )l 
" 16 L 16 L 

( 11) 

4ue causa a deformação 
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F 
é =-"-,, T:Mt ( 12) 

Esta deformação não apare~:e na e~timativa do sinal determinada ~.:om a expres~ão (4). Mas provoca 
uma não-linearidade elétrica TI t!m ponte de Whcotstonc. detenninada por (Andcrs~on c Lücke. 1989) 

l1 ,. = -2s~~ " (13) 

Considerando a não-linearidade, a cxpn.:s~>ão tk cálculo do valor previsto para o sinal de saída 
cfctivo y, , passa a ter a fonna 

•1r r = ."r( I+~ ) (14) 

Quanto ~•o torque, deduziu-.>e uma exprcs~ão aproximada para estimar o ~inal de saída, baseado no 
modelo de viga representado na 1-'ig. 2. onde mct::~de do corpo centr::1 l do elemento elástico é supost::l 
como uma bam1 prismática rígida de comprimento d sob a~âo da metade do torque. Observa-se que o 
plano de llcxào dos dois elementos elásticos do modelo é o mesmo que contém as quatro barras do 
elemento clá~ti co. 

Em tal mmlelo. o momento fletor M vale 

T 
M '"" M 1 +R~x+l 

para Os xst 

para (L+dJ S x S (2L+d) 

Fig. 2 Modelo de viga usado para estimar o sinal de saída no canal do torque 

( 15) 

( 16) 

onde as rcações M, e R, foram dedu1idas empregando o teorema de Castigliano. para determinar o 
d..:slocamento e a rotação no engaste A (Fig. 2). os quais são nulos e, por isso. de suas expressões 
obtiveram-1-.e 

( 17) 
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( 18) 

A deformação o;:spcdfica e,. na superfície lateral de cada viga (Figs. J c 2) c na posição xT, é 

( 19) 

O 'mal de ~aída rela1ivo _r r nu canal do torquc-.; determinado aproximadarnenk por 

(jlj!J. l .1'1 ( 
Yr = -- :: -,c., -E, +E7 

Ua T 4 
(20) 

O de:-locatm;nto clássico 11', das extremidades guiada~ é obtido integrando duas vezes a equação 
geral da linha elástica. usando o momcnl() cxpre~>so por ( 15), com as constantes de integração sendo 
determinada:. para as ccmdiçõt:~> de contorno w.,=O c w=O. em x=O. Assim. resulta 

6 ( L )'
1

( M R. I 
w, = Eh 1J ~

1 

+1-) (21) 

A não-linearidade mecânica é dctem1inada usando (10). onde v .. e F :.ão substituídos 
re~pectivamente por 11·, e T/(2d). Identicamente, a não-linearidade clétrica é detem1inada usando ( II ). 
<I 2) e ( 13) com ,. , 'ubstituído por u· ... 

Dimensionamento do Elemento Elástico 
Geralmente o dimensionamento do t:lcmcnto cl;ístico é realizado usando cxpressôes algébricas de 

características de desempenho. deduzidas cm função de parâmetros geométricos e dê pwpriedades 
elásticas do elemento c dos conversores e létricos. soh determinadas condições de projeto. Essas 
condiçõe1. podem ..-er valores l'ixos, limites máximos. ou mínimo~ . concernentes às características 
consideradas. FreqUentemente empregam-se as condições : sinal de saída f'ixo, máxima tensão normal 
limitada a um valor máximo admissível. limite mínimo de freqüênc.:ia natuml, maior deslocamento 
limitado a um vnlor máximo. resolução e não-linearidade com limites máximos. Tal metodologia é fácil 
de aplicar c eficiente. quando ~e consideram transdutores com um único canal (Andersson e Lücke. 
1991) e M! dispõe de um aplicativo específico de auxílio ao projeto (Andcrsson c Lücke. 1988 e 1989). 
Para este caso de tran~utor com doi~ canai~. deseja\elmente independentes. o dimensionamento toma­
'>C mais compl<!xo devido à dificuldade de obter dimensões que proporcionem sinais de saída 
aproximadamente iguais a 2 mVN em amhos canai:.. 

A si~tcm:ític:t de projeto consi~tiu então cm intcrativamcntc dimensionar o elemento elástico como 
um tramdutor de força. usando um aplicativo disponível c específico para auxiliar o projeto de 
u·ansdutore~> de força uniaxial. que contém as expressões (2) até (13), aqui apresentadas (Andersson. 
1990). c substituir os parâmetros geométricos obtidos na expressão de dlculo do sinal de saída relativo 
do eam1l de torque, repetidamente. até que resultassem sinais de saída próximo:-. do valor de 2 mV/V. 
requerido inicialmente para os dois canais. c v~1lorcs aceitáveis de outra:, caracterí~>tit:as (como mínima 
não-linearidade) para o canal de força e nào-linearidadc mínima para o canal de torque. 

Ao utilizar o aplicativo para o dimen~oionamento como transdutor de força. adotou-se o aço ABNT 
D6 (E= 207 GPa), disponível para o 11kiximo diâmetro D = I 15 mm. e foram u~ados os extensômetros 
resistiYoS existentes de designação KFC-2- C l - li da KYOWA ( 120 n. s,= 2 c comprimento da grade 
ativa de 2 mm). As dimensões das "igas e características de interesse para este trahalho. obtidas com o 
aplicativo. constam na Tabela 1. 

No dimensionamento como trallSdutor de torque, considerando que o diâmetro do corpo central do 
elemento elástico seja o maior possível, para poder acomodar corpos de teste relmivamente grandes. 
estabeleceu-se d = 0.060 m. Sendo conhecida a geometria básica c o módulo de elasticidade do 
elemento elástico. o fator s~ c a posição;.., dos extensômetros, com T = 140 Nm, usando as expressões 



V Anderson et ai. Projeto e Construção de um Protõllpo de Transdutor. .. 338 

(15) até (21) e (10) até (13). resultaram o valor estimado do sinal de saída e as não-linc<~ridades 
indicada~. na Tabela I. 

Portanto. usando cxtensômctros rcsistivos disponíveis, monwdos sobre um elemento e lástico cm 
fonna de roda raiada c de aço ABNT D6, c uma metodologia de dimensionamento baseada em uma 
fom1ulação analítica modelada como viga, obtiveram-se as dimensões básicas do elemento clústico e 
sinais de saída relativos próximos do valor nominal de 2 mYN inicialmente requerido para ambos 
cana1s. Nota-se que o valor do sinal de saída para o canal do torque não está tão próximo de 2 mYN 
quanto o ' ·alor nominal do sinal de saída dn canal de força. A igualdade de tais ~alores poderia ser 
obtida igualando as expressões (3) e ( 19) de onde resultaria uma expressão inter-relacionando os 
elemento:-. geomérricos bá~icos, po:.içôes dos cxtcnsômetrol> e cargas aplicadas. Isso implicaria cm outra 
sistemática de projeto, com possibilidade de alteração dos valores nominais das cargas inicialmente 
requeridas. 

Tabela 1 Dimensões básicas do elemento elástico e características previstas 

Dimensões e características 

Compnmento das vigas 
Largura das vigas 

Altura das vigas 
Diâmetro do Corpo rígido central 

Diâmetro externo da roda 
Deslocamento para 1 O kN 
Deslocamento para 140 Nm 

Pos1çâo da linha média da grade ativa dos extensõmetros 
S1nal de saída relallvo 
Não-linearidade mecânica 

Não-linearidade elétrica 

Não-linearidade 

Construção do Protótipo 

Canal força 

L : 175mm 

b= 4.6mm 
h= 8.0 mm 

d = 60.0 mm 
D = 115mm 

v,,: 0.027 mm 

XF = 4.5 mm 

YF= 2.09mVN 

'lm = -0.0003°'o 

T\e = ·0.0012% 

11 = ·0.0015% 

Canal torque 

Wu= 0.023 mm 
X•= 13 mm 
Y• = 1.49 mVN 

l).., = -0.0014% 

tle = ·0.0004% 

11 = ·0.0018% 

Na Figura 3. aprc~enta-se uma fotografia qu~ mostra os elementos mecantcos c clélricos do 
protótipo construído. Nota-l.e que o recesso do corpo rígido central admite corpos de teste quadrados. 
com 38 nun de lado e 20 mm de espessura. e podem ser usada~ hroca:. com até 20 mm de diâmetro. 

O elemento elástico foi temperado a uma temperatura de austcnitização de 850 °C, durante dua:, 
horas. c re:,friado em óleo. A pó:,. procedeu-se um duplo rcvenido a 21 O °C. durante duas horas. 

Fig. 3 Elementos eletro-mecãnicos do protótipo 

o~ cabos elétrico~ para alimentação c saída de sinal contêm quatro fios. têm a blindagem ligada ao 
elemento elá~tico, e r.ão fixados por um sistema tipo pinça (prensa-fio). 

A proteção dos extensômctros e das ligações internas. contra a ação dircta do Ouído de corte, é 
con~t:guida usando dois anéis de aço. vedado~ com borracha de siliconc. 

Validação do Projeto 
Na validação de projeto de transdutores com elemento elástico, devem ser realiz•1dos lestes 

experimentais visando comparar o desempenho previsto com o efctivo e, se necessário, corrigir a 
fom1ulação empregada. Basicamente. isso pode ser conseguido cfctuando calibrações onde ~e procura 
determinar: 

• A relação entre o sinal de saída de cad<~ canal C! as possívci~ forças e momentos atuante~; 
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• A innuência de variações de temperatura cm cada canal ; 
• A~ respostas em fn!4üência para excitações nas dircçõcs das cargas nominais. 
/\lém disso, outro ite m de fundamental im1wr1ância a considerar nas calibrações é a estimativa das 

incertezas dos resultados de medição (GUIDE. 1993). 
Neste artigo. apresenta-se a validação do modelo matemático através da determinação experi mental 

da relação entre o ~>inal de ..,aída de cada canal e a forçn c torque aplicados. o que representa o principal 
objeti\o de uma calibração est<ílica. A dctcruúnação criteriosa dal> inccnezas. envolvendo tais relações 
cstímulo-re!>posta c também a~ flutuações nos 1..eros c nal> sensibilidades. não se apresentam. 

A expressão de calibração estática usual, para relacionar o sinal )'1 de cada canal c as forças .r. 
atuantes. é (Levi. 1972) 

6 ,, , 

Yk = ako + L 0 J.i·\ L Lak;;x;x; (22) 
i 1 , - lrl 

onde k= I , .... 6 e a,-. al., aL,. são con~tantes determinadas por regressão. Os métodos para aplicar as forças 
" · ~ão discutidos em ( Bray. 1981 ). 

A expressão de uso tem a forma inve~a 

f> (, ,, 

-"4 =b~(l + L b4iYi +I Lb4jiYiYj (23) 
i=l i I j - 1 

onde b ... b,, b,,, também podem ser determinado~ por regressão. 
A calibração estática do protótipo construído foi realizada medindo simullane;,tmcntc os sinais em 

cada um dos dois canm~. primeiro para aplicações unicamente de forças de avanço (tabela 2) c depois 
só para torque (Tabela 3). As:-.im, ao empregar a expressão (221, o sinal y, no canal de força é a soma 
dos dois sinais medidos ao aplicar primeiro ~ó a força de avanço e depois só o Iorque. O ~ina l YT no 
canal do torque é obtido identicamente. 

Pw·a relacionar ~inais c esforços. optou-se r ela rorma linear da expressão (22). devido às 
insignificantes não-linearidade!'> previstas c também para simplificar a obtenção de valores inversos, e 
que se representa matricial mente como 

(24) 

Tabela 2 Sinais médios medidos ao aplicar somente força axial 

Número de ordem Força aplicada Sinal no canal F Sinal no canal T 
F(N) (mVN) (mV/V) 

1 o o o 
2 1177.2 0.287 0.010 

3 29544 0.570 0 .020 
4 35316 0.852 0.028 

5 4708.8 1.134 0.035 

6 5886.0 1.418 0.044 

7 7063.2 1691 0.061 

8 8240.4 1.967 0.063 

9 100000 2.404 0.079 

Oh:..: J.lllanll m<WI~ta padr.io e.'-lima.l.c ""' ""'ultadc" c.k medição fot ± !1.11(17 rnV/V. 

Usando regressão múltipla em nove ponto~ de medição (F,T,y,.,y11 ) obtcvc-M!: 
a .. =0.0016 mVIV; 
a, = 2.413 x lO ' mV!VfN: 
a) = 6.325 x 10" mVIV/Nm; 
b,, = -0.0028 m!VV; 
b, = 2.53 1 x 10 • mV!VfN; 
b = 0.0101 mV/VfNm. 
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Tabela 3 Sinais médios medidos ao aplicar somente Iorque 

Numero de ordem Torque aplicada S~nal no canal T Sinal no canal F 
T(Nm) (mViV! (mViV) 

o o o 
2 5.89 0.047 0.004 
3 14.72 0.125 0.011 
4 19.62 0. 172 0.015 
5 2943 0.270 0.023 
6 39.24 0.361 0.032 
7 53.96 0.503 0.044 
8 70.00 0 .660 0.059 
9 8829 0.833 0.074 
10 117.72 1 118 0.098 
11 140.00 1.333 0.114 

Oh .... : <I maior inct:l1t•ta pJ1dr~u' t:'llm<H.hl dl" re,uhadlh dç- m~di.;,·ão fo1 t 0.006 mVJV. 

Nas medições de :.inab ele cargas individuais. constatou-se que o ~o.inal pn:vi~to para F= 10000 N 
está l3% abaixo do correspondente sinal medido. Para o torque T= l40 Nm. o sinal previsto supera o 
medido cm 12%. Além di~so, representando os sinais medidos como função polinomial do segundo 
grau de uma única variável independente. determinou-se a não linearidade terminal extrema em 0.06% 
para o canal da força de 0.4% para o torque. O efeito do torquc representa aproximadamente 3% do 
1>inalmedido no canal da força e o efeito desta. 8% no canal do torquc. 

Observa-se que os valores previstos dos sinais de saída, obtido::. <maliticamentc, diferem dos 
respec tivos valores experimentais em quantidades aceitáveis para cálculos preliminares de projeLo e. 
portanto. são válidos ao propósito de dimensionamento. Diferenças menores podem ser obtidas 
determinando as deformações e!-.pecíficas com o uso de aplicativos baseados no método dos elementos 
fi11itos. Da mesma forma. a previsão da não-line:tridade. em termos do sinal de saída (expres:.ão ( 10)), 
tamhém é melhorada usando elemento:> finitos com formulação não-linear. Mas, mesmo assim, seriam 
obtidas direren\=as consideráveis entre os valores previsto e experimental, como ocorreu com a 
formulação analílü.:a usada. A principal causa disso deve-se ao atrito entre dispositivos de aplicação de 
carga e o elemento elástico, e 1t presença de componentes espúrias não identificada.~ no le~te 

experimental de validação. Mas o uso das expressões analíticas deduzidas para o cálculo da não 
li.ncandadc é útil ao controle do dimensionamento do elemento elástico. Os efeitos de sensibilidade 
transversal no~ canai~ do torque c força não foram previstos analiticamente, mas eram esperados c 
foram levados em coma na expressão (24) de calibração. 

Testes de Uso do Protótipo de Transdutor 
Foram en~>aiados três corpo~ de teste de aço ABNT 1020, usando fluído de corte e broca de 20 mm 

de diâmetro tendo ângulo de ponta de 120°. Escolheram-se um avanço de 0.25 mm/volta e rotação de 
236 rpm na furadcira radial disponível (Fig. 4). 

