
N M A A 

PUBLICAÇAO DA ABCM • ASSOCIAÇAO BRASILEIRA DE CIENCIAS MECANICAS 

V O L. XVII • Nº 3 • 1995 ISSN 0100-7386 



REJIITA lliAIUIRA DE abi:IAs E:J111W 
JOUIIIW. OF THE~'=' 

\lol. 1. * f (1979) • 
Rio da .llnei.ro: ~~o BiuJiiira ~te Ciintlas 

~nicas 
Trimestral 

IJ~Çiui llfertociU blblóó!tftcàs. 
t.Meclrb 

jSSfHl1tJO. 7386 

A REVISTA IIIAIISRA DE abi:IAs lllfdlui:AI 
publica lllbllhos que cobmn os *ias ISpldiiS di 

e~lncla e da IICIIOioo• em Fnoenhllil Mecilial, 
Incluindo illler1ll:es com • Enoenhlriu CMI, EM1ric1, 

Qulmiça. Nwal. Nuc:ltlr, .w-pldial, AfinolqtDs, 
Aorlcola, Pttróleo, Mallflals, ele,, bel!\ como •IÇaçGes 

da Asb. da~ l Mldniea. 

Publicação da /PubliSI'ed by 
ASSOCIAÇAO IIWIIfiRA DE ClbiCIASoiiEI:AtiW 

TliE IRAZIUAN SOCIETY Of IIIECIWIICAl SCIEIICU 

SecrtWia di ABCM; Alià Lili:~ Fr6n dt SOuza 
f,v, (llo Branco, 124 ·18'endar • Tel.lfll((02U 222·7128 

t(l04Q-001 ·1110 da Jánelto R.t- B~$11 

Presidente: Alllllr hhlleiN!Ii»ar 
Vi«·Presidentt: IN!IIf Slllcbnlllllll 

$eçret Gtlll .,.__R. E. Ollftlra 
Secfllirio. Clrlll Allllfte de AIIIIIÃ 

Otr.,11 de hlllmOIIIo: a.ra Cerlcl 

REVISTA BRASIIERA DE CIÊNCIAS ME~ 
JOURNAL OF TifE BBA1lUAN SOCirn' OF MECHANICAL SCIENCFS 

EDITOR: 
leon1rdo Gold1111n Jr. 
UNICAMP • FEM • Offi • C.P 6122 
13083·970 Campinas • SP 
Tel: (0192) 39-3006 Fax: (0192) 39·3722 

EDITORES ASSOCIADOS: 
Agenor de Toledo Fleury 
lPT • lnstlWto de Pesqulsa.s Tecnológicas 
OMslo dt Mecl.nica e Eletrk:idade • Aglllpameolo de Slstemu de Controle 
Cidade Unlvtrsltáttl • C.P. 7141 
01064-970 SI o Psu lo · SP 
Til: (01 1) 268·221 t R·504 Fax: (011) 869-3353 

Carlos Allllflt Cemsco Altemnl 
UNICAMP • FEM • OE • CJ~ 6122 
13043-970 Campinas· SP 
Tet: {0192) 39-8435 Fax (0192) 39·3722 

Jod Augul1o Ramos do Amarei 
NUCLEN • NUCLEBRAS ENGENHARIA. S.A. 
Supl!flntendencla de Estrutu11s e Componentes MecAnlcos. 
R: Vlsoonde de Ouro Preto. 5 
222.50·1 80 • Rio de Janeiro • RJ 
Tel: (021) 552-2772 R·269 ou 552-1095 Fax: (021) 552·2993 

Walter L Welngaertner 
Universidade Feden~l de Santa Catarina 
Oep~ de Eng' Mednk:l ·lab. Mdnlca de Prec:ilio 
CamptJs • Trindade- C.P. 476 
88049 Aorllnópo&s. se 
Til: (0482) 31·9395/34-52n Fax (0482) 34·1519 

CORPO EDITORIAl: 

Alclr de Faro Orlando (PUC • RJ) 
Antonio Fnncisco Fortes (UnB) 
Armando Albertmi Jr. (UFSC) 
Alalr Rios Neto (INPE) 
Benedito Moraes Purquerio (EESC • USP) 
Calo Mario Cosia (EMBRACO) 
Carlos Alberto de Almeida (PUC · RJ) 
Carlos Alberto Martin (UFSC) 
Clovis Raimundo Maliska (UFSC) 
Em.1nue1 Rocha Wolski (UNESP • FEIS) 
Francilco Emnlo l!acwo N~ro (IPT • SP) 
mncilco Josi Sirnc'5es (UR'b) 
Geonlo Jc* Menc>n (EFEI) 
Hans lngo Weber (UHICAMP) 
Hen!ique Rozenfeld (ffSC USP) 
.lllr Carlos Dutrs (UFSC) 
Joio Alzira Herl de Jornada (UfRGS) 
José Joio de Espln6ola (UFSC) 
Jun~ndir nilo Yanaoihars (EP USP) 
Llrio Sc~aefer (UFRGS) 
Lourival Boehs (UFSC) 
Luis Carlos Sandoval Goes (ITA) 
Martlo Zlvlanl (UFMG) 
Moyses Zlndeluk (COPPE - UFRJ) 
Nlslo de Carvalho Lobo Brum (COPPE • UFRJ) 
Nlvaldo lemos Cupini (UNICAMP) 
Psulo Afonso de Ollvel.-. Sovlero (llA) 
Paulo EIQI Mlyagl (EP USP) 
Rogerio M.vtins Saldanha da Gama (LNCC) 
Valder S1effen Jr. (URI) 

REVISTA FINANCWlA COM RECURSOS DO 

Programa de Apoio a Publicações Cientificas 

MCT @1 CNPq I!} FINEP 

FAPESP - Fundação de Amparo a .Pesquisa do Estado de São Paulo 



RBCM - J . of the Bru. Soe. Mechanlcal Sciences 
Vol. XVII- n"3- 1995- pp. 252-268 

ISSN 0100.7386 
Printed ln Brazll 

lnitial Values Searching Method For Solving 
Non-Similar Boundary Layer Problems by the 
Local Non-Similarity Model 
José Viriato Coelho Vargas 
Departamento de Engenharia Mecânica 
IME • Instituto Militar de Engenharia 
22290-270 - Rio de Janeiro. RJ - Brasil 

Francisco Eduardo Mourão Saboya 
Departamento de Engenharia Mecânica 
UFF - Universidade Federal Fluminense 
Niter6i. RJ - Brasil 

Marcus V. A. Bianchi 
Heat Transter Laboratory 
Scnool of Mechanical Engineering 
Purdue University 
West Latayette. lN 47907-1288 - USA 

Abstract 
The present work introduces a method for searching initial values, to solve non-sim.ilar Boundary Layer 
problems through lhe local non-similarity model. ln order to provide a view to illustrate the method, the problem 
ofmixed convection on a wedge and lhe surface mass transfer problem ofuniform injection (blowing) in a tlat 
plate under forced oonvection are solved herein. The results for the latter and for the special case when the wedge 
becomes a vertical plate are compared with prior information from the published literature and novel resuJts are 
presented for the 90" and 180" wedge. where lhe problem is non-s.imilar and U = AX". lt is also shown the 
method provides results ofhigh accuracy, for the whole range ofvariatíon oflhe non-similarity parameter, and 
with only one transformation ofvariables. based on scale analysis for forced convection, both to uoiform surface 
temperature and to uniform heat tlux. 
Keywords: Boundary Layer Problem. Local Non-Similarity, lnitial Value Search. Mixed Convection on a 
Wedge, Uniform Injectíon 

lntroduction 
Some boundary layer problems are similar, i.e. , they can be treated as onc or a set of ordinary 

differcntial equations, but many ofthcm are not, thcy are the so called non-similar problems. They are 
modeled by a system of parabolic equations that need to be solved by a different approach. Among the 
available methods for the solution ofthese problems, the local non-similarity method introduced by 
Sparrow et ai. ( 1970) has some important features that should be considered, depending on the 
objectives of the researcher. The solutions are found locally. i.e. , indcpendently of information from 
other streamwise positions. The problem reduces locally to a set of ordinary ditferential equations. so 
the approach becomes símple and direct, both in concept and in application and demands low 
computatíonal time if compared to other methods. stiU preserving the accuracy of the results. 