Fig. 4 Protótipo montado sobre a mesa da furadeira radial, tendo um corpo de teste 
ensaiado em seu recesso 
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Utilizando um sistem:l de aquisição de dados controlado por computador. mediram-se os sinais de 
cada canaL obtendo-se valores médios de y, = l.ó% mVN e y, = 0.414 mVN. Substituindo estes 
valores cm (24), resultaram os esforços apresentados na Tabela 4 que são comparados com valores 
detenninados de fórmulas conhecidas (Ferrarcsi, 1970). empregando as mesmas condições dos ensaios. 
Oh~crva-se que a,, di fcrcnças entre os valores medidos e os determinados analiticamente estão 
aproxi madameme entre -1.0% c 2.5%. 

Tabela 4 Esforços medidos com o protótipo de transdutor e determinados analiticamente 

Esforços 
Força de avanço 
F (N) 

Torque 
T(Nm) 

Conclusões 

Valor Medtdo 

6925 ± 50 

39.5 ± 1.9 

Valor Determtnado Analiticamente 

Spur H.Daar 
6819 6754 

Kie nzle 
39.8 

Kronembe rg 
39.9 

Apresentaram-se alguns conhecimentos importantes do desenvolvimento de um protótipo de 
transdutor extensométrico. que tem elemento chístiw da couhecida fonna de roda raiada e serve para 
:-.cr utilizado na medição da força de avanço c torque, em ensaios ele corpos de teste submetidos ao 
processo ele furação com brocas de até 20 mm de diâmetro. 

Quanto ao projeto. o trabalho contribui com uma metodolo~ia baseada numa formulação analítica 
de vigas, que se mo~trou aceitável na avaliação do sinal de ~>aída relativo, e também com expressões 
aproximadas de não-linearidades. úteis para o controle do dimensionamento do elemento el á~tico. 

O protótipo foi construído com a mais s imple:-. tecnologia de exten~ômelros resistivos e os efeitos 
de :.cnsibilidade transversal podem ser levados em conta, ao usar o transdutor. empregando 
apropriadamente a~ CÃprcssões de calibração em sistemas de medição com.putadorizados. A sua 
caractcrinção metrológica (estática e dinâmica). envolvendo também a determinação experimental das 
innuências de varíações de temperaturas e elas correspondentes incertezas de medição, serão objctivo de 
um futuro artigo. 

Os testes de uso do protótipo mostraram resultados que têm uma boa aproximação com a 
fonnulação conhecida. ao medir esforços de cone na furação de corpo:-. de teste de aço ABNT I 020. 

Assim. pelos resultados de validação e testes de uso realizados. mostrou-l>e que o protótipo pode ser 
usado cm ensaios de furação, onde se requer a medição de força c torque de usinagcm. cm condiçf>es 
semelhantes às apresentadas neste artigo. Além disso, considerando cada canal isoladamente. pode-se 
empregá- lo como um transdutor de força estálica uni axial ou torquímetro estático de reação. 
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Abstract 
Rt•n•fl//r 1111111\ h'nrl.' ltal'e bee11 do11e 111 o reler lo .\flUI\' the tumi11g proce~' uf lwrde11ed ,\lei'/\. lllflilll} coru-emiiiX lhe 
/ii'('\ o/ cemnw und PCRN tno/s. H01• e1 c•r. JWI./t•u· works dealwith the problem of tun1111,~ at't'Urtu·y. romparing it 
u·ith gm11lmx an-uran. maiJJI•· wht>ll 1/w latire UH'd /111.\ a coni'CIIIionalmedumtcal dt'.fÍ}/11. 11renforc. it is importmtt 
to el'll/ll(tlt• tlw ctrpa/lility uf tlu••e cmii'CIIIimtul mal'hlllt'.f to replare tlte xri11ding opaatinn hy rurni11g cmd sti/1 
IIIIIÍII/tll/1 h'Orkfm'ct! quality typical t({ grmdi11g apemtimu. Thi.•· work trie' to co111rilmte to .fillthi.• gap. SeH:ral AIS! 
E52100 lttll'dr•nrd 11ee/ ~t•orkpieces (60 HRc) ll'i'l't' tumed using müed cerwnlf' mui PCRN too( mmerials wtd 
cli{ferent r·ufiÍilK spt•N/.1· in a Imite r![ convelltimwltll'sÍJill. Workpiece "'"j(rce rouglmes.• mui ditmtner Fariation wert' 
111<'//Stll't'd thmuglumt the wollik tf'.l'/, in ordt•r 10 ewdume the qttality of lhe ~t:orkpiece. !'lte /eng/h 1~( the workpit!C<!S 
II'CI.\ a/.1'11 l'tll·ird to nnaly~e !Ire Íl!f1uence o/' wor/..ltÍl'l'i' shape rm its qualil\'. 7'/te mai11 r·mwlu.,ion of this work 11'//S tlwl 
the /uming fii'OI'L'.I'S i.1· ahll' to replace [.1rimli11g in lwrdt•ned sted jini'hi" f.l O/lt'l'<llio/1\. Mt~reo\·er. ii ;,, ahle lo achien! 
a \lufru·,, mui dimensional lflWiity similm 111 tluu of grcJtuul COIIIf'Onen/.1, Cl'l'll ll'lti•n lhe macftine u.w:d ha., ll 

Ctl/1\'t'llllllllltf meclumiral des(~n. 
Keyword1; luming I lardened Steel.•. Arnmwy. StujiiCt' Rmtglmes.\ 

Introdu ction 

1l1is ccntury is marked by seriou~. atlcmpts to achicve lúgher productivily and quality in industrial 
proces~e~. ln lhe metal cutting field. improvcmcnt in lhe processes has heen considcrablc. mainly in lhe 
last decades. when too] materiais and machinc tools havc beco extensively improvcd. Bcsidcs these 
improvemt:nts, a lol has beco done to replace or eliminate manufacturing operations ( Bossom. 1994; 
Konig, Bcrklold and Koch, 1993). Turning hardened steel workpicccs. instcad of grinding, is a good 
cxmnplc of lhe replacement anel climinat'ion o f operations. Stccl componcnts, such as gear:s anel 
bearings, nced a high degree vf hardness lo inercase their wear re:; i~.tance . Conventionally, lhese 
comptmcnts havc attained their final dimensions by a grinding operation o ftcn using AhO:, wheels. 
although this is a low productivity proct!SI'i. sincc iL consumes large amounl~> of cncrgy and time. With 
lhe developmem of very hard and thcrmally re!'.istant cuuing tool material ~. such as ceramics and 
policrystalline cubic boron nitride (PCBN), that are able to cut hard materiais. togelher with lhe 
devclopmcnt of more rigid and precise lathc1., turning became a gwd al ternativc to grinding. The main 
advantagcs of rurning over grinding are higher flexibility and pmductivity and lower costs (Kõnig. 
Berktold and Koch. 1993). 

This work attempts lo contribute lo lhe use of luming instcad of grinding in finishing opcration~. 
wbcn the surface roughness dcsircd is usually lower than R .• = 0.6 J.lm and lhe dimensionaJ tolerance is 
within thc 1SO IT5 range. Mosl of lhe lathcs used for this purpose loday havc a eonvemional design, 
i.e., they do nol have some of lhe requisites important for ioereasing their accuracy, such as hydrostatic 
bearings and slideways, or even linear slidcways. Thercfore, it is important lo discovcr lhe capability of 
these conventional machincs to replace lhe grineling opcration by turning and still maintain the 
workpiccc quality typical of grinding opcrations . Severa! AISI E52100 harclened steel workpieccs (60 
HRc) wcrc lllmed using mixed ccramic and PCBN tool materiais anel diffcrcnt cutting speeds in a lathc 
of convcntional design. Workpiccc surfacc roughness anel diameter wcrc measured throughout lhe too I 
life. in order to evaluate the quality of lhe workpiccc. The lenglh of the workpiccc~ was also varied to 
analyze the inOuencc of workpiece shapc on iL~ q uality. Tbc main conclusion of this work was that the 
turning procc:ss is ablc lo rcplace grinding in hardened ~teci finishing operations. It il> ahle to achicvc a 
surfacc and dimensional quality simi lar to that of the grinding operation, cvcn when the machine used 
has a convcntional mechanical design. 

Bdorc continuing. it is importanl to mcmion that the comparison of turning and grinding made in 
this work is concerncd to conventional grineling only (that one made with Al10 , whcel) and it does not 
apply lo grinding with superabrasive wheels. 

Manuscflpl received: July 1998; revis/on received: March 1999. Technica/ Editor: A/isson Rocha Machado. 
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Some Aspects Of The Accuracy of Hardened Steel Turning 
ln order to use the turning proces~:. to replace grinding. ir is important to know how to maintain ali 

aspects related Lo the process in such a way Lo minimize errors. Firstly, iL is importanlLo understand the 
cutting forces involved, because they are responsible for the deflection of Lhe workpiece, lhe workpiccc 
fixture devicc. the machine anel the tool. ln cylindrical mrning operations. it is specially imponant to 
know the radial force behavior. Thi::. component or lhe cutling force is responsible for the workpiece 
and too! cleflection anel. therefore. it is imp011anr to maintain it at its minimum value in order to improve 
rhe accuracy of the operation. 

Two imporlant parameters of influence on lhe radial force are lool nosc radius and culling cdge 
angle. ln order to decrease lhe radial fon.:e, it i .~ nece.s~ary lo decre.ase lhe. too! nose mdius and lo 
increase the cutling edge angle (lo keep it dose lo 90'') (f-lerraresi. 197S). Otherwisc, if the lool nose 
radius is decreased. it is more clifficult to achieve a good surface finish. since its growlh conllibute1> 
geometrically to the decrease in surface roughncss. Thcrcfore. it is necessary to have an imermediate 
value for too! nose radius to obtain dimensional accuracy on one hand and to have a goocl surface línish 
on the other. 

Abrão and Aspinwall (1995) turncd AISI E52100 steel (62 ILRC) wilh PCBN anel mixcd ccramic 
tools and concluded that, in finishing operations. thc radial force is grealer than lhe other componcnts of 
total force, because the depth of cutting i~; smaller lhan lhe lool nose radius. Therefon;:, mosl of lhe 
culling is done inside the curved region of lhe Lool edge (inside lhe tool nose radiu~> regiun), which 
causes the effective cutúng edge angle LO decrease. Ali lhe components of the eutting force decreased 
slightly with lhe increase i.n cutting speed and increased linearly with the increase in feed aud depth of 
Clll. 

ln this work, lhe tool nose radius wus re = 0.8 mm in all thc cxpcfimcnts. Tbis value is smallcr than 
usually recommended for tuming hardened stcels (where very I<JW surface roughness i.s desirable) in 
ordcr to mai11tain a low radial force. but higher than lho~>c usually uscd in finish tuming of soft stccls, in 
order to achieve a good surface quality. The cutting edge angle used were 90" for uiangular inserts and 
75" for square insens. 

Abrâo m1d Aspinwall (1996) carried out severa! turning experiments. machining AISI Hl3 (52 
HRC) anel AISI E52IOO (62 HRC) stceb, using PCBN anel cenunic tools anel a rigid Jathc. Thcy 
obtaincd surfacc roughness valucs of R" = 0.18 ).lm for lhe 1113 stecl and R" = O. 14 ).lm for lhe AlS I 
E521 00 steel. Costa ( 1993) uchicvcd R" values between 0.2 and 0.3 Jlm by l.uming lhe A LSJ 52100 and 
M2 steels with PCBN and ceramic tools, using lhe same CNC lathe that was used in this work. 

ln hard turning, a signi ficant increase in the cutting forces demands both, strength of the cutting too! 
m1d stiffness of the machine too! system. The high values of cutting forces together with the high ratio 
of radial to tangential forces, can cause large det1ections of the too! and workpiece. which can cause 
chipping of the cutting cdge of brittle tool material like lhose used in hard turning (Chou and Bara~h, 
1995). Konig, Klinger, and Link ( 1990) inclicated that lhe segmented type of chip formation typical of 
hard ruming is associated with large amplitude dynarnic forces causing forced excitation of the machine 
tool-workpiece-tool system what can resuh in rapid tooJ wear. For a less stiff system. cracks on the 
cutting edge are observed since the beginning of cutfing. Crater deptb and nank wear Jand also become 
largcr (Chryssolouris, 1982). Machine tool stiffness is also an importanl fador for tbc surfacc 
rouglmcss of tumed steels. which is very imporiam when tuming has to replace grinding process. 

The risk to damage the surface metallurgical properlies is highcr in grinding thml in rurning. Konig, 
Berktold and Koch ( 1993) studicd the progression of Lhe residual stress depth distribution during too! 
life. after turning hardened 16MnCr5 sted (62 HRc) using PCBN tool material. Thcy showed that. 
whcn Lhe too/ is fresh, low compression residual stresses occur in the workpiccc surfacc. Residual 
tensile su·ess (that is barmful LO lhe workpiece slrength) does not show up until considerable cutting 
time has e lapsed. This rcsult suggests Úlat residual tensile stress is attributable to wear land friction. Tbe 
value of tensile su·ess on thc turned surface after 200 minutes of cutting time is easily reached in 
grinding operations (Shaw anel Vyas. 1994). 

Kõnig. Berktold anel Koch (1993) suggested lhat the following two basic improvements be made in 
the tuming process, in order to makc its quality even better thun what is achieved today: 
a. Optimization of PCBN anel ceramic inscrts - one problem of these too! materiais that limits the 

improvement of su1face quality is lhe rounding anel the formation of rough regions on lhe cuttino 
edge. II is impossible to obtain a very sharp edge due to the crystalline strucrure of the material; 
The values of too! cdge rounding and roughness are more than one hundred times larger lhan lhe 
monocrystalline materiais used in ultrahigh precision turning. Therefore, it is nccessary to improve 
lhe inscrt quality lhrough polishing anel grinding of thc rakc and clearance too! faces with tliamond 
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micrograins. To ::.clcct a suitable PCBN grade is very importam. PCRN type~ w ntaining low 
amounts of CBN and ceranuc componcnt::. as a sccondary phase presem low them1al conducllvity 
and. lhcrcfore. are suitabk for finishing oper:11ions, when: lcss heal is generated. Undcr this 
circumstancc. a lower amoum of hc<ll will llow through the tool. increasing the culling tempcrature 
and hclping to reduce lhe 1.hcar strength of lhe wmJ...picce material. Con~cquently. cutting forces are 
rcduced (Bo~~om. 1994). Cutting speed:- up to 550 m/min do not inllucnce very much surface 
quality and cutting forces. llowever, inl1ucnce too! wear. malllly when the chip cro11s ~ection is vcry 
small. The te mpcrature in lhe culling zone. which depcnds on cutling spccd. is vcry importam. 
Unlikc the machining of sofl steels. for low cutung :-.peeds (and low tcmperatures) the low plasticity 
of the hardened workpiece material :-.hortcn::. lhe tool life and results m a bad surface quality. High 
cutting spccds (and. consequcntly. high temperaturcs) on thc other hand, may cause problem::. 
related to metallurgical damage Íll the cxlernal laycr of lhe workpiece. Another limitaLion rclated lo 
cutting spced is lhe rigidity of Lhe machine !Ool-workpiece-tnol system. Dcpending on this rigidity. 
lhe mcrea.,e in cutting spccd may cause an increase in systcm vibration. which may damage thc tool 
and lhe workpiccc surfacc Jintsh. 

b. Anothcr way to improve the quality of tumcd hardcnt.:d steel workpieces is the use of higb prccision 
machining technology. by thc use of more rigid maehine tools which comain bydrostatic bearings 
and i>lideway~. 

Tools For Hard Turning 
Tbe tool materiab recommcndcd for hard tuming are mainly PCBN and ceramics. becausc only 

these materiais have the nece%ary hardm::-.~ and chemical stability to cut a very hard material like 
hardened steel (Sandvik. 1994). (Tünshoff. Wobkcr and Brandt, 1995), (Buschmole. 1995). Therc are 
severa) ccmmic materiais used in machining. although the kind recommcncled for hard turning is thc 
one based on aluminum oxide. that is classified in thrce main groups: 

• Purc ceramtcs- compo~cd only by oxides. mainly AJ,Q ,. They can also havc small amount~ of 
MgO ru1d ZrO,: 

• Mixed ceramics- composcd of AJ.O, anel titanium carbidc (TiC) or titanium nitride (TiN); 
• Whisker:, rcinforced alumina- composcd by an Al-O, matrix rcinforced with mnnocrylilal~ of 

Si C. 
Among rhese groups. the most used in hard luming is the mixed ceramic, due lo its highcr thermal 

shock resistance anel hot hardness io high tcmperatu1'c:, comparcd with purc ccramics. Ceramic tools, in 
generaL have high chernical Mability whcn comparcd with other too) materiais and, therefore. are 
resistam to diffusion wcar. that happens mainly due to Lhe friction between long chips and too) rake 
face. 

PCBN too) material is anothcr altemative for hardened steel luming. Compareci with aluminium 
based ceramic, it has higher hardness anel loughnes~. but smallcr chemical stability in the prcsence of 
iron. High chemical stability is a very important tool property in hard tuming, because the tool edge 
reacbes very high tcmpcrantre and diffusion bctween tool material and chip may wear thc tool quickly 
(crater wear). PCBN tool material ii' class1fied into two main groups: 

• PCBN for rough operations- in thi~> kind of opcrations, bc:.ides hardness. the tool have to have 
high toughness. Thcrcfore. lhis PCBN grade il> basically cubic boron nitride (90~ in volume); 

• PCBN for finishing- in this kind of operation, lhe cutting specd is higbcr and, thereforc, the 
too I i:> rcquired to havc high chcmical stability obtaincd by adding a ccramie ph~Lse to PCBN . 

Materiais, Equipment And Experimental Procedure 

Two ~ets of turning experimcnts werc carried out cutting A IS! E52 100 steel hardcned to 60 l·lRC. 
ln order to vary lhe stiffncss of the workpicce. two kinds of workpieces werc used: long ones anel short 
ones. Figure I shows a schcme of thcse workpicces. 

A CNC lathc with a 30 HP main motor and conventional roller beari11g:, was used. Thc inserts uscd 
were Sandvik Coromant CC 650 (Al~O .. + TiC) ISO coded TNGA l2040R 1'01020 (triangular) and 
SNGN 12040R TO 1020 (square) and GE BZN 8000 (55% PCBN) code TNMG 12040!! (triangular). 
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Fig. 1 Workpiece Oimensions 

Ali expcriments wcrc donc with a ft:cdratc of f = O.OS mm/rev anel a dcpth nf cut of a,, = 0.4 nun. 
Table I ~hows lhe cutling speeds (vJ, tool ~ anel workpiece geomctry uscd 111 the experimcnts. &tch 
experimcnt was rcpeated severa) times (Tablc I aJso ~>.hows thc numbcr of times each expcrimcnt was 
conductcd). tn incrcase the rel iabi lity of thc rcsu)t.,. 

Table 1 Tool Materiais, Cuttlng Speeds, Number of Replications and Klnd 
of Workpieces Used ln the Experiments 

Tool Culling speed v, (mtmin) Number ol replicates Workpiece geometry 
108 

Tnangular PCBN 130 
150 
108 

Tnangular 108 
Ceram•c 130 

130 
150 

Square Ceramic 130 

4 
7 
3 
4 
3 
4 
4 
1 
4 

long 
long 
long 
long 
short 
long 
short 
long 
short 

Aftcr cuuing some of lhe workpicccs. the experimenl was intcrruptcc.l <md lhe surface rough.ncss, thc 
diameter and Lhe circularity error of each workpiccc wcrc measured. This proccdurc was repeaLed Lili 
the workpicl'e average surfacc roughncss reached R, : 0.6 1-1111. AL this time. Lhe too! was considcred tn 
havc reachcd the cnd of i L~ life and thc expcrimcnt wa:. ended. This valuc of R., was chosen because it is 
frcqucmly desin:d in precision grinding (Agostinho. Rodrigues anel Lirani, 1977). As the purposc of 
hard tuming i~-. to replace the gnnding proce~.s. lhe surface roughncs~> ohtained must have lhe sarne 
valuc as that obtained by grinding. Anolhcr objective of tbe work wa~ lo l..eep lhe dian1etcr tolerancc 
range ~>imilar lo that typical of Lhe grinding process. but the workpiccc diameler was not uscd as a 
crilcria to rcplace Lhe tool. Roughness anel diameter were measured 111 thrcc posiLions of Lhe long 
workpicccs. as il can be seen in Fig. 2. For lhe short workpieces, thesc mca~urcmcnts were taken only at 
thc middlc of Lhe workpiece. 

-

-

3 2 1 

Fig. 2 Positions Where Surface Roughness and Oiameter Were Measured 



347 J. of the Braz. Soe. Mechan1ca1 Sciences - Vol. 21. June 1999 

Results Obtained For Long Workpieces 

PCBN Tools 

Figure J ~hows lhe dimensional variation in thc workpiece diamctcr vcrsu~ cutting length. using 
PCBN tools ata culting spccd of 150 m/min. The experimcnt donc with this cutting speed was chosen 
for this analy~is because it prcscntcd lhe longcst toollife for PCBN tools. As said hefore, the circularity 
errors of thc workpicccs wcre also mcasured, hul will not bc analyzed becau~ç thcir valucs wcre always 
below 2 11m. Severa! Lhings can bc sccn in this Figure: 

• Thc ftrst three measurements in Lhe thrce positions of the first workpicce showed :smaller 
diamctcrs than Lhe other mcasuremcnts. This occurred due to an crror in the position of the tool 
a~ frcquently occurs in lhe fir:.t workpiece machined by a cutting edge. After lhis fir:,t 
workpiccc. lhe tool position was corrcctcd and thc other diameters wcrc within thc sarne range: 

• The diamctcrs mcasured at posillon I wcre always lhe largest. followcd by lhosc at position 2 
and. finally. position 3. Thereforc. thc workpieces presenteei a largcr conicity. whieb reached 
0. 170 mm in lhe worst case and wa~ always highcr than 0.130 mm. This conicity is not related 
10 lhe proce!.s ilself, bul occurred duc to the inaccuracy of lhe machine tool. The center linc of 
Lhe chuck and lhe center line of lhe tailstock of the machine uscd prcscnted a misalignment thal 
gcncratcd the conicity: 

57,500 

57,450 • • 57,400 • 
Ê 57,350 D o o 
§. 

57,300 
' 

.. -+- positicm 1 .... .. 
Cll 57.250 -o- position 2 Qí 
E o 

.........- position3 01 57,200 i5 .. 
57,150 

57,100 

57,050 

138 345 552 759 966 1173 1380 1587 1794 2001 2208 2415 

Cutting Length- Lc (m) 

Fig. 3 Workpiece Olameter Variation Versus Cutting Length- PCBN Tool 

• Thc differencc belwccn lhe mcasurcrnenls madc at d1c same po&ilion in differenl workpieees 
wa~ not exee:-.sive. The diffcrcncc between the rnaximum and lhe minimum diametcrs at 
posi tion 2 (where 1his diiTercncc was lhe smallest) was of 0.003 mm (quality TSO TT5), and at 
posilion 3 (where lhii> differencc was the largest) il was of 0.021 mm (dose to quality ISO 
IT6). ll i~ worth of noling that the po~ooition with the largest deviation was closc to the chuck 
(which wa~ supposcd to bc thc most rigid) and Lhe position with lhe MTt<lllest dcviaüon was lhe 
central position. far from both chuck aml tailstock (wruch was suppo!.ed to be the lcast rigid 
po~ition). This dimensional Yariation wa:-. supposedly caused by thc inaccuracy of Lhe centcr 
holc. lt was not possible to maintain a narrow tolerance range during thc machining of the~e 
holcs. So, cach hole had a different dimcnsion. whicb caused differcnccs in thc fixntres of lhe 
workpieccs and lhe difference in worJ..picce dimcnsions. 

Figure 4 ~how:-. lhe valucs of lhe a\crage surface rouglmess versus cutting lenglh for the sarne 
expcrimcnt as that shown on figure 3. lt can be seen in lhis figure lhal surfacc roughness varied during 
the lool lifc, but almos1 always wilhin thc range regularly obtained by lhe grinding proce~s. i.e .. below 
O.ó 11111. Surfacc roughness im:reascd and dccrcased depending on th~.: variation in lool nosc shape 
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mouldcd by lool wear. After some cutling time had elapsed, the too] wcar was such U1al surface 
roughness increased up lo R_, = 0.7 J.ltn. 

0.8 -······ .. -· ... - .... ,_1 

0,7 
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0.6 • Ê • 2. 0,5 o • .. 
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o <--------~------------~----------~ 
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Cutting Length - lc {m) 

-- pos~ion 1 I 
-o- pos~ion 2 

--posilion 3 

Fig. 4 Surface Roughness Varlation Versus Cutting Length - PCBN Toot 

ln most of lhe workpieces, thc smallest value for surface roughncss was found close to lhe tailstock 
(positioo 1). which indicatcs that this is the mosl rigid position. ln addition, lhe hardest part of the 
workpiece was always closc to position I, where hardness reached 62 HRC, while lhe other positions 
showcd valucs of 58 to 60 HRC. Costa (1993) affirmed that ao increase in hardness would make chip 
fom1ation easier due to lhe lower strain needed to cause chip fracture, whal should cause a 'decrease in 
lhe surface roughness of lhe workpiece. The v alue of hardocss close Lo position I was higher because in 
this position, lhe workpiece received heal in both radial aod axial dircctions during beallreatmcnl. Thc 
olher positions received healjw;t only in lhe radial direction. 

The value of roughness at positions 2 and 3 in each workpie.ce were similar, i.e., lhe value of 
roughness close to lhe chuck was not lower than thal at the center of the workpiece, as ex.pected. Tbis 
fact demonstrates that lhe rigidity of lhe machine tool chuck is notas high as assumed bcforc bcgilming 
the experimems. At lhe end of lhe tool li fe. a sudden increase in surfacc roughncss occurred (position 3 
Wlth Lc = 2415 m) due to lhe chipping of lhe cutting edge, which occurrcd bct wccn positions 2 and 3 
(close to Lc = 2400 m). 

Figure 5 shows the average value of R. using new culling edges for different cutling spccds. Each 
value is the avcragc of several experi.ments, as shown previously in this work. Thereforc. thc surface 
roughness v alues shown in lhis llgurc were not intluenced by the too! wear. 
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Fig. 5 Average Surface Roughness at the Begínníng of Tool Life for Different Cutting Speeds- PCBN Tools 
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Here again. il can be seen lhalthe lowesl value of roughne1.s wa~> oblained allhe position I (closc lo 
thc tailstock). Bul. in t:ontrast wilh whal was shown in 1-ligure 4. tht: roughness values at posilion 2 wcre 
consistently smaller than tho!>e at po~ítion 3. which demonslralt:l\ that the machine chuck used was not 
rigid enough. Jt can also be set:n in thil> figure lhat lhcrc was uo i>Y!.lcmatic influencc of cutting spccd on 
~>urfacc roughnes:-.. R, increased slightly with cuuing speed at po:.ition 2. but incrcased and decrcased at 
the othcr positions. This resuiL agrees wilh Bonifácio ( 1993) who affirms Lhal when lhere is no 
fonnation of built up edge, thc inlluence of lhe cuuing specd on ~urface roughne:-.s is not direel and 
dcpcnds on ils intluence on systcm vibralion, which strongly intluence~ lhe stuface rougtmcss. 

Ceramic Tools 

Figure 6 shows thc behavior of workpiece diamctcr ver:.u:-. cullmg length, usmg ceramic tool and 
cutting speed v. = 108 m/min. Of ali lhe expcrimcnts eanicd ou1 with ceranúc tools, only thi!> 
cxperiment is shown hecausc it was Lhe Iongest and represcnts 4ui1e well tht: rt:sults obtained in thc 
othcr experimcnts. The culti11g spccd shown in this figure was nol 150 m/min likc:: in Fig. 3, hecuusc 
with ceramic tools, differenLiy of PCBN, this speed prescnted lhe :-.hortest tOI)I li fc. Also hert: , lhe 
circularity errors of the workpicccs were mt:asured. but will noL be analyt.ed becau!.t: thcir values wcrc 
always below 2 J.lm. lt can be :-.een in this figure lhat, when lhe analysis wa~ conlinucd up w Lc ::: 5000 
m. dimensional tolerance was mamtained at IT 5 ( 13 )llD) for position I and aL IT6 ( 19 J.lm) for 
posilions 2 and 3, a:; had already uccurred for PCBN tools. Aftc::r Lc = 5000 m. the variation in diametcr 
increased due to too! wear and chipping. For the sarne reasons cited prcviously, conici ty remaint:d high. 
wilh lhe diamctcr values closc to lhe lailstock (position 3) alway~ Iarger than those closc to the chuck 
(position l ). Thc influence of lool wear and chipping on workpicce dimension can he obscrved. sincc 
thc tool position was not correctcd during Lhe expcrimem. lL can bc seen that aftcr Lc = 5000 m Lhe too! 
110\C moved more than O. I mm. which cau:.ed a variation in diameter biggcr than 0.2 mm. lt i~ 
tnlere~ting to note that. despite lhis large variation in tool nose posüion, surfacc roughness did 1101 
increase beyond Lc.: = 5000 m. as can bc seen in Fig. 7. Therefore, it can be concludcd thal lhe too! nose 
moved backwards dueto too! wcar, bul maintaiued a shapc close to thc original ont: and thus. lhe valucs 
ohtaincd with the fresh tool for surface roughncl>S remained almost the sarne. Only when the luol 
becamc very wom (above Lc ::: 6500 m) surface roughness incrca~cd and fali outside the range suitable 
for finishing operations. 
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Ao analy~i~ of f-ig. 7 showlt that surface roughncss increascs anel decreascs as lhe cuuing length 
increases due lo Lhe variatiou in Lool nose shapc. causcd by tool wcar and chipping. Jt can be notcd lhat 
lhe surface roughncss increased up lo Lc = 3200 m. After thal it decrcased up Lc = 51 00 m. and then 
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increased again. This behavior is due to lhe variation in too! n<>sc shape. Aflcr a certain levei uf 
chipping, thc toolnose shapc may become similar lo lhe original shape <md so, roughness approximatcs 
thc values obtained with the fresh too I. Of coursc. when this occurs the position o f thc tool nose is not 
thc ~ame and. conscquently, thc workpiece dimcnsion is far from the original onc. as can be sccn in 
Fig. 6. After that. thc chipping proccss continues and roughness oncc again increases. 
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Fig. 7 Workplece Surface Roughness Versus Cuttlng Length ·Cera mie Tool • Yc = 108 mlmin 

The variation in rougbness bclwcen the threc positions is not as vil.ible as wbcn lhe PCBN too] is 
uscd. Up to Lc = 2500 m, the smallcst value of roughness is found al position I and the largest at 
position 3, but after this point it behaves at random. This may have occurrcd due lu the greatcr 
instability of the lool uosc. sincc lhe ceramic lool chips more lhan PCBN (PCBN tool wear is higher 
than the cerarnic). Thcrcfore, lhe roughncss behavior of the workpiecc machined with a ccramic lool i& 
Stmilar 10 lhat machmcd wilh a PCBN tool up to a certain levei of wear. where lhe chipping levei is still 
low. After this poim, the increase in chipping causes surface roughncss to behave at random. 

Again in this cose, the surfacc roughness obtaincd was wühin thc range of thosc lypical of grinding 
operations. 