A survey on the local non-similarity method was presented by Chen ( 1988), bringing together the 
solutíons of severa! non-similar boundary layer problems, with the t.ransformed conservation equations 
either in the integral or differential forro. The study reports the difficulty for convergence for high 
v alues of the non-similarity parameter, and also requiring cxccssive computational time due to thc 
unknown inítial values. To deal with this problem, it is suggested to use short increments of the non
similarity parameter, from the starting condition whcn thc parameter is zero and the problcm becomes 
similar with easy convergence, procceding from this point step by step until tbe solution at the des ired 
value of the non-similarity paramctcr is achieved. lndeed, this techniquc lcads to the solution, on the 
other hand it eliminates onc ofthc most attractive features ofthe local non-similarity mode~ whlch is 
the possibility of obtaining local and autonomous solutions, besides thc extra computational time 
rcquired. 

ln the present paper. a method to provide automatically the proper initial values for achieving 
convergencc ofthe local non-s imilarity model at any streamwise position is introduccd andillustrated. 

Manuscript reoeived: March 1995. Technícal Editor. Carlos Alberto Carrasco Altemanl 
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The melhod tums possible to preserve the most anractive aspects of the local non-similarity method, 
i.e., local solutions independently of other streamwise infonnations and low computational time. 

Severa! authors have dealt wilh the problem of mixed convection on a vertical wall (Chen, 1988; 
Cebeci and Bradshaw, 1988) and with lhe problem ofmixed convection on inclined surfaces (Mucoglu 
and Chen, 1979; Wickem, 199 1) considering U .,. constant in ali geometries. This paper presents 
results to be compared with previous infonnation for lhe vertical wall and nove! results for the 90" and 
180" wedge angles, in the sense that lhe free stream velocity is considered U = Ax .. , according to the 
potential Oow theory. This assumption impües lhat lhe pressure gradient in the momenturn equation is 
not zero. No pressure gradients were considered in a previous problem (Mucoglu and Chen, 1979). ln 
two recent studies (Wickem, 1991 }, in contrast to Prandtl's classical boundary 1ayer theory, the 
pressure in the boundary layer was no longer determined by the pressure outside, but still with the 
assumption of U = constant. As a result of these remarks, non-similar wedge flow solutions under 
mixed convection with U = Axm have not been given yet, except for the specific case of a vertical wall 
(m = 0). 

The application of lhe fVSM is illustrated by the solution of lhe problem of mixed convection on a 
wedge, performing an analysis to study the effects of the buoyancy force on the heat transfer and 
friction characteristics of laminar forced convection flow which is·either maintained at uniform 
temperature or subjected to uniform heat flux. ln these problems, the fVSM allowed the solution to be 
obtained in the e o tire range of variation of lhe non-simi larity parameter (O-I 00) with only one set of 
transformed equations based on scale analysis for forced convection. H has been reported ln previous 
works, that either with the local non-similarity method (Chen, 1988) or with a finite·differences 
scheme (C.ebeci and Bradshaw, 1988), lhe non-similar problem of mixed convection on a vertical wall 
with that set of transformed equations is increasingly difficult to converge as the non-similarity 
parameter increases. With lhe local non-similarity method, results were presented only up to Ç= I O 
(Chen, 1988) and witb finit~ifferences, when Ç is large, a new set oftransformed equations obtained 
from similarity variables based on scale analysis for purely natural convection was used (Cebeci and 
Brads haw, 1988). Also, solutions were presented, with a Kcller's box scheme (Wickern, 1991) and 
with the local non-similarity method and finite-differences (Mucoglu and Chen, 1979), for several 
inclined plates, considering U = constant which is different from lhe cases treated in this paper, but 
again not for high values of the non-similarity parameter, therefore neither covering the entire range 
purely forced - mixed - free convection nor lhe more general case when U • Axm. 

The solution of the surface mass transfer problem of uniform injection (blowing) in a flat plate 
under forced convection is also obtained. The results are compared with available published 
information. 

Description 
Since the method of local non-similarity is applied to the problems, the partia! differential 

parabolic equations that model the non-similar boundary layer transform into a set of ordinary 
differentia.l equations to be solved at any specific streamwise location (Chen, 1988). Some ofthe initial 
values required to c.arry on the solution are known, and the problem is completed with freestream 
conditions, therefore it is a boundary value problem. 

Although results will be given only for m =O, 113, 1/2 and I, the model is valid for any wedge 
anglc, except for the horizontal plate. 