Figure g ~hows the avcragc workpiecc roughness (R") machined with fre~h lools for ali the 
experimcnts done at diffcrcnt cutting speeds. Again. uo straight forward rclationship betwccn R, and 
cutting speed can bc sccn. 
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Fig. 8 Surface Roughness (R0 ) versus CuHing Speed • Long Workpieces • Ceramlc Tools 

Another inleresting point to bc notcd is that . in contras! to what happcned al v, = I 08 m/min (showu 
in Pig. 7), for thc othcr c utting spccd~. lhe di ffcrcncc between roughne!iS at thc three posilions wa::. 
largcr. This can bc cxplained by lhe fact that, besidcs lhe greater rigidity of position I previously cilcd , 
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tool wear during lhe cutting betwccn posHion~ I and 2 and posi tions 2 and 3 is what caused the 
roughnt:,s incrcase greatly h~.:twcco. these positions. At v, == 108 m/min, lhe ccranúc tool did nol wear as 
qurckly and, lherefore. thc difference in roughncss between the thrcc positions was nol as high. 

Whcn comparing Pig. 5 with Fig. 8, il can bc sccn that the cermnic too! usually gencratcd a lower 
roughncss value than lhe PCBN tool. Thi~> fuct probably occurrcd duc to the cutling edgc finishing. H 
wa:. not possible lo maintain a high qualily in thc sharpening and rc~harpening of lhe PCBN c utting 
cdgcs. 0 Lherwisc. thc ceramic c utting cdgc:. were not ·harpcncd. becau~e the inserts were used as 
reccived from thc supplier and whcn they were wom. thcy were di~carded. This fact made thc quality of 
Lhe cera mie tool tlank and rake faces much bcuer than that of the PCBN inserts. 

Results Obtained For Short Workpieces 
When shon workpic..:cs were lumed, only ccramic toob wcrc uscd because lhey showcd longer lool 

livc~ than PCBN in the tcsts with long workpicccs. Here, not only triangular inserts wcrc uscel . bm also 
squarc. because Lhe triangular inseris had chipped several times in the experimcnts with long 
wor~picces. Therefore. wrLh the larger includcd plan angle of a squarc too!. the tool nosc was supposed 
to be more rcsistant and. thus, to chip less frequently. Bccause of this. the cutting edge angle dccrcased 
(in the triangular tool it was 90°, whilc in rhe ~quare Lool it was 7511

) and, consequently, the radial force 
may have incrcased, which may havc ncgativcly affc.cted the workpiece surface finish and tolcrances. 
tluc to deflec tion of thc workpiece. Howcvcr , bccause lhe workpiccc is shorler, it is more rigid anel , so ir 
is bclieved that this growth of radial force may not have negativcly influenced the workpiecc quality. 

Figure 9 show~; thc variation in diamclcr when short workpicccs were tumed. Only lhe Figure 
rdatcd to the expenmcnt at v, = 130 m/min is shown, because both insere shapes wcrc tcsted at this 
cuuing speed. However. tht: results at v, = 108m/minare similar. Agam. thc ' 'alues uf cir<;ularity errors 
will not be analyzcd duc to the sarne rcasons cited before. 1l can be seen Lhat aftcr the firM workpiece 
(aftc r the machining o f thi~; workpiccc, the tool position was corrected), lhe variation in eliamctcr was 
vcry low, and il was possible to maintarn lhe iolerances wilhin thc fT5 range ( 13 j.Un) for both inscrt 
~hapcs. At the end uf thc tool life lhe workpiccc diameter incrcascd slightly for bolh triangu lar and 
squan:: inserts but even in this case the diarnetcrs wcre within that tolcrance range. T hercforc, the tool 
wcar anel chipping thal occurreel during the 10ol life werc not greal enough to negatively inllucnce the 
workpiece dimensiou. 
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figure 10 shows surface roughncs!> behavior versus cutúng length (Lc) for both squarc and 
triangular inserts. ln lhis figure it can be seen that roughncss continued to vary during too! lifc. but still 
within lhe typical range of roughness for thc grinding operation. Thc squarc insert. which was supposed 
to be more rcsistant to chipping and brcakage. showed the sarne bchavior as the ceramic insert. i.e., 
roughness varied duc to edge chipping. ln olhcr words, due to irregular chipping of the too! edge, 
somctimcs lhe tool nose shape diffcred from the original one and lhe roughness increased and at other 
times thc shape was s imilar to thc original one and the rougbncss dccrcased. After a period of cutting. 
edgc chipping is so high that the too! must be replaced dueto thc high degree of workpiece roughncss. 
ln addition. if the operation continues aflcr this point, the edge can brcak orr, which brings undesirablc 
conscqucnces to the process. But onc point that is intcrcsting to note, not observed whcn long 
workpicces were machincd with ceramic tools, is that the growth of surfacc roughness was not 
accompanied by an increase of workpiccc dimensioo (Fig. 9). Thcrefore, the size of the particlcs los! 
due to the chippiog. was not big enough to negativcly affect Lhe diameter of thc workpicce. but did 
affect surfacc roughness. 
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Fig. 10 Surface Roughness (R.) versus Cutting length for Ceramic Tools ·v<= 108 m/min 

Thereforc. it can be concluded that. at lcast for :;hort workpieces. thc hardcocd steel tuming process 
is ablc to achieve a dimensional and surfacc quality typical of that of thc grinding process, eveo whco 
the machioc used is a lathe of convcntional design (no hydrostatic bcarings and slideways). It is worth 
rcmcmbcring lhat, for long workpicccs, thc sarne quality was not obtaincd dueto specific factors rclatcd 
to the machine used (núsalignment of chuck and tailstock center tine) and to errors during the 
machining of the centcr boles. Thcsc factors are oot dircctly related to the turning proccss so it can not 
be said lhat thc tunúng process if. unablc to acllicvc sufficient quality, evcn with long workpieces. 

Cutting speed did not significantly inlluence workpiece roughncss when Lhe speed was changcd 
from I 08 to 130 m/ mio. with triangular cera mie inseri, as can bc sccn in Fig. 11 . Changing the cntcring 
anglc from 90° (triangular inscrt) to 75° (square insert) did not have a substantial influcnce on the 
roughnes~ values e ithcr. lt cao be ~een in the figure that roughness dropped by around 10% when lhe 
triangular iosett was replaced by Lhe squarc ooc. which is not to much, sincc roughncss values regularly 
presem a high scatter. Ba. ed on lhis, it cao be concluded that lhe supposcd increase in radial force duc 
to thc dccrcase in cutting edge anglc. did not cau.'e lhe system vibration to increa~e and, thus. did not 
cause an increase in workpiece roughncss. 
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Fig. 11 lnítíal Values of Surface Roughness for Oifferent Cutlíng Speeds 

Comp<~ring rig. I J with Fig. X. it c<~n hc sccn thm lhere was not a hig diiTcrcncc between the inilial 
roughne:-.s valuc~ for long and short workpiccc;. ror cither v, = 130 m/mm or v, = 108 rn/min (for 
tnangular inscrth, of coursc. bccausc only thcsc wcrc uscd in both workpieces). Thc only cxception wa,, 
position J of the long workpicce. where lhe tool wcar cffcct was added to thc Jack ol rigidity of the 
chuck. The rigidity of Lhe long workpiccc clo;.e: w Lhe: tailstock anel in the middk wa~ vcry high, similar 
lo that obtaincd wilh short workpieccs. sincc the roughne,\S valut!.\ obtaincd wcrc alhO himilar. 

Conclusions 
• lt wa~> difficult w maintain tightcr tolcranccs than ISO 11'6 during thc machúüng of long 

worl..piecc)o,, duc to thc rmsahgnmenl of lhe machinc and to the machining of thc ccnter holes, 
rc~ulting in workpiccc conicily: 

• ln short workpieces it was possiblc to maintain the ISO IT5 tolcrance during thc wholc tool 
lil'c; 

• Surl'acc roughness behavior throughnut thc tool life was unstablc, but wa!. always below lhe 
v~tluc considcrcd the limit for grinding npcrations (R,< 0,6 pm): 

• For lnng workpteces lhe position clo~>c to the chuck was the onc thal showed rhe highest 
roughnes,, valuc; 

• PCBN tools showed highcr l>urfacc roughness \alues than ccramic wob. 
• Ncithcr cuning ~peed nor cuuing cdgc angle substantially inllucnccd roughness \alues: 
• Thc turning process is ablc lo rcplace gnnding in hardcncd stcel finishing operations. 

particularly for short worl..piecc)o,. lt ts ablc to achieve ~urface and dtmcnsional quality similar 
to that of lhe grinding operation, cven whcn lhe machinc used ha~ a convcnt.ional mechanical 
design. 
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Abstract 
Dt•t•p drah'lll~ fii'IIC<''-'''' lllll'<' 1111 impm111111 mh• 111 llltlllll{iwllu-ing. ma111/y 111 the wr/1111111111 , . uulu.1tr;>. !1re IIJCn•willg 

Clllllflt'IOi<m r<·qwrt'\ tl11o de:.1g11 and mmm(tiUIII'I 11/ tire.\ l>eJa.vt mui II'Ítlwut t •non. New {im11.1 lu ""'·e/op the âre,\ 

hal'l' ln.'t'll ll.ll•d. Tlw /inir,• '''""'<'"' merlwd lw.1 ht•lilt'd <'llgineer.~ 111 redun· ermr.1 du1111g dit• de,·elofiuu·m /11 thi.1 
!'a!'<' I mi r/asto fllmtic l'lenwnl 11'11.1' 1/S(•t/ 111 IÍIItllillte tlll' l'l'limlrical de<! fi drtlll'lllg o/ Wl ,\ /-INT f{)()ó VIee:l r "fJ· The 

SÍIIIIIIatit!ll nuu/(• fWS.Iihle the detem1111Ufion <!(r h e .ftlf'l'es. rhickness mui r·in ·wi!J'r:renrwl simiw II<'IIITÍng duri11g lhe 
lfpep dmll'lll!i pror·I'.IS. ll'hil'h 11'1!1'1' t'IJIII(I(Ir<'d ''' (' IJI<'I'IIIII'IIIttl results. 

1\eyword.v: l>t'<'l' l>ra11 ing. 1-'inite F:h-'111<'111.1. 

Introdução 

A e~tampagcm profunda tem por finalidade a fabricação de peça~ a part1r de chapas planas. Este 
processo tem como um dos seus maiore:-. u'uárim. a indústria automobilí~tica cm lJUC a compeLi ti\ idade 
e.\btentc tem provocado grande~ tran~fonnaçõc' na fonna de execução dolo. proJt:IO), dos fcrramentais 
para a redução de tempo e cu~lo dc~tc dc,cnvohimento. 

A complexidade da transfom1açào da forma durame o processo. o grande número de variáveis 
envolvidas, t·omo velocidade do equipamento, rigidez das matritcs c o atrito durante o processo. 
limitam :1 aplica<,:tio de métodos analíticos. pois a capacidade de relacionar muitas variáveis é li mitada 
nesses mt!tOdos (Bathc, 1982; Cook et ai.. 19X9). 

Com o aumento na velocidade de proces:-.amcnto c m1 capacidade dos computadores. a possibilidade 
de rclac1onar um grande número de vnriávcis vem ampliando o campo de utilização de método:-. 
numérico1>. principalmeme o Método do~ Elcmemo:-. Finitos (MEF). para a simulação de processos de 
confom1a<,:àn (Rowc ct ai., 1991), induindo o:-. de estampagem profunda {Chou e Pan, 1994: Gonticr. 
1994: Ked. et ai .. 1990 c Lcc ct ai. 1989). 

Neste trabalho foi realizada a sunulação. empregando-se o programa comercial ANSYS 5.01\ 
(.1\n'iys. 1993>. do proce~o;o de cmbuumt:nto de copo cilíndrico de aço ABNT 1006 classe EEP. com o 
objetivo de prever as defonnaçf>es atuantes na conformação ante~ da construção das ferramentas. Esla 
simula~·ão utili:rou elementos de fonnulação clasto-plástica axis~imétrica para a discrc:ti1.açào da chapa 
que será t:mhullda. c para o contato enln.: a .:hapa c a ferran1enta, utili7ou-sc clcmemo!> que simulam o 
atrito segundo a lei de Coulomb e ~om o:-. tluai~ foi possível verificar a influência do coeficiente de 
atrito sobre as deformaçf>es. 

Utili7ou-sc o moJe lo de material denominado multilincar 1sotrópico, de:-.prc.-.ando-sc o efei to da 
anisotr~lpia sobre a:. propriedades d..: estampagem (Borsl e Feenstra. 1990. Oi\ate e Zienkiewicz .. 1983 e 
Darendt:lih.:r c 1\lum. 1996). 

Para a solu~·ão do sistema de equaçf>cs f'oi empregado o método iteratn·1, de Newton-Raphson. um 
dos ma1s utilitados p<~ra a solução de problcm:1s que apresentam não-linearidade (13athc. 1982). 

1\ validação da simulação foi feita pel:1 comparação de seus re:.uhados com os de eni>aio' 
experimcmais nol> quai~o efetuou-se o cmbutimento de wpo:-.. mcdiudo-:-e a força de cmbut.imento. a 
deformação da cspc1>5Ura e a defonnação circunferencial. 

Processo de Estampagem Profunda de Peças Cilíndricas 
O procc:-.so de estampagem profund~• submct..: a chapa plana a um estado complexo de tensões c 

deformações que a lteram sua espessura durante o prm:c,so. O estado lfpico de tcnsão varia conforme a 

Manuscnpl rece1ved· August 1997; revrs1on receiVed: July 1998. Techmcal Edítor: Leonardo Goldstein Jr. 
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ptl"ção da reurada do elemento de análi~e na peça q ue cst<Í sendo confonnada. Para peças cilíndricas 
exi~tem trê:. dtfcrcnte~ e:-.tados de ten:.iío: um na flange, um na lateral c um no fundo do copo. como 
pode \Cr nst11 na Fig. I . 
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Fig. 1 Estado de deformações atuantes no copo durante o embutimento profundo (Bresciani et ai., 1997) 

As 'ariações de espessura devida a c:-.~e\ eMados de tensão fazem mm que a parede do copo tique 
com o aspecto mostrado na Fig. 2. 

I 

J 

Espessura da 
Borda do Copo 

1 jr Espessura Inicial 

/ {-- Redução I 
-· - Redução 2 

Fig. 2 Variação da espessura ao longo do copo embutido (Stater, 19n) 

Quando as variações de espessura na n:clução I são muito intensas ocorre a ruptura do fundo do 
copo. que é a principal causa de falha de processo no embutimento cilíndrico. 

O grande número de variáveis existente$ no proces~>o inviabiliza que um modelo analítico tenha 
condições de detem1inar precisamente as variaç<1es de espessura c sua distribuição, principalmente as 
duas rcduçõe:-. úe espessura na região de curvatura do fu ndo do copo ( Mahdavian e Hc, 1995). 

Método dos Elementos Finitos. 

Elemento para grandes deformações 

Em proces1.os de conformação plibtica, o material que está ~>endo conformado passa por grandes 
defonnaçõcs. lsto faz com que os elemento~ que são utilizados para modelar estes problemas, tenham a 
capacidade ele suportar grandes defom1açôes. 

Para a modelagem da chapa a ser embutida será utilizado o elemento VISC0106. Este elemento 
possui a formulação para trabalhar com grandes deformações, apresenta volume constante durante o 
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processamento c pode ~er v iscoplií~>tico (os estorços dependem da taxa de deformação) ou então elasto­
plástico (os esforço~ não dependem da taxa de deformação). e~>tc elemento apresenta 4 nós c 3 graus de 
liberdade por nó (deslocamentos nas direçõe~> X. Y. Z). 

O conceito teórico básico deste tipo de ekmento é Lagrangeano, as deformações são logaritmicas 
(ou de Hcncky) e as tensões são 11s verdadeiras (ou de Cauchy). 

O material utilizado nas modelagens com este tipo de e lemento deve ser isotrópico e as 
dcformaçõe~ elásticas devem ser desprezíveis em comparação ~' defonnaçôe.s plásticas. 

Por suas características, este elemento po,sui fonnulaçào altamente não-linear, u que toma 
necessiírio trabalhar com o Método de Ncw10n-Raph~on. 

Y ou Axial / /s 

t 
..... / ' 

"""-... K ""' / L)\(/ J 

I X ou Radial ~I / y 
Fig. 3 Elemento VlSC0106 

Elementos de Contato 

Os elementos de contalO descrevem basicamente duas condições: 
• Aberto. ou seja. não ocorre o contato ou 
• Fechado, ocorre o contato. 
Pam a modelagem será utilizado o elemento de contato com 3 nós chamntlo CONTAC48. Nesse 

e lemenlo. pnra que seja estabelecido o contato, o nó que está na superfície de saída (nó K) deve 
penetrar na linha definida pelos nós na superfície "alvo" (nós 1 c J). como mostrado na Fig. 4. Esse tipo 
de definição de contato é denominado algoritmo "Pinball' '. 

i 
Y (ou Axial) 

X (ou Radial) 
~ 

Superfície de Saída 

.....•....•

... ········~··,····"·······,, ··· ... 
·············· .. 

....... !I ······· .. 
..... ··················· ..,. s ··························· .. 

J 

Superfície "Alvo" 

Fig.4 Elemento de contato- CONTAC48 
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Apó~ assumir o contato, começa a ocorrer a transmissão da força entre as duas superfícies. Este 
elemento utiliza o modelo de atrito de Coulomb. 

Modelo de Elementos Finitos 
Para a modelagem do cmbutimenlO profundo foi discretizado o ferramental mostrado na Fig. 5 com 

um ''blank'' de diâmetro igual a 10 l ,28 mm e espessura igual a 1.0 mm. Esse é o ferramental utilizado 
para o ensaio de Swift, que determina o máximo diâmetro de disco que pode ser embutido cm relação 
ao diâmdro do punção (Dieter. 1984 ). 

J 
50 

R6,36 
1 .... 

0 52,5 

+--
Fig. 5 Ferrametal utilizado na simulação 

Pan1 a modelagem do ferramental utilizou-se o elemento chamado PLANE 42. que possui dois 
graus de liberdade por nó e características axissimétricas: para modelagem da chapa foi utilizado o 
elemento V!SC0106 (Ansys. 1993) 

A composição química e as características mecânicas do aço ABNT 1006- EEP. utilizado na parte 
experimental c na simulação, estão relacionadas nas Tabelas 1 e 2, respectivamente 

Tabela 1 Composição química do aço ABNT 1006 EEP 

Elemento Químico Teor 

Carbono 0.051 

Silício 0,001 

Enxofre 0,024 

Manganês 0,320 

Fósforo 0.014 

Alumínio 0,062 

Tabela 2 Resultados obtidos no ensaio de tração 

Corpo o-u Desvio o-, Desvio Alongamento Desvio Alongamento Desvio 

de Prova [' J [MPaj Padrão [MPa] Padrão Uniforme (%) Padrão Total (%) Padrão 

o 153,00 16,81 300,00 29,19 24,60 1,35 42,00 1,15 
90 150,00 16,32 289.00 38.92 23.40 2.17 42,00 1.34 

Partindo-se dos resultados obtidos no ensaio de tração, foi levamada a curva tensão verdadeira por 
deformação verdadeira. através do Método dos Mínimos Quadrados. 



359 J. of the Braz. Soe. Mechanical Sciences · Vot. 21 , June 1999 

Tabela 3 Índices para a curva real ( o = K.t:") 

Corpo de Prova ['] 

o 
90 

K [MPa] 

510,10 

472,08 

Coeficiente de Encruamento (n) 

0,22 

0,21 

Os índices de anisotropia planar e normal foram determinados utili z.ando-:-.c corpos de prova 
retirados a 0'', 45'' c 90'' em relação ao sentido de laminação, conforme Tabe la 4. 

Tabela 4 Razão de deformação plástica 

Corpo de Prova R Desvio Padrão 
o• 2,15 0,07 

45° 1,54 0.10 
90° 2,47 0,07 

Com os dado~ acima encontram-se os índice~ de anisotropia nonnal e o índice de anisotropia 
planar: 

R = 1.93 

M =0.77 

Os valores encontrados de índices de anisotropia são típicos de aços aplicados a estampagem 
profunda .. garantindo bons limite.<> de cmbutimento. 

O tipo de elemento utili.~:ado na simulação da chapa, como dito antt:riormente. admite somente a 
modelagem de material isotrópico: dessa forma utilizou-se os valores da curva de escoamento obtida 
na direção paralela à dircção de laminação para con~trução do modelo multi linear (Tabela 5). O ponto 
inicial da t.:u rva corrc~ponde à deformação c tensão iguais a zero. 

Tabela 5 Relação de pontos para a montagem da curva tensão x deformação multilinear 

Ponto Deformação Tensão [MPa] 

1 3,96x10"' 82,00 

2 2.00x10 • 127.03 

3 1,00x10"2 181.0S 

4 2,00x1 0'' 212,61 

5 4.00x10 ? 248,27 

6 7,00x10 2 281.38 

7 12,00x1o·• 317,44 

8 18,00x1o·:> 347,58 

9 27,70x10 2 382,96 

Foram adotados dois carregamentos diferentes para a simulação do processo: 

I. Deslocamento de 26 mm do punção, para a geraçãu do copo, I mm de deslocamento de 
aproximação c 25 mm de contato cfctivo. 

2. Pressão do prensa-chapa de 2.07 MPa, constame durante durante a descida do punção. 
Como condições de contorno foram impedidos os deslocamentos nodais do punção e do prensa­

chapa na direção do eixo X c da matri7 na direção dos eixos X c Y. 
Foram reali/.adas simulações com quatro coeficientes diferentes de atrito (0: 0,05: 0,1 O e 0,15) a fim 

de verificar sua innuê ncia sobre os esforços, as deformações e a variação dtt espessura (Scbey, 19R3). 

Apresentação e Análise dos Resultados 
A l'igura 6 apresenta o modelo de elementos finitos, após a conformação, com deslocamento de 26 

mm. Como se pode observar na Fig. 2, a partir dos resultados da simulação, a espessura apresentou 
dua<> reduções ao longo do raio, provocadas pela mudança no ~entido das tensões. conforme Guo ct ai. 
(1990). 
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Fig. 6 Modelo de elementos finitos deformado 

Como pode ser obser.ado na Fig. 7. a simulação do processo cumprovou o comportamento da 
espessura do copo embutido. O fundo do copo apresentou deformação constante: a redução 2. uma 
deformação acentuada, seguida de um aumento de espessura: a redução I. ruptura, quando os limites de 
embutimento ~ão ultrapassados. e aumento contínun da espessura até a borda do copo. Também pode 
ser visto que a deformação da espessura cn:~ceu com o aumento do coeiiciente de atrito. 
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~ 0,05 
& ., 
w 
.g 0,00 
o 
"" 
1-o,os 
Q; 
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• a* x -----:. X X 
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60 

Fig. 7 Simulação da deformação na espessura para o ~blank" de diâmetro 101 ,28 mm, em função da 
posição radial 

A Figura 8 apresema as defonnaçõcs circunfcrenciais encontradas para o~ vários coeficientes de 
atrito utilizados na simulação. Com o aumento do atrito ocorre uma pequena redução na deformação 
circunferencial provocada no [i11aJ da chapa pelo aumento da deformação da espcs~ura. 
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Fig. 8 Simulaçao da deformação circunferencial para o " blank" de diâmetro 101 ,28 mm, em funçao da 
posição radial 

Para validação ela simulação foram realizado~ ensaio:. de embutimcnto com o material modelado em 
uma máquina de en~aio Roei & Korthau:. KG - Mod. BP 612. com o ferramental mostrado na Fig. 5 
( Borwlu~s • . 1996). Foram reahndos três embutimentos de di!>cos com diâmetro de 101 ,28 mm 
utilitando como lubrilicante uma pasta de bis~ulfeto de molibdénio :>Obre a superfície destes di!-.co~. 

A defom1ação na espessura foi obtida medindo-se oito pontos diferentes ao longo de um ·'gnd'' de 
circunferências concêntricas que variavam cm 5 mm no diâmetro de uma para outra em três copos 
embutido:., tendo-se assim 24 pontos em cada diâmetro de circunferêm:ia do "grid' '. 

A Figura 9 apresenta o:. resultados experimentai~ para a defonnaçàn da espessura juntamente com 
o~ resultados do modelo matemático obtidos com coel'icientc de atrito igual a 0.15. 
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Fig. 9 Resultados experimentais e de simulação com coeficiente de atrito igual a O, 15 para a deformação 
da espessura do disco de diâmetro 101,28 mm, em função da posição radial 

Ob~erva-se que para a redução l. onde ocorre a fratura por excesso de deformação. os valores 
obtidos no modelo foram menores que nos experimentos e o contrário é observado na redução 2. Já o 
aumento da espessura na borda do copo para o modelo foi maior que o obtido nos experimentos. Essas 
diferenças podem ser explicad<ls pela inlluência da anisotropia do material. observada nos experimentos 
pela formação de orelhas. Outro falor é a variação das condições de lubriticação ao longo do processo. 
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variando o coeficiente de atrito nas diferentes regiões da fen·ameota. principalmente nos raios. condil,:ão 
que não é considerada no modelo, pois adotou-se um coeficiente de atrito constante. 

A utilização de um alto valor de 1igide7 para a modelagem do contato, em sistema inicialmente com 
baixa rigidez c a condição de deslocamento imposto em todos os nós do punção, deixando totalmente 
rígido, também contribuíram para as diferenças observadas. 

Na Figura 10 apresenta-se os resultados experimentais e do modelo matemático para a deformação 
circunferencial, utilizando-se coeficiente de atrito igual a O, 15. 
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Fig. 10 Resultados experimentais e de simulação com coeficiente de atrito igual a 0,15 para a 
deformação circunferencial do disco de diâmetro 101,28 mm, em função da posição radial 

Observa-se que a deformação circunferencial é pouco influenciada pelas condições de atrito e pela 
resistência mecânica da chapa. Essa deformação é importante para a verificação geométrica do copo 
embutido, pois variações nos diâmetros das circunferências do ''grid'' na região da parede do copo, 
independentemente do diâmeu·o inicial do disco, indicam que estiio ocorrendo deformações excessivas 
11a ferramenta ou que o valor da folga entre a matriz e o punção está inadcq1wdo. 

A utilização de modelo axissimétrico e o emprego de um modelo de material isolrópico eliminou a 
possibilidade de verificação da formação das orelhas que ocorre dmante a estampagem devido a 
aoisotropia planar da chapa metálica, observada.~ nos ensaios pela alteração da geometria das 
circunferências do ·'grid". causando um aumento do desvio padrão na região da tlange c, 
conseqüentemente, a diferença observada em relação aos resultados da simulação. 

A força de embutimento enconrrada no modelo de simulação empregando-se um coeficiente de 
atrito de O, 15, foi de 44753 N, sendo que experimentalmente foi encontrada uma força média igual a 
50333 N com um desvio padrão de 1154 N. Utilizou-se uma célula de carga com capacidade nominal de 
120000 N. A diferença média de 10% encontrada entre os resultados do modelo e os experimentais 
pode ser considerada satisfatória, considerando as diversas hipóteses simplificadoras assumidas na 
simulação. 

Conclusões 
A aplicação do mé.todo do!; elemenlO:- finito!'. para análise do processo de estampagem apresentou­

se viável para a determinação das defomtações na chapa embutida. pois permitiu verilicar o 
compottamento das deformações com o aumento do atrito c determinar os valores atin~:,ridos nas 
reduções I c 2, próximas do fundo do copo. 

As diferenças observada:, enu·e os resultados do modelo matemático e os experimentos devem-se 
principalmente aos seguintes fatores: 

• Aplicação de um material isou·ópico no modelo, que despreza o aumento da resistência ao 
esti.ramento que OCOITe devido a anisotropia da chapa: 
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• Variaçõe.\ que ocorrem dur[mtc o processamento no coeficiente de atrito devido a alterações na 
camada clt! lubrificante. que vão desde a lubrificação hidrodinâmica em algumas condições, a 
atrito seco cm outras posições da fcrramcnta. principalmente no raio da maLrit.. No modelo 
essas variações não são considerada~: 

• U:.o de um modelo axi1osimétrico reduz consideravelmente o tempo de processamento ma~ 
dificulta a tnterpretação do~ resultado;,, c limita o tipo de produto embutido que pode ~er 
modelado: 

• Dificuldade de definir-se valores adequados para o número dc e lementos de contato, para a 
rigidcL imposta a esses elementos c, fin almente, para o próprio coeficiente de atrito. 
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.l,l'.lll'm lw., ht't'll fu/11' tl/lfí/ellll'llll'll in li '" 11 ,1/'ll/ cllrhmtfihl'r pm/0/_\f>l' 11 itlt mti.l}tl/'1111:\' t•er:{llt'IIUIIII't' mui Cllfl ht• 
t'll.lily lrtiiiSiall'tilo olhe r 1,\'fi<'S of elecrrit:ul \'eh ides. 
Keyword.ç:Solar Car. /;/et'lril· \leltide. Contm/ Oriw•. 

Nenehev, D.N., Yoshida, K. and Uehiyama, M., 1999, "Reaction Null Spaee Control of 
Free-Fioating and Elastie Base Robots Abstraet", J. of the Braz. Soe. Meehanlcal 
Seienees, Vol. 21 , No. 2, pp. 175-184. 
7'he eqluJrimt.~ 1!{ morion '!f lwth free-j11'ing wul e/tl.lfit· htl,l'l ' rohms lw1·1· 11 <tmilar .l'frllt /III'''· Panicularly. we .1IIm r 
that a .HH alled menia nn1Jtlmg matri.1 Jllm,, a 1ignijiumr mil' for the dwumucs. ll't• tlt•m ·t• llt'Ce.uary l'nnditions fm 
riu· l'\iSU'/11 '1' o{ tht• mtll IJHII <' oftltis 1/Wiru. 71w uult 1/111('(' aim.1 in dt•coupling lll<IIIIJIIIIator 11111111111\ Jrom ba;e 
111111ion. Decmtpling 1/Jl'W/\ 111111 fr/\1 mothm' t'WI l>e per{imned ll'ilittJIII tli.lturbing rhe lmse. Also, i:f.lil'l l!/11 inertirtl 
1'11/lfJimg can he tll'hie,·ed. whiclt i.1 ltl'it>litl./in· I'CJIIII'IIlling base 11/0IÍIIIIIi!l'llltgh 11/atlipllla/llr- iodtu:ed reaclio11s. 
l\eyword.1·: Reouion Nu// Stwce Ctmtrol. Rolto1s 

Jardim, C. M. and Yoneyama, T., 1999, "lntegrated Design of Flight/Propulsion Control 
Systems for Helieopters Using IJ,-Synthesis", J. of the Braz. Soe. Meehanical Seiences, 
Vol. 21 , No. 2, pp. 185-199. 
I fri, •mrk t'llll< em r the llflf>IIWIIOI! nf.u- 1 mtht•lis 111 ti! e intt·~mfnl tlt••ilill o{ li jliglu/propulsitm com m/ 'n1em for 11 

/\pica/ hi.t:h pt•rf(rmumet• lin,t:lt•-main -ratm helicopter. ln m·tler to unprm·e tht• handlmg qualirieç. tltt• nmtmllers trrt' 

tlt'si~netl 111 yit'ld acctmllt' nmtml of ••errintl 1 t'lociry. \ 'IIII mte. pitdt wul m/1 auirwle. Multmrriable mlltl.\1 nmtml 
!III'OIT i .1 rt'tJIIirr•tl i11 t·iew •!( lhe tJresellt'l' lltm·nwdellt•d rotor tl,l'lllllltir 1 mui parmll<'ler 111/Ct'l'fllitlfy as we/1 us 
t'.\'f1Kt'l1nll.f rfi,rurhwiCt' ~ 111C'it as wi11d gusls. Pc•J:fimnl/1/l'l' mut swbilifl• rests ar/' c·m·rird ou/ !Jorh i11 fn•quency­
dollwin and ttmt•-domllin. 111C' l 'ltd resulr i.~ a(1igiltltlmpu/limt t'tmlrol \\'lft'm tirar i.1· '1uhle. robust mulensures gnod 
< lowd /oop 1ratl..m~. di,turh<llln' rcjec1um mui tleCIJLif>lin~ Jll'llfii'I7Íel. 
Keyworc/.1: 1/dicopl<'r. Rohttl/ Comml. Mu/IÍI'(trlable. tt ·S\Itthevi.l. 