For so lving the set of ordinary differential equations the Runge-Kutta method of 41h order is 
applied, cstimating the unlcnown initial values to start the calculations wilh the IVSM herein presented, 
associating the Newton shooting method to correct lhe estiroated initial values (Kincaid and Cheney, 
1991 ). The convergence is reached when the edge conditions are verified and also their first 
derivatives, since an asymptotic solution is required at this point, as described by Nachtsheim and 
Swigert ( 1965). Nevertheless, the Newton method requires the estimated vector of unknown initial 
conditions to be close enough to lhe actual vector, otherwise the integration diverges before reaching 
the edge of the boundary layer. As a result of this, the challenge is the estimate of initial values at any 
strearnwise position, except for a low value ofthe non-similarity parameter, to guarantee that problem 
does not happen. 

The initial v alues searching method consists in the estimate of a o-dimensional region instead of a 
o-dimensional vector of unknown initial conditions, where n is the number of unlcnown initialvalues, 
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thereafter by a searching approach the proper o-dimensional vector that leads to convergence is found. 
ln the presentation that follows, the succeeding sections of the paper deal with the solution of non
sirnilar boundary layers as a result of the mixed convection on a wedge, with uniform temperature and 
uniform heat flux and the problem of surface mass transfer. The first section, that contains the 
exposition ofthe method is more detailed than the subsequent sections. 

Mixed Convection on a Wedge 
A schematic presentation of the problem can be seen in Fig. I. The three configurations are ways 

of achieving a potential profile for the freestrearn velocity, as reported by the potential flow theory, 
U == Axm, A is a constant. 

Tbe streamwise coordinate is represented by x and the transverse coordinatc is y. 
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I Gravity 

)~~ l 
y 

Fig. 1 Phyalcal model and problem eoontlnat .. 

Under lhe assumptions of laminar, constant·property, mixed convection flow, negligible viscous 
dissipation and Boussinesq approximation, lhe goveming equations for the problem are: 

au + àv =o 
àx ày 

àu àu dU iu u-+v- = u - ±g ~(T-Too) +v-
dx ày dx x ày2 

àT àT à2T 
u-+v- = ot-

àx ày ay2 

(I) 

(2) 

(3) 

with rwo differeot sets ofboundary conditions, one for the uniform wall temperature problem and lhe 
other for the unifonn heat flux problem. as follows : 

unifom1 wall temperature 

y = O : u = v = O, T = T w ; y-+ oo : u-+ U, T-+ Too (4) 

uniform heat tlux 

y = O : U = V = O, qw = -k~T~ ; y-+ oo : U-+ U, T-+ Too 
oy y. o 

(5) 

The ± s ign in Eq. (2) refers to lhe aiding flow (+) or to the opposing flow (-) representing the two 
possible situations in mixed convection. For the gravity orientation of Fig. I, a positive component of 
lhe buoyancy force in the direction oflhe freestream velocity means an aiding flow, and when negative, 
ata apposing flow. 

Uniform wall temperature 

ln the model, the surface temperature is restricted to lhe form: 

(6) 

So, when n = O the case of unifonn surface temperature is represented. 

A transformation of the problem from the (x, y) coordinate system to the (Ç ·TI) system is 
performed choosing TI and Ç as (Schl ichting, 1979; Sparrow et ai., 1959; Sparrow and Yu, 1971; 
Bejan, 1984; Bunneister, 1983): 
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ll =y ru ; Ç: IGrxl 
~v;_ R 2 

Cx 

The oon-dimensional stream function is: 

f(Ç. Tt) = li&tl 
JvxU 

The resulting transfonned goveming equations are: 

I +m 2 
f"' + -

2
-ff" + m ± Ç9- m (r) = Ç ( I + n- 2m) (rg' - gf') 

9" I+ m 
Pr + -

2
- fa'- nf9 = Ç ( 1 + n - 2m) ( 4lf - g9') 

(7) 

(8) 

(9) 

(10) 

where g .. à fi aç and <j) = ae;aç . and with the following transfonned boundary conditions: 

11 = O f' = O; O = I ; ( I + m) f + 2Çg (I + n - 2m) = O 
(li) 

fi~OO r~t; 9~o 
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For the sake of conciseness the description of the initial values searching method is at first applied 
to the local sim i larity method (Sparrow et ai. , 1970), thereafter, as an extension, to the local non
similarity method. 