Veras, C. A. G., Carvalho Jr., J. A. and Saatamoinen, J., 1999, "The lnfluenee of Gas 
Pressure on Single Solid Fuel Combustion", J. of the Braz. Soe. Meehanieal Seiences, 
Vol. 21 , No. 2, pp. 200-21 O. 
A mfldel dt•Stglled .fin· 1/w t>rl'dit·lion a.Jiwlll wul 11/ll.l{ /l'tlll.~fá e,/JI'c/.1 in lfw howulwy ltn·er t!t' 11 reacting ··rwl 
/lllf'lit'ie \i 'IIS e 1/el/ded 111 ww/1·~e tllt' rn•nd.1 11.1 tlw pres.111re is intn•asetl ll'e/1 ahlll'<' tllmospheric ('tmdirions. /'hc 
orulmion t~f' t•olcllilt' ·'l"'t'ie.~ in tlw holltulury luyer is l>t"<'d 1111 1.1 fll'O ,\'11'1' mn-lumi,\'111 ll'here tlte dt•J>l'llllt'IICe of 1/w 
}1<1111<' spel'tl n11 prl'>SIII'I' ;_,. accowuetl.for. Tht• mndl'i ll'tll a/1/e to JHirllc/e lempem/111'<' 111 a hroud range of .r:m 
('tllllpo.\1/ÍIIII mulpreuurt• til 11 d/ <1sjut'l 1.\fll'. 
h'eywords: Coa/ Comlm.\lion, Clwr Comh1111um, Pn•,suri~eú Coml>u,·tum. Comhwtion Modelmg. 

Parise, J. A. R. and Saboya, F. E. M-, 1999, "Transport Coeffieients for Developing 
Laminar Flow in lsoseeles Triangular Duets", J. of the Braz. Soe. Meehanical Seienees, 
Vol. 21 , No. 2, pp. 211 -221 . 
F.xperimems ll'ere Jlt'rfcmned 111 delermi11e m·erallltecll 111111.1./á C()(j'{ic·u•Jifs in tlte llwwwr emraiiCI' Yl'.l{/1111 <!!' 30. -15, 
60 wtd f.J() degrees i.l·osr·,·h·s triangular dut·ts. 'f'he re.l'lllt., u·ere obroit11•1i hy tlf'p/icmioll o( rlw rmalo~:y ht'IH'I'I'II ftt•ttl 
ond ma.1'.1 tmlll/i•r in nmjlltli 'IÍtlll H'Íth riu• 1/llf>hrlw/ene sultlim,uum rel'llltllfiW. /11 at'l'tJI'tftmt·e "i III t/1(' mwlog\', rhe 
e.\flt'I'ÍIIU'IIIal t'lllltlirimM l'imttlatt'd a lu·at rm n.1(ér 'iflmlioll 1/wractl'r i~l·tf /•1 .limul!tllll'"" ' Jndopm,r: o/ n ·/on/_1 mui 
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lt'lltpc•ralttre }il•ltl ' in au i.III.I C'I' I e.s 1riaugulor duu wlllt i~t~tlwmwl lulc•ml 11'11//1 tllltl ttdial>ai ÍI' lmse. Tlw 
nu·omreme/11' 11'<'1'<' pet}ilmll'd fi•r Re\uoftJ., lutml>en nmgin~ }imu IIKJ 111 IXOO wul 11 tltt<i !t•nglh 111 ily1lraulw 
dwmt>ler mw• .from :! w -#J. lu 1/us 111111111<'1'. '' ltmg rangt• oj 1he tlimc•uliolllt·." s1rcamu i.\l' t'oordillalc' l'lllut's "'"' 
t'lll'c•red. i11dudutx lhe m•tgltlmrlwotl o( c'll lmm·l· re~ion. Cun·e~/illmg t'IJllaflons III' te• prcultuw l, pr111 iding lhe 
Shn wood ll ltlllli<'l as 11 j iule'/ÍIIII '!f 1/te Cmt'l:. 1111111f>er. F..III'II.I'Í/111 1!( lhe n•.wils{or ollll'r ape.l' tmg les. 11 i1h111 lhe 20-
/00 dt•grel!' rtlll,t/1'. 11'1/S ulso l "'' si/Jie. 
\\'ilh lhe aua/oJ:_\ 1><'1" 1'1'11 lwalwul /IIli.\,\ lrttii.I/Í'r. similar corrt'llllwll.l ... ,.,. ,,,.,, itll!d ./iii' 1h1• l'tJI'I'<'.'f"JIItilllg Nu\.H'il 
numhc•r. f'lu· lnangular dtt< 1 gt•ometl') fitu/, tlf'f'licatum m lllt' clllllll<lt'l lll'nl e\< ltang.-r tJ,.,;~, .111111 "' 1olw 
c ·olll'lton "ttlt trinm:ul111 nll'lllt'' for tltrcTIIIII' iWtllill,~. 
Keywords · llt'tll wul M a,,,. /'rw1.1{a 1\ua/og,\ . /) 11c1 Fiou•, l .1111111wr Enlrmt/'1' l?cgion. 

Bortolus, M. V. and Giovannini, A., 1999, "Heat Transfer in Complex Turbulent Flow: 
Wall funetions and Sensibility to lnlet Conditions", J. of the Braz. Soe. Meehanieal 
Seienees, Vol. 21 , No. 2, pp. 222-232 (ln Portuguese). 
l'inl. d({(l•ri•ll/ ll'afl lrealnwnl.\ lmsed iu 11'1111/lllll' l irm.l' l ll't' l l'.\'led log<' lhN II'Íih 1i1e Slundurtl 1.. · r ltirlmlence llll>del. 
Thc•se m01ids are le~lnl iu 1/w l'liS<' of •mlllw(ll l rwt.•/t•r fll'<•tfi l'l i<m in < tll llfllt•r w rllllleul /1nu. Tlte11. t lte H'nsibili t\' o) 
1/u•sl' nwt/1'11 111 miei condillll/1\ ar.- tnwl\' lt'ti VariaiÍ/1111 i11 li!C' Nllllt'i/ cll\lriblllitm 1l11e to Rt'\'llltfd, 1111111h1!r mui 
mi lia/ lll•tmtllll')' la.\·er thic l.nt'\\ tire dc~t .unc•d. 11u• 1111'11//lf'l't' \Sib/e .fiou m•t•r a badll'llrtl .(dcurg .ll<'fl luH /}(•en 
l'it•ciPd as 11 lt'.\1 <'ase for •l'iul'lr 110 C!.lll' IJ.IÍl 't ' t/(llo IICI.\l' exi.H.,. Clllllflltrl\1111 l>e111 t'<'ll 11/Jllll' l'ica/ ,.,. ,11/ls and 
l '.\fll'rlllll 'lllllflllt'll \11/'1!/lU'JJ" j,, Jll'l'.\ l'llll'fl fll/11 t/Í.I'I'II'.I'I'd. 

1\eylt'ards: T111hlllencc•. Recirt'llilllillg 1-'/oll's. He/11 /'ran.~fá. Wo/1 Funclinm . Nwnerical Simulalimt. 

Bannwart, A. C., 1999, "A Simple Model for Pressure Drop ín Horizontal Core Annular 
Flow", J. of the Braz. Soe. Meehanleal Seienees, Vol. 21 , No. 2, pp. 233-244. 
/Jased upon l'\flt'rÍIIII!flflll dc1111 filr helll' \' ml -wmer j7o l\' Í/1.\ Íd<' s1t•el !?.6.7 111111 //) ) mu/ ,·ementl'lf (23.\l mm 10) 
hori: onwl lllili '.' · 11 l 'l'l') \ÍIIIJI/e modl'i .fm fll'<'' ·'"~''' tlmf' 111 lhe core 1111111tfor flm• fltllll'l'll 1\'ll\ dt••·t'lot>l'ii. 1he 
C' \fll'rime/11.\ 1\l'll' 1'1111 m mom fl•mpemlllrt• wul1he.fluitl1 tt\C'd u·ue ufu<'i oil 1!1 = l. 7 1'a.\ . p = CJS'J k.r:fm} cmd lap 
ll'at<'f. both dm1111 fmm a "'fllll'/1/ar W11k. Pi r.</, 11 i.1 .111111111 lhm.for hm/1 tul>es lhe .I'IH'lllllt•d "per(ecl core awmlar 
f1oll ·" appmtwh !shor1/y PCi\ F J poorly t'Orrelmes tlte da111. This i.1 tlue lo 1/te 11CII'Íilt:.IS o.f lhe 111/t' l/iwe /.Ir/C/ 

lllrflllf<'llt'l' Íll I ii<' WlllllfiiS }1t111'. J'ltl'.l'l' e/jl't'IS (ll'e tukell Íll/11 (lt'CIIItlll i ii i/IC' /lltlde/fl l'llflll.l'('t/ Í/1 I h i.~ JWIWI' 11/ld j 11.11i{'\· 
IIIi• o~SIIIIIfJI/1111 of IIO·slil '· ll'hit·h 11'111 earl ier •·onduded hl' l hP <1111lwr /mm ll'lii'<'Sfl<'<'il lllt'ti.I'Uremt'lll.• j(1r lhe some 
)11"' IBamnwrl. 199HJ. I ' n rt'.\1111. u 1'1'1') lllllf>ll· correllllum model.for tht• fll'l'S.\111'1' t~ratlielll i< tleril·ed. TI! e moc/p/ 
11111 odju~lt'd to .fil til e da tu wul [:ellerali-;.ctl /fJ o1lu•r luht• ,;:c•< nnd .flmdl. O(fferent nm l'iatirm~ fm oleophi/ic mui 
olt•ophoh1c fllfll' 1m/Is are pm1•icll·tl. Calcull/liw11 11si11g lhe correlatiou for oleop/10hi!' p i111' belwl'ior 111'1' 111 l'l 'IT goocl 
fli/1'1'<'111<'111 \\'Íiit dala.fmm nl/111/ter .wurn•. 
Keywords: t\1/ulliplw Jt> Flm1'. Liquid-Liquul/1o11', Core Amwlar Fiou·. Prl!.u ure Drop. M odeling. 

Jabardo, J. M. S., Bandarra Filho, E. P. and Lima, C. U. S., 1999, "New Correlation for 
Conveetive Boiling of Pure Haloearbon Refrigerants Flowlng in Horizontal Tubes", J. of 
the Braz. Soe. Meehanleal Seienees, Vol. 21 , No. 2, pp. 245-258. 
i\n e.>.leii\ÍI'<' !ltt•rtllure .1'111'\l'\ of I'Oili'<'Ciile hoiling lws h<'t'll pnfomte<l in this .<tutly. P11hlishetl c·orrdlllions lun·l:' 
heen di>·ulecl 1111C11hree mw11 fll'llllf" : strictl\ nm• ecti• e. tluHc• bawd 1111 IIII' .11/f't'IJ"'·'ilimt mie, und ~lrin/.1' c•mpirccul. 
\11 empirical 1 orrelatian hn' l1ee11 dne/tJfJt'tl fmm 1111 1'.\fil'rimemn/ d11ta hank oblctii!C!d elsewlwre tltr ough m 1 

opl imized 1'1111 '1' ji11i11g pmcl'llurl!. A•·t•m ge dc'l'iations 1~( I'<'SIIIt.,· .fmm tlte fHopo.w•d <·orrelalion ll'ilh 1'<'.\ f ll'C:t lo 
experimental do111 ore signi/ lrow/y loll' t'IIIIIJ1a ru l lo ile •·iatious.from other t·orrelal ions. Cmnparism1s i!C!III'f'NI local 
ltetll l ransji-r l'tl<~/]iciell/1 frum t·orrelatiou' IIIUI 1/w s1' olnained expPrimenwlly. tltoul/11 lflllliiwtil•cl r souml. hm·e 
1111111'11 c/i.ll/1111 dt>l'illlicm.l . lmprm ecl phnirol modell are needed w mlequn1e/y nn rela/r local h<!al lransfer 
cot~{fictent.\. 
Keywords: tlllllt'rlire Boiling. Nt~(l'igera/11 \, Hori:cmtal Fim• . 

Braga, S. L. and Nóbrega, C. E. L., 1999, "A Numerieal Study of Thermal Storage on 
Eneapsulated Phase Change Materiais", J. of the Braz. Soe. Meehanieal Seienees, Vol. 
21, No. 2, pp. 259-270. 
Tlw role 1~/ liwrma l energy storuge in IIII! t'lll'l'!ll'li c .\ Cl'lll' ha.r bee11 COIIIÍIIIIIIIISI" incr<!CI.\'ÍIIJI m·,·r 1he ill.\'1 yt·ar.l'. since 
<'leclrica/ utili lin 'larted 10 mlopl d(fji!r e111 rtlle' j i11· "fl<'ak .. mui .. off-peol." po11'er comumfJ/Í0/1 pl'riocls. !Is a result. 
lt'l'<'l'<lllrorl.' 11111'<· bee11 del 'ill<'tl to nuull'llllf.111ful predir-lutg lhe l rcm,ielll l'l'lf'IIIUl' •l hath .\C'IISihle wullatelll ' " ''" 
.l'lomge dt' I'IC 't''· m er a •·m·u •t\ of geometrw .fúnn\. l-'oll11n·in~ tltr currelll ll'l'lltl. /(lle/11 heal 11ura~e 1111 enutplltlmed 
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plww tlttmt:t' mato·tal I PCM J 1\'(/1 dto.lt'll a.1 tltt oi>Jt't1 of tlu• f'rt'Jl'/11 ll"or/... Si nu• tlu """" jéature i.r w tal..•· 
tulmma~t o/tl~t· ltiglt 1/oragc cttpctt'tl\' ojfál'<l /1\ tltc latclll ltt•at. thü worl. o11(1 dntll 11 itlt 11/lltllimu ll'illt .lfl/u/1 
••ttlm·' 11{ tltc Slt'{ttll twmln•r 1 Su• J 11 lttclt aliou· tlw \11/idifintlifm ltJ /Je Jll'l'lltt•tt•tl /Ir tt </llllli 1/ttlull/lll:\ 111(1{/d. To 
obtain mon· general re.Htl/.1. ali tlw plt•·•i1al l'ttrwlllt'.l ttrt' tll'mllgetl in non-tlimc/l,,iollal gm"l"· tlte injlm•11n' of 
wlti1 h 1111 tlu /'i'.lfUII/.H' •!/llte ~toragt• IIIIÍI ;, 1'1 altwtcd iu orda to pml'ide ~:uideliu1'\ /11 t/11• dt'"t!." mui opemtimt of 
tlttl\l' tii'I'ÍC<'I . .'it'l'l'llll ossWIIJJJions are 1111111e witlt 11 l ' ll'll ' 111 11111intai11 tlu· mud,•l 11.1 .limJJ!e "·' JIO,Isi/Jit'. witlto111 
disn·gardi11g 11 C'lll'!!,/ttl 1'1!,/h•ctioll ulnmt lls ttl'('llmC.\ mui imJJIIt'l 1111 tlte relial>i/ity 1!( !lu• wlwhm. The tramien/ 
111'/tm·ior 1!/lltt' ,1'/lll'(tge 1111i1 is dc.ll'f'ihed !11' tllt• ('l'llilltirm of lhe 11111/e/ ll'IIIJil'/'111111'1'. o .1 11 1'11 us IIII' lhamal resi~ltllll'e 
ralio l'f'NN)lltmllgh tlw disdwrge fii'IICl'J,. 'lo nn(fi lhe model. souw compariwm,f II 'ÍIItprc••irm~/.1 Jlllhlislwrl 11'11/'tf 

lll'f' J!l'lll'itfet/, Sflllll'illg IIII/ 011/1' IJIIItlitl/111'1' h111 lJIIIIIIIiW/11'<' ('111/t' /l/'J'l'/U'.\ 0.1 ll"l'/1. 