The local similarity method assumes g and 41 are small enough so that they may be neglected, 
hence Eqs. (9) to ( li ) beco me: 

f" + 
1 

; mff' + m ± çe- m ( f") 
2 = O 

e"+ 1 + mf9'- nf9 = O 
Pr 2 

with the following boundary conditions: 

TJ=O : f'=O ; O= I ; O= I 
fl--+oo : f = I; 0~0 

( 12) 

(13) 

(~4) 

The parameter Ç is regarded as a constant at any streamwise location, the refore the set of 
equations is treated as ordinary differentiaJ equations at each location. 

With the increase of lhe value of Ç, the results beco me more uncertain, as reported by the 
literature (Sparrow et ai., 1970; Chen, 1988; Sparrow and Yu, 1971 ). because of the assumptions that 
led to Eqs. ( 12) to ( 14) of the local similarity method. 

The conditions for f' and 9' at TI = O are not known, thus it is necessary to provide a good 
estimate to start the calcuJations aiming to achieve convergence. ln other words, somehow a certain 
estimated vector has to be dose enough to the actual vector of initial conditions. 

Consider the following estimated vector of unk:nown initial conditions: 

( 15) 
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Let the actual vector of initia.J conditions be: 

(16) 

So, the vector Zo should be in a region close enough to 1, io order to obtain convergence to the 
solution. Nonnally, depending on the equation that region is not wide. To deal with this d ífficulty, the 
IVSM estimates a discrete 2-dimensional region instead of a 2-dimensional vector z0 , as follows: 

:t (Z z ) i = I, ... , N 
Zoij = Oil' Oj2 • . _ 

J- I, ... , M 
(17) 

where N and M are the number of divisions of the chosen range of va.riation of dimensions I and 2, 
respectively. 

Equa.tion ( 17) defines M x~ vectors to be tested as possible initial values for the solution of Eqs. 
(12) to ( 14). Starting with Zo11 • each vector is tested until a proper vector is found to obtain 
convergence. Note that not ali vectors need to be tested, therefore the search finishes when the proper 
vector is found. 

Call F1 and F2, the arbitrary ranges ofvariation for dimension I and for dimension 2, respectively. 
The incremcnts to changes the value of Zoij are: 

F F 
ó.Z I . 6í'..., = M2 

I = N , ' 
(18) 

As a result ofthat, a oew value of Zo;J to be tested comes from: 

( 19) 

For each z0 .. it is verified whether the integration diverges or not. l f so, a new value of 1_0 .. is 
tested, until a pro~er one leading to a solution is found. At this point the search stops, even ifthe eà-\ire 
region ha.s not been tested yet. 

The test mentioned in last pa.ra.graph consists ín verífying íf lhe functions calculated during the 
integration of the equations remain bound along the whole domain. ln other words: 

js;('rl)l < K, i= I, .. . , NF (20) 

where S; (1'\) are the functions and NF is the number offunctions that are calculated io each step ofthe 
Rung~>Kutta scheme, and K is an a.rbitrarily big number chosen according to lhe computer being used 
in the calculations. 

For each value of Ç, Eqs. ( 12) to (14) províde the local simílaríty solutíon, therefore the 
corresponding ínítial values f's't. ( Ç, 0) and 9sL ( Ç, 0) are now available, where the index SL refers to 
the local similaríty solution. 

Applyíng the local non-similarity method to the problem, Eqs. (9) to ( l i) are dífferentiated in 
respect to Ç , neglectíng the terrns containing the second derivatíves with respect to Ç , eventually 
obtaíning: 

I+ m , (3 3 ) g"+ -
2
-rg"- (I +n)f'g + 2+n - 2m f"g±Ç$±9 = 

(21) 

Ç (I+ n- 2m) (g'g' - gg") 
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~r cp" + I ; 
01

fql' + (2m- 2n- I) r<j> + ( ~ + n- ~m )ga'- ng'9 = 

I; ( J + n - 2m) (g'<j>- g<j>') 

The boundary conditions become: 

11 = o : r = o ; g = o ; r = o ; g' = o ; a = 1 ; <1> = o 
11 --t oo : r --t 1 ; g' --t o ; e --t o ; <1> --t o 
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(22) 

(23) 

For each desircd value of 1;, the set of ordi.nary differential equations (9), (I 0), (21) to (23) has to 
be solved. Since only one differentiation was performed and some selected terms neglected thjs is the 
so called second order non-similarity mcthod. Although the approacb for the fVSM is applicd to these 
equations, it could be easily extended to higher order systems. 

The set of equations requires the estimation of four unknown jnitial values. to wit: 

f" (Ç, 0) , 9' (l;, 0), g"(Ç, 0) and<j>'(Ç, O) 

This time, a 4-dimension region has to be defined such that for a specified value of Ç the IVSM 
searches four ranges of variation, one for each dimension. 

The ranges ofvariation for to r'(/;, O) and 9' (/;, 0) be searched are defined based on the values 
obtaíncd in the local similarity solution, as follows: 

(24) 

(25) 

where F 1 is the range for f'' ( Ç, 0) and F2 is the range for 9' ( Ç, 0) . 

The center points come from the local similarity solution and since the local nonsimilarity solution 
is cxpccted to be dose enough, it is noted that the low and high values can be chosen close to the local 
similarity solution, say I 0% for low values of Ç up to 30% for high v alues of Ç, for example. These 
values establish an upper anda lower limit for the interval. Anyway, if necessary, according to each 
problem. this interval can be increased or reduced as desired. 

lt is also desirable to havc a pro per estimate for the other two unknown initial v alues g" ( Ç, O) and 
~'(Ç,O) . 

Therefore, from a first ordcr backward differences approximation, in 11 = 0: 

= 
f'sL (Ç, 0)-f''sL (Ç- 6Ç, O) 

6Ç 

(26) 

, ~' _ 9'sL (Ç, 0) - 9sL (Ç-AÇ, O) 
<l>i ni (..,,O) - 6Ç 

(27) 

the v alues of r' SL (Ç- 61;, 0) and 9' SL (I;- 6Ç, 0) ais o come from the local similarity solution. 

which is easily convergent. The two other regions can now be chosen based on the central points 

defined by Eqs. (26) and (27), as follows: 

(28) 
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{ F 4 e IRI<I>Íow (Ç. O) < <l>ini (1;, 0) < <l>high (Ç, 0)} (29) 

lt is important to note the low and high values can also be chosen close to the center values. 
because it is expected the central values are sufficiently close to the local similarity solution. 

The local Nusselt number Nux and the local friction factor Ctx are defined by: 

N = ~-~ = - 6'(" O)R 
112 

ux T - T k ..,, ex 
w -

(30) 

Cfx = Tw = 2f''(Ç,O)Re:112 

(pU
2
12) 

(31) 

Uniform heat flux 

ln this case the boundary conditions for the problem are represented by equations (5). This time, 
another transformation from the (x, y) system to the (X, 11) system is necessary. 

Let 11 be defined as in Eq. (7) and: 

(32) 

f (X. l1) -~ 
- JvxU 

(33) 

(T- Too) Re
112 

)": X 

qwx/ k 
(34) 

The resulting transformed equations are: 

f"+ I +mff'+m±n - mf2 = x(~ - ~m)(fg'-gf'') 
2 2 2 

(35) 

1 y" 1-m(y m+ lfY' (3 5 ) (f'r ') Pr - -2- +-2- = 2-2m X -gy (36) 

The subsidiary cquations for the local nonsimilarity model of second arder are: 

,, l+mf" l+mr, ±r+ 2 f, (3 5 )c,, ") g +--g - -- g x y - m g =x - - -m gg-gg (37) 2 2 - 2 2 

1 r" 1 + m.-r, 2 2 ) ' (3 2) r r 1- m ' Pr + -2-11 + ( - m gy + m- - -2-g 'Y = 
(38) 

x( ~ -~m) (gT - gr') 
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The boundary conditions become: 

1'\ = o : g' = o; r = o ; g = o; r = o ; r· = o; i = -I 
(39) 

1'\--+oo :g'-+0; f'-+ I; r'-+0 ; y'--+0 

Tbe local Nusselt number Nux and the local friction factor Cf< are given by: 

Nu Re- 112 = --1-
" " r<x.O> (40) 

(41) 

The IVSM is applied to this case exactly the sarne way as it was in the uniforrn wall temperature 
case, since thc Boundary V alue Problcm has four unlcnown initial values. 

Surface Mass Transfer 

The objective of this sections is to analyze a flat plate aligned para! lei to a uniforrn freestream 
flow. As it is well Jcnown, the case ofuniform surface mass transferis a non-similar problem. 