Keyword.r: I hc·tmlll 'ltorage. Pha.1e CIIIIIIKC. 

Moraes Jr., Paulo, 1999, "A Wind-Tunnellnvestigation of Ground-Wind Steady Loads 
on a Strap-on Launch Vehicle", J. of the Braz. Soe. Mechanical Sciences, Vol. 21 , No. 2, 
pp. 271-278. 
Tlu• •l/<'<'1 n/II'IIUiiotldl 1111 .1/enrfer hmlh·, il111 ht•t'll oll\t'rl<'tl wul ilu·e~tixatedfor mam year.1 h_1 Jlltmv autlwn. '11u• 
pre.H'III ptlf'l'l' dc·a/.1 11·it!J wt e.\/ll'I'Ífltt'lltttl 1111 l'.>tigatimr o/ wi111l mdltn•rl lo1ul1 1111 ,1/I'<IJ' til/ lamll'h n:hide 
I 'OJ!figur/1111111.~. Tire \l'orl.. is .flntly l'l'.Wril'INI 111 tltt• oh,\l'l'l'<t lioll t~/ .Ht:Ltd1• global /o(((/.\ 11< tinx 1111 a 1'111!/igumtillll 
''"·'<'"III/ li! I armngl'lll<'lll ofjilllr l',l'illuler lhttJil't llmoslc' rs ttl'llllntl a 1'_1'/irrdrica/ n:mml 1'11/'t' of l'lftutl diameter. 77re 
paper di.l< 'll'-''''' rlw resu/1.1 obtui11ed jilt' tltc 11'1111.\\'l'l'.l'tli 11r dmg Ji!rce. tlw 1'111/in;.; 1111/llll'lll. wul tlll' lrmgit11ditwl 
Jlll.lilillll 1!( 1'1' 11/('/' l!(fii"<'SS/1/'(', 1/S (!JIII'Iiflllo/'SI' I't'rtl/ Jl(l/'(/(1/l'll'I'S. 
Keyii'Qrds: Aerotlynamil '· ll'itui-Lomls. \Vim/ /'tm111'1. l .tllllll'ir Velticle. 

Fico Jr., N. G. C. R., Azevedo, J. L. F. and Ortega, M. A., 1999, "On the Use of CFD 
Methods in the Design of Transonic Wind Tunnel Nozzles", J. of the Braz. Soe. 
Mechanical Sciences, Vol. 21 , No. 2, pp. 279-293. 
-\ 1111111<'1'11'1111111 1'.\li~111imt of lhe flon:fil'!tl Íll tilrc•t• l""l"""d gt•nmt·trie' .fê) r til<' 1/o;:lt· tlllcl 1 1111/rtt<IIOII nf a trwtwmit· 
wmd tmmc·IJiu III/r 1,1 pt•rjlmnecl. !'ltt• prilltttn o/~ft'l'/11'<' 11'11 1 /llttllcfer.l'fmttl dt•tai/, o( tltt· /1oll' 1111he lwmel in11nh•r 111 
tn· 111 11111 \111/l;l' ''''/ .w•,·timt .f7oll' qual//\'. Tlu• 'aludai!OII.\ presemecl here inc/ude fiiC'imtinw:• '2-D simulations mtd 
.fi d/ 3-T> t'tllllfWiulirm.l. Tltc cocles 11.\l'tl júr tlte f'l'l '\1'111 l 'llicul<ttion,\ wcre prrl'io11.1i1' wrlic/11/('tf "·' the rtutlwrs mui c·o­
worl.t•r.l, 1111d tlll'.ll' 1 alid111io11 .l·trl(/ies are m •ttilahh• i11 lhe lilcnrlltrt'. Tire fii'Ít/1111:\ flo\1' sol••en imp/eme/11 m1 t:uler 
./fnmu/utio/1, wul l/SI' tlw lleam wul WaniiÍII}I imelil'iiiiJIJimximate .fitclori:.trtioll al;;orithmJi•r the solution '!f'lhl' 
di,"TI'Ii:etl t'lJIWiio/1,\, A houlldm:' ' f,n·et· rndc• 11 '(1.1' I,IJIÍCIIII,I /'IIII at a posi·JII'OI'l'.l.l'ill/1 .l'ltl/1<' in order to e.-,lillwle 
bo111tdw :• layer gmll'lh mui ils ímpar/ 1111 ./7"'•' qwliity. l<esult.l ohlained tiw 11 sOIIÍI' no:~le wulfi•r /11'11 LawJino~:lr•.•· 
111'1' pri'SI'II/r•tl. mui Jl!c1 ll't're in.11rumenta/ in tlw sl'ieclio11 pr11ces.ç 1.-lrit'h led 111 lhe• trwt~cmir ft11'ililr which i.f 
< urrcmly ln•i11g lmilt. 
Keyword.,·: Tt'tl/llfiiÚI' No:::./1! Fltm. I rmtlo/111' ll'i111/ Tllllllt'l. CFO M etlwds. Tumrl'i Dt'-'1~11 . 

Castro, J. T. P. and Meggiolaro, M. A. , 1999, "Some Comments on the Automation of the 
eN Method for Fatigue Design under Complex Loading", J . of the Braz. Soe. Mechanical 
Sciences, Vol. 21 , No. 2, pp. 294-312 (ln Portuguese). 
Tlw cN.fitllfllll' de.\lgn mellwd is /111/l·lillt'ltr <11111 di'Jtt'llt/1 ''" thl' lnadi11g order mui 1111 the milial ~fale of tlw piccc. 
Therefim•, the• tmditimutl prrll'edure hwetl 011 rm11~/11111' l'lltmting o( tlte /l){u/ill !( Ji•lillll'l'd h,l Nt'uber, Ramht't'g· 
Osf11111d, C"11{1m -Mwt.W111 and Mil ter ml<•1 r/01•.1' 11111 guarwtlce 1/te predict1o11 o( phy.limllv admi~sihlc hy.l!eresi., loops 
at tire 111111'!u•, 111 tire CIIIIIJIII' 'f loading rase. SIII/1/ÍIIItS .fiw til h pruhlem are J•mpo.lt'd, mui 1/u•ir implemefllllfiotJ irt 11 

powetful lnuguugt• mmred ViOs. dt'l'l'ii>JII'rltouutommi:.c tl11•.li11igue de.,igllfWIWI'v.l, ;,, rli.~< ·us.1ed. 

Keyword': t'N Metlwd. ho(~ru• lksi~n t\llllmwtilllt, Co111pler J.oadi11g. 

Cunha, J . and Piranda, J., 1999, "The use of Model Updating Techniques in Dynamics 
for ldentification of Stiffness Properties of Sandwich Composite Structures", J. of the 
Braz. Soe. Mechanical Sciences, Vol. 21 , No. 2, pp. 313-321 (ln Portuguese). 
Tlu• fll't'H'/11 l'<lfiN <·onsiH.I' n( lhe ulemi[tcmum o{ tlw 11i}j11e.n {JI'IIf'l'rlie.\ of smul~> tclt 1'1111/flll.,ile 111'1/Cfltrô "·' 11Ü11g 
l'ihrmlll/1 111<'11 1//l't'llll'n/·.1 tltt/11. Tlw n>effit'it•JI/,, un idcnttfiecl hy <1 modt'lupt!lltlllg l<'l'illlltflll'. I lw uwd jfJmwlmion is 
lmwtillllflll' minimi:.uti0/11!(1/w l!ifll' ll.llliution rt•.liduttf, / ,1'('11,\ilil•ity met/wd). Tlti.1 tt•rilllllflll'ttllmn the .limulltlfi<'OII' 
ulentificatum '!I S<'l'eml pmpemes .fi·11111 11 \illglt· 11'.11. Stif7iu•.1s pmperties of <'r/1'1/,IÍIIII. ill!nding. fll'istiiiJI mttl 
11'1111\I' I' I'W' ,fill'ar t:,{f(·ct.l are itlellt(licd. ll'hut i.1 11111 ,.,.uftottl ,/Í'IJ/11 c/ouil'lll identij/('(1/ÍIIIJ l t'l/.1 1~/' WIIUIII'idr structun''· 
Resu/1\ ohttlillt'd /1_1 1111/lll'l'il'ol.limlllatiolls sh1111' lhe <:ffil'ietll y •!(/!te f'rtlfl'>.\'l'tltll<'lltlldology. 



367 

1\eyword., 
\' ihrwion. 

J of the Braz Soe. Mechantcal Sctences- Vol 21. June 1999 

Ctllllflo.\ifl• M(llt'ria{.,, Swuht 'ii'IT SJ/'1/Ciurt·s. F.hmic Cmt.\111111\, lclenli/il'lllioll, M odel lfpdatÍIIfl. 

Pires, A. C., Ferrão, P. and Carranca, J.N., 1999, "Life Cycle Analysis as a Business 
Strategy for the Process lndustry", J. of the Braz. Soe. Mechanical Sciences, Vol. 21 , 
No. 2, pp. 322-331. 
lt lws been oll\t'l1't'<l Jltrm1glumt Eumflt' 11tu1 rm inmmt'll/111 f"'IÍt'.\ ha.1 no/ net't'\,,111'11,1' lt11d a IW)/IIIit'<' enmm11ic 
ÍlllfW<'I. lfw 111/t'~rtlfl<lll o/ t'tll 'irrmnwll/111 lt'c luwlogi!•., iu llltltl\lry c'tlll nmcluc/ lo lmtlt ecmwmtc· ond ('('o/ogil'ttl 
adt•wtlages 1 rniiJiltred lo 11111111 teclmologit·•·. t~·herea.\ IIII' ust• •!( reM/11/'c <'.\ is minimi.H'd a11d ll'illl them. lhe rmt ' 
l'llli.I'SiOJ/.1, t lllllf .llllfii'S t?(lft l' J>rotfw ·fÍIII/ ji/'111'1',\S. 

!'ltil papt'r 1111/ll\.ll'.l lht• l'lll'l f'lllllll<'llllli wulllll' tl'dlllnln~o:ii'lli ~~~·'"""'"'III 11.1\0Ctaled 11 ii h ilte implemt•tl//1/llltl of a 
n>~enl'rutwllf)llltl'r pla111, 1111111: a ltiglt pre.llt/re l>ot/('1' b11111111f.: oli~t• mi bug<Hit' (a.< ohwmed after e\lmt·tinn) mui a 
loll'-pmrer \/t'l/111 turbuw. lt dt•mon,·tmtt'l tht• ll.ll' 1>} Lmntr Pmgmmn1111g 11/IJdt•llillg a.,. o too/for idt!lltijyin[!. and 
i•Wtluatillg lht• l>est fJO.I.I'thlt• optionv Jilr t•m•irwtmenlal Jlt' lfnrmtlllt't' 1!/' lht' srsletll analysed. and c.>.lend.~ tlt is 
t•·clttlil/11<' fin· IIII' wseS,\'IIIt' lll '!( indirt'l 'l t•f·o-rares. ul.w I'UIIeil "Piguu wxe.1 ". tl \sociated ll'illt elll'imllmenta/ 
regulations. lt is .1/wu·n 111 tltís .ltttdr tlwt 11 balance lu·tut•t•n em·irmllll<'lllttl wul t't'OIIIIIIIÍI ' Jlt' l}'umttllll'<' in systems 
tllllllysi.\ lin 111 t'\f'/oring a .11'1 1>}. alte/'lllllil'l' opli11111 .for .1\SII'm imprm'elll<'lll.\ . Tltt· rt'.lllitl 1lw11 tlwt filr a s/eam 
dntumd •·altlt' loll't'r r/um /•I(Vr 1!( tltr ma 1111111111 .1'/t' tllll prmluctttm l 'tlf>tlâty. lhe pmjll tlsWâatnl 11 '1111 tlte ..... ,.,.. 
l111mi11g oj bagas,,.,, shoultl ht• u•,ociated wtllt il~t ·reastng •·ahw.1· t>{ 1/w l'igr111 11n in ordt·r 111 pre~'l'l/1 tlte l'li/lseqlle/11 
O!'<' r t'lllii.I'/IJII of' CU!. 'Jltt' /ltlf>i'r .l'itlltl',l lfttll tflt' ('('(1/1(/ltlil'ttf jJJ'O(illlfllfiJy <!/lfte S,"S/{'111 is /'(}J'I'(!/ll/i' d ll'iiiJ tJte Í01 

rmi.n illll.l' reduction.\ , ji11· 1/tis partil'lllm Jlrtl)l'l'f. fin· tl(/ji'r<'lll loadin,q c·mulílions of' 1'11~('/lt'l'<ltiwt p lm11 in ui/ 
<' \Huetwn 1'111111. Altlumg!t tlu· 1' \lrupolatimt o{ 11ti.1 condtW IIII sltrmld ln· 1 Olllitlend II'Ítlt l 'ttlllitm. it t'tmln• usmmetl 
/11 be l'llltd fúr mum· <'og<' llt'ratíon <'I' Ht'llll 111 mdu1/IT. l l1t' flntldph·~ 1>}. tlte Lift• í rd1• -IHeS.\'11/e/11 - I .CA <1/JPiíetl 
11 11ft Li11eur l'rogrammi11g ro·clmique.,· htlll' alltlln•tl the qumlf(ficalwll of "''' ' t'Jf<•t/1, u.I'\IJ<'iml'd 11 ith lhe ust' 1!( 
1/!t lmnlof1ies a.I'S<'.\'S/11<'111. Collmhutmg ./(11 .wppor1i11g decisi1m mak111g /Ja.,·ed 1111 teclmical i11fomw1inn in 
('lll'imnllll'l//11/fiO/Í(}'· 
Keywords: 1.(/i• (\'t /e , \ .l.lt'.lllllf'l/1. Lin<"<ll' l'rograllll/lllt~. íogettel/1111111 Poll't•r-1'/anl . Teduwlo~il'ttl IIUWI'ati/111, 
1'.111'/YIJIII/It'll/t/l M<llllll!l'lllt'/1/. 

Andersson, V., Frainer, V. J. and Martins, C. C., 1999, "Design and Constructlon of a 
Prototype of a Strain-Gage Type Transducer for the Measurement of Drilling Forces", J. 
of the Braz. Soe. Mechanical Sciences, Vol. 21 , No. 2, pp. 332-342 (ln Portuguese). 
11ti.\ tl'f>rl. flll ' lt'/1/.1 .wmc Olll\u/aatio11s a/){111/ de.11g11, umw·uc/lol/ mui \'ttlidation o/a pmtO(IJ't' 1!{ 11 1train-gage 
'''l't' tra11.1dun•r. de• l'iOJICd 111 mea\11/'t' ttlllillg forcei f>rtulw·etl 111 rlw drilli11g pmces.1 of ·'1>t'etlll geometric 
,I'Jil'l'illlf'll\. !1tt• l'lJ!idnlion /t'.\1.1 ,\ hOII 'I'fi tlwt tlte Wlul.wicul Jimnultw ('lllflloyed r·an be 11.wd t1.1 11 RIJOd de.1ign 
IIJIJiroaclt. llilte11 tlte t•rmot,l'f><' tms u.1ed 111 measure cut1i11g forces /t•stillg tltree sted ,lftel·imell~. tlw cxperime11WI 
•·ahu·s oltwlm·tl m·ttrlv m:r<'t' witlt tlte \'lllltt'S mwlrtit·ltl/.1 <'alculated 1/,111/li l'{/IW/io11s l.nown fmm tlw bii>liograplty. 
Tltere}i•re. tlw pmwt_,pe uttlit1 mmadtínttlnlifl 11'1/lllg o/ uutterial.• 11 a .1 pm~t•d. 