With lhe conservation equations for constant property, forced convection bounJary layer flow over 
a flat plate, the transformed equations for the appl ication of the local non-similarity model are 
(Sparrow and Yu, 1971): 

f'" + ff'' = ç (f g - f g) (42) 

g"' + fg" - f'g' + 2f'g = o (43) 

I 
Pra"+f8'-2nfa = Ç(f'~-a'g) (44) 

1 
Pr'" + W- ( I + 2n) f~ + 2g9'- 2ng'9 = O (45) 

with the boundary conditions: 

I I 
1'\ = o: f = -2ç ; a = 1 ; 8 = -2; r = o; ~ = o; g' = o 

(46) 

1'\ --+ - : r --+ 1 ; a --+ o ; g' --+ o ; ~ --+ o 

and with the modified variables: 

1'\ = y tu ; ç = VW !2Ux 
~2Vx u ~-v 

(47) 



261 

'f 
f(~ T\) = --

J2vxU 

The local Nusselt number is given by: 

Nu Re- l / 2 = -9 (Ç, 0) 
X K J2 

J. V. C. Vargas. F. E. M. Saboya and M. V. A. Bianctti 

{48) 

(49) 

The IVSM is applied to this model in conjuncúon with the local non-similarity melhod the sarne 
way as the other models presented earlier for a boundary values problem with four unknown initial 
values. 

Results and Discussion 

ln this section, numerical computations were carried out for a fluid having a Prandtl number 0.7. 
The method of local non-similarity of second levei was applied in ali cases, such that four gucsses 
wcre requircd for each test of the IVSM, lherefore a 4-dimension region had to be estimated for each 
case solved, in the application of the IVSM. A sparse discretization was reqüiréd for each guess range. 
At most ten divisions were used in a range, within ±30% the center guess, which comes from the local 
similarity solution, if necessary. Therefore, at most I 04 vectors i 0 had to be tested in the most 
unfavorable situation. Also, if convergence happcns to be difficult, the history of lhis sparse run will 
lead to a bener region closer to a proper io, then a new sparse run in this closer region wiU certainly 
lead to convergente. These tcsts are not computationally expensive because in the case when the 
estimated vector is not appropriate for convergence, Eq. (20) is not satisfied in the very beginning of 
the Runge-Kutta integration. and lhe IVSM automatically tests a ncw vector and so on, until the 
appropriate vector that leads to convergencc is found. As pointed out in section 3, lhe entire region 
does not need to be tested. Once lhe appropriate vector is found lhe computations stop. Additionally, 
most cases did not require the estimate from lhe local similarity solution. since lhe user is able to figure 
from the physical uoderstanding of the problem, a rough cstimate for the guesses to start with. Of 
course, this is possible only because the IVSM uses an estimated region of possible guesses, not only 
one single vector. Anyway, after Ç = I O, in arder to achieve convergence to a solution, the use of lhe 
IVSM was mandatory, in ali cases studied in this paper. Results were obtained for the problem of 
mixed oonvcction on a wedge, either wilh uniform surface temperature or wilh uniform heat tlux, and 
for the problem of surface mass transfer on a flat plate. 

To illustrate the validity ofthe rcsults that have been obtained, the solutíons for lhe similar wedge 
(m = 0.5;n = 0). for the vertical plate (m = O;n = 0), both under mixed convection were compared to the 
resulls of Sparrow et ai. ( 1959) and Chen ( 1988), respectively, in the case of uniform temperature, as 
particular solutions of the model developed in this pape r. Also, in the case of uniform heat tlux, the 
solutions for the vertical plate (m = 0) were compared to previous results (Mucoglu and Chen. 1979), 
as a particular case oflhe model presented here. ln the surface mass transfer problcm, lhe results were 
compared to thc resulls of Sparrow and Yu ( 1971 ). 

The integration step was determined by trial and error, reducing its size until coincidental solutions 
are found obeying a convergence criterion, consisting on lhe verification of the integrated functions 
along the domain, lhe boundary conditions and lheir derivatives directly on the edge of the boundary 
layer. according to a tolerance E = 10-õ. The value oflhis tolerance should be relaxed depending on lhe 
degree of non-similarity of lhe problem to be analyud. Some authors bave reported lhe need to relax 
this tolerante when using lhe local non-similarity modcl ofthird order, to achieve convergence (Chen, 
1988). 