Kt!)'W1Jrd1·: St111111 Gagt! I 1'1111\thwen. /Jnllmg Forces. Vt' \11;11 o(Stmut Gugt· Tramt!ll< erl. l>rilliiiJ;. 

Matsumoto, H. K. and Diniz, A. E., 1999, "Evaluating The Quality Of Turned Hardened 
Steel Workpieces", J. of the Braz. Soe. Mechanical Sciences, Vol. 21 , No. 2, pp. 343-354. 
Rt•n •lllh mm/\· 11 11r/..s lwl'<' hl't'll done i11 ttrdn· 10 ~ltu/1 tlw 111mmg fll'llt 'l ' l 1 nf hardened 1/t•e!l. nwinll cmwt'mi11g tlw 
lil'f•s nf t eram li ' 1111d PCUN looil. H mt't'l't•r, }tm fi'" ll 'orü dntlll'il/t IIII! Jiro!Jiem ·~( 1/11'/llllg tu·,·urac,,·, cmnpai'ÍIIf.: it 
ll'illt gri11rl111/i ac·curw'.\', 11111infy ll'lwn lhe ltlllte 11.\etllwsll ('01/\'elltionalmei'IIWiic:a/ desi~n. '171ereJi!l'l'. ii H itiiJII>r/ant 
lo <' l'ttluale tltc capabili1y 1!1' lhese com'I'II/Íimol llutdtllll'.\ to replace t!Jl' grindi11g opt·rmiou hy llll'llill}: wtrl ,Hill 
nu11ntain II'III'Á/Jiet·c lJIIlllity 1\'fiÍI·a/ o/ ~rimling operatímt,,, (/t is worl. tril'• to wmrilmu• tojillthí.1 ll"fl· ~l'l't•ra/1\ ISI 
F:521(){) lutrtl1•m•d 1teel "m·l.pii'C<'~ (60 H RI') .,·en• 1/tntetl llfill;? mi.u •tl t'rramic wul PíRN too/ matt·rials mui 
cii/Jt're/11 cu/ltllg ·'f>"""·' i1111 latlw n.f com e/1/wllal desi!!_ll. 1\!orl.pie<'<' \ur(ltn• mughiii'S\ 1111d dia11wter l'ttri111ion 11'1'/'t' 

~tu•asured rltm11glwllt lltt' too/ ltfí• test, i11 order to emlwllr' 1/te q11alil1' •d'tht• "or/ .. .Jiit·t·e. Tlw length 1~/' the 1\ 't~rkpien:.~ 
ll'ttsol.w t•aried 111 wutly:.e lhe illj711t' ll<'<' r>}' ll'orkpit·<·e shliJII' 1111 i1.1· 1{1/ttlity. '/'/te nwin •·onclu.will 1?/tltis wor/.. ll'as lltat 
tlte tumi11g Jll'tJCI'S.I i .1 uhlt• to replace griwlinJ? 111 lwrtll'llt'l l .lleel jirti.,hing tlfJeratioll.l . Morerwer. ii ;., uhlt· lo achiet·c 
a surfate wul tllllt<'tl!l/011<11 qtutlin· similar 111 tltar o{ J:flllllttl c·ompom·llt\, ,.,.,., "'"'" the nwl'ltim• 11wtl lws a 
cOI/l'eniiiiiUIImt•dumirul tlc.11gn. 
Keyword.1: Tummg llarderwtl Steels. An tll'lll '\', Sur/au: Ro11 ~ltn1''.1'. 
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Button, S. T. and Bortolussi, R., 1999, " Finite Element Analysis of a Cup Deep Drawing 
Process" , J . of the Braz. Soe. Mecha nicai Sciences, Vol. 21 , No. 2, pp. 355-363 (ln 
Portuguese). 
Oeep dralt'il l ~ f"'lll'l'S.\l'.\ l/11 \'t' 1111 unpor/11111 m ie in mltllll/iiCIIIrill~. mainly in the 11111111110/Í\'1' iud/1.\try. 7 !te inl'reasing 
r·otllfletitioll require.1 tlwt de.1igu and 111111/l((ill'lllre '!!' dies lw.fitslwullt'illuwl errors. Ne11• j imns to d<•t't•lop the dil•s 
lw•·e bel'// lt.l<'d. 'l'he jini!(• eh'll/1.'111 metllrlc/ lu.v l1elped engi11een to rn luce t•rmrs during tlie df'\Y• Iopment. ln tlti.1· 
puper 1111 l'lillto-plmtic dt•mt·nt u as used to 1imulme lht• l'l'lindriml "''''!' drawing •!f 1111 AB;\7' 1006 ,1/t•el<'ttp. Til<' 
.1111111la1ion mude po.Hihlt• tht· determina/um o{ tlll' forc·l'l, 1/ud.nes.~ mui nrnmiferellliul .\lrains ocurrin11 ilurin!( 111<1 

deep drm.-ing pmce.u. ll'hich 11'<'1'1' ("lllllfllll"<'illo n p l'rimt·ntttl rl!su/r, . 
Keyword.~: Dt'l'fl Dl"(tll'ing. F'iuirc Elt•me•11.1. 

Diagramação: 
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Fone:2300977 



RBCM - J . of the Braz. Soe. Mechanical Sciences 369 

Journa/ of the 
Brazilian Society of Information for A uthors 
Mechanical 
Sciences 

SCOPE ANO POLICV • Tht: purp1ht' ol th.: Jmunal uf thl' 13tatilían Sn.-it'l) ol :\ko:hantc1l Stlt:n.:e' " 
to pubh,h p;~pcr' ol l><=nn:ment inl~r<:'l dl'alin;; '' nh 1.:,.:ar.:h. de<l'lt>j>lll.:nt 
and d.:,tgn relaled lCI 't:lclll:e and ll'duwlug) 111 \kdt.Jill<':tl 1:-nguh:.:ríng. 
l'OCillllpa"lng intcrlac:c' w11h CivJI. Elc..:llical. Ch..:tlll<':ll, Na~al :'-Juckar, 
M<ll<'l i<1b. Aerospac..-. Pc tro lcum. Sy'l<'ll112n;o incenng hlPd. t\ g ri r nlllll'l'. L'IC .. 
'" wcll a' with Phy,i..:~ and J\pplíed :\1<tlh<'lll:IIIC\. 

• The Jollln:tl puhli,ht'' l ·u ll Lcng1h P"Pt'~''· R.:< il'<< P:1p..·r,. 13nol.. R c\ I<'W' and 
Leu e r' lo the Ednor. Author~ mu't agre<' not tu puhh,h cl,e\\ hcn.: a (Mper 
'uhmittcd and accepi<:d hy lhe J1>urn al Paper' Jll'l'\'inu;.ly puhli;.hl'u in 
proc.:edíngs of confcrcll(:cs can also hc <:t>n~idercu 1!11' puhliçalion: 1h1s ..:venl 
;,hould hc <:Ílt'd '" a l't>ollwle 1111 lhe tíll e page. Cnpiô uf the C\lll làelli:e 
refert'c,· 1\:\Ícw' 'hnuld hc induded. Rc<'ll'\\ ar11dc' 'hould l:C>n,lllliiC a 
critu:al .lp(ll~i,al of lhe puhli~hoo infunna1ion. 

• Th~ <kci,ion uf a~~:~plancl' for puhhca1iu11 IÍL'> with lht: Editor' and ' ' ba>cd 
011 Lhe rct'llll11l1C ildatiun' ui' at lcas1 1wo ad hoc rt•vi.:wcr>. and of' lhe F.d itorial 
Board. i I' ne.:c·,sary . 

SUBMISSION • Manu,~:rlpl' ;md com:~p11ndenct' 'hould he \t'lll w thc Edi lnr nr. ,\llcrnauvdy. 
lo Lhe ncarc'L Ao;,ociatc F.dilnr. 

• FiLe 151 cnpie, ol thc: (IUjlt:r are rt·quu·cd. Thc Aulhor ,hould r~lain thc 

11l:l11lNTipt ""~ until thc cnd of thl' I\! I Í<'W procc>~ 
• Vlanu>crip" ~hould ht> >Uhmillcd unly in English . 
• /\ n•anu,.:ripl 'ubmincd for publica111111 'hould hc m:companied hy a cover 

pagc cuntaining thc lull name ol lhe t\uthor(l). thc i\uthur for comacl 
ín,llluliun addr.:,-.. ph(>llt: numher. e-111a1l addre" ;md. ii thc Autlwr\ "o wí,h. 
lhe namc' nf up lo l1 ve • 51 pns>ihlt' n: l l'I'C<~'- with re>p~ctivc addrt>>scs. 

FORMAT • M:II1UM'I'ipb shou ld h~·g in wi th Lhe li tlc, follo\vcd hy an Abstrut:l and from 
thrce ln fivc Kcywonl, . Thc rnanuM:npt >houlu not ..:n111ain lhe Alllhors· 

nam<''- The Ab,lract ''"'uld ,tale thc uhje<:tive,. mo:thodnlug) U>l'd and main 
condu"""'· in 110 more than 200 wonh 

MATHEMATICAL 
EOUATIONS 

• ln re,ca1<.:h p~pcr' suflicu: n1 infonnatillll Lhnuld h~ pro\ ick'd in I h~ lt'XI. or hy 
rcferring to p~pers in pcncrall y av;~ilablc Journal~. 111 pcrmi t thc work to bc 
repeated 

• Thc p-Jp."r mu>t hcgm "ith an lnlrodm:tum lhat " wriuen for thc general 
readcr ol lh.: Journal. not for lhe 'pcciali't. Thb \l'Clum 'hould dc,crihe lhe 
problcm 'lat.:mem. it' r.:le' ance. ~lf!.llilicanl result- and Cllnc lu,ion~ fron1 prior 
work. and objective~ t>f thc prescnl work. 

• Un.:enainlic' 'huuld h<! >pcc ificd for e'penmental and numeriral1-c,u11.,. 
• MamN:ripl' <hould he l) pcd doublt:->pll.:.:d. on onc 'ide of the pagc. u'ing A-t 

sizcJ p:1pcr. wilh ~ un margin>. Thc pllges should hc numbered ánd nm lo 
exce;, :!~. 111d uding tablcs a nu figure;.. ,\' oid fn(>tnolc,, 

• Ali \)'111bols .Lhould bc dc l'ined in thl' ICXl. A sep;rralc nomen..: la1uru >Uction 
~hot•lu list. in a lphabclicnl oruer. lhe .~ymbol;. u,etJ ;md thcir ddiniliolh. Thc 
Gr.:el.. 'ymbQI, follnw lhe l:.nglish ,ymhol'. andare followed by lhe 'ubscripts 
and \U(lt:r,çripts Each thmensional ') m!)(1l mu<t ha\e SI !nlCtnCI unit' 
me1111oncd: ín addílíon. F.ngli>h unil' may be includecl parenlhcucally. 
Dímcn'lo nlc>s group' and coelTil: ie nl$ ll1U\I h~"' ddincd and indiça1cd. 

• Ali malhCnl:ui .:a l e' (lrC"ion' shuu ld bc typ.:wrill<!ll us ing on ly l~ll crs and 
~ymhob avai lablc on lht! l..cyboard. 

• Equatiun' lhat e>.<.:nd hcyond t:he IC\l wídlh ~hould l>c re,~;ned togo in l\\O or 
more linc:,, a~ necc.,.•ary 10 fi1 wi1h1n lhe p~g<! width. 

• Fraclillnal power' ~hou ld he U>etl Íll'>IC:Id o r ronl '>ign;.. 
• A soliuu' 1/) shoulcl hc used im,lcacl of' ~n hori70IItal li ne [01 fraclions. 

whe ncvcr po"ible: for cxampl.: . u't' '21.1 ror twn-third\. 
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• Mathemmic;~l ~xpn:ssion~ shoultl n01 hc imroduced along thc tc~t itself. as 
part of a 'cntcncc linc. but lypeu un individual I ines. 

• :-.lumhcn; that identify ma1hcmmical exprcs~ions should be t:ncloscu in 
parcn thc,is. Rdcr to equations in th~ tex t as ·· Eq.l I )" or. ir at the hcginning 
ufa ,entcncc, a~" Equation ( l )". 

• Vectors 'houlu hc typed boldf<acc. Do not use arrm"'· wavy-line 
unde~cnring.étC. 

• Figure' ;md Tahlc~ ~hould be relerrcd in conseculive Arahic numerab. They 
~hould ha\e a cnption and be placed a' clo!-e as possible totheir lirM rcference 
in the tt:X l. Reter to figures in thc tcxt with the ahhreviation " Fig. 1". t:xcepl at 

the heginning of ;t senlence, whcrc .. Figun: I'' 'hould be uscd . 
• The tigur.::s prc~cn ting technicnl datalrcsults s ho uld havc n boundary on ali 

fnur 'ide!', with scale inuicmors (tick marJ..,) nn ali sidcs. 
• The lcgend for thc data symbols 'hould hc put inside lhe l'igurc. as well as the 

labds for em;h curve. Lettering ~hould hc large enough to he clcarly legible 
C 1.5-:!.0 mm> 

• Lao;er print nutput line drawing>- are prclcrred. Drawings prcparcd on tracing 
paper or vcllum. u>ing black índia ink. are acceptahle. 

• Photograph' mu't be glt,,sy prim~. 

• Rei'erenccs should bt: ci ted in thc tcx t by giving the lnst mune of the author(s) 
and thc ycar ot' publieation. Ei ther U't "R~ccnt work (Smith ;Hui Farias. 1997) 
or" Rcccntly Smith and Farias ( 1997). With four (4) or more n::uncr.. use the 
form .. Smith ~~ ui. { 1997) .. . lf two or more rcferences would havc thc same 
identitic:uinn. di,tinguish them hy appcnding "a''."h", etc .. 10 lht: year nf 
publicatinn. 

• Acceptahlc rcfcrcnce' include journal anicle,. numbercd paper~. di,~enations. 
thé~is. publi~hcd conference procccding,, preprints from conference:.. hooks, 
submincd articl.:,, irthc journal j, idc ntiri..:tl. and private communicaüons. 

• Rcferenccs ,houlu bc listed in alphahctical order. ~cconling lo the lusl mune of 
thc first au thor. at Lhe cnd of lhe pape r. Some sample rererl!nccs follow: 

• Soviero, P.A.O. und Lavagna. LG.I\1 .. 1997, "A ~umcrical Model for Thin 
Airíoils in UnMeady Motinn". RBC;\1- J. of the Brazi lian Soe. ;\'lechanical 
Scienc<'.,, Vol.l9.1\o. 3. pp. 332-3-W. 

• Bordalo. S.:'-J .. Fer-;iger.J.H. and Klin.:. S.J .. I989. ''The Developrncnt ofZonal 
Modcls for Turhulcncc". Proceeding' of the lOth Bnwilian Congre>~ of 
Mechanic.r l F.nginccring, V o!. I . Rio de Janeiro, Bra;.il. pp. 41-44. 

• Spaml\v, F..M., 19!:10;~. "forced Convcction Heat Transtcr in a OucL Hav ing 
Spanwisc-Pcriod ic R~t'langu lar Prot uher;~nces'', Numerica l Heat Transfer, 
Vol.3. pp. 149 -167. 

• Sparrow. E.M .. 1980h. "Fiuid-to·Fluid Conjugate Heat Tran,fcr for a Vertical 
Pipc- lntemal and Externa! Natural Comecúon''. ASME Journal of Ht:at 
Tr..m,fer. Vni.I02. pp. 402-407. 
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