During lhe computaüons it is also necessary to adjust lhe value of 11_ , which was done here by 
trial and crror (Chen, 1988), until asymptotic values are found on the edge ofthe boundary layer. With 
the !VSM. the values of lhe transformed functions and lheir derivatives could be verified direct.ly on 
the edge of thc boundary layer, guaranteeing an asymptotic solution wilh no need to use an error least 
square technique as described by Nachtsheim and Swigert ( 1965). Ali results reported in lhis paper 
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were obtained with TI_ = I O, â'l = 0.02 and according to a tolerance t = J0-'6, so that the sarne results 
were obtained with fine r meshes and larger TI_ domains. 

Figure 2 shows the local Nusselt numbers and Fig. 3 shows the local friction factor as f unctions of 
Ç, for the UWT case for severa I values of m (aiding flow) and in the small graphs, the local Nusselt 
numbers and the local friction factor as functions of Ç, for the UWT case for severa! values of m 
(opposing tlow), until the oc~urrence of a separation. Analyzing the results, it is seen that the l~al 
friction factor is more sensitive to changes in the buoyancy parameter than the local Nusselt number. 
As m increases, the effect of the buoyancy force decrenses. since &xis maximum wben m = O. The 
asymptotes or rorced convection (!; = O) are given by: 

3~----------------------------------------, 

)( 

::J 

m = 1/ 3 

~ ~=~:~;.'~=== .. =.= .. = __ = __ ~_~. :~::~~~~~~::~ 
~ ~.7 •• ~--~~~= .,.. 
~ 

i 

~·+---~~~~r-----~~~ 
~01 0.1 

0 .1 
0.1 1 10 

ç112 
Fig. l Local Nusselt number for aldlng and oppoalng flows aa a functlon of Ç (UWT) 

m "' O (vertical plate) 

1/2 - 1/ 2 
2CrxRe. = 1.32823: 2NuxRex = 0.58536 (50) 

I 
m = 3 (90" wedge) 

(5 1) 

m = 0.5 (similar problem- 120" wedge) 

1/ 2 -1 / 2 
2CrxRex = 3.59887; 2NuxRex = 0.83246 (52) 

m = I ( 180" - frontal tlow against a side wall - Fig. I ) 

1/ 2 - 1/2 
2C rxRex = 4.93035; 2Nu,Rex = 0.9919 (53) 
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Fig. 3 Local frlctlon factor for aldlng and opposlng tlows as a functlon of Ç (UWT) 

For high values of Ç the natural convection is predominant. For a fluid having a Prandtl number 
0.7, tbc asymptotes are given by (Sparrow et ai., 1959): 

(
Gr J3/4 (Gr Jl/4 , 112 X -112 X 

2CfxRex = 3.84 - 2 : 2NuxRex = 0.7065 - 2 
R~ R~ 

(54) 

Figures 4-5 show rcspectively some typical velocity and temperature profiles for severa! values of 
m and Ç for aiding tlows. lt is seen from these distributions that the velocity overshoot for some 
situations is very large. The largest one was found to be connected with a higher non-similarity 
parameter and m = O. 

The previous analysis allows the detennination of a mixed convection regime defined witb a 5% 
criterion where the local friction factor and lhe local Nusselt number devi ate from either the pure 
forced or the pure free convection values, both for aiding and opposing flows, as seen in Table 1. 

ln the situalion of opposing Oow, the free convection generates a movement of particles against the 
potcntial Oow, and a separation will occur when the generated flow is strong enough to overcome the 
potential Oow. This is mathematically seen when the local friction factor achieves the values zero. As 
it is wcll known, thc governing equations are not valid near a point of separation, therefore results are 
more difficult to obtain as the local friction factor approaches zero. 

Figures 6-7 show the local Nusselt number and the local friction factor, rcspectively, as functions 
ofthe non-similarity parameter X for the UHF case for m =O (vertical plate) and m = 1/3 (90" wedge), 
for aiding flow. 
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Valueofm 

o 
113 

0.5 

Value ofm 

o 

113 

0.5 

Value ofm 

o 
113 

0.5 

Value orm 

o 
113 

0.5 

Table 1 Convectlon Crlterla (UWT) 

Aiding Flow 

Ranges of Variation 

Non-simllarity Parameter ~ Ç a !Gr •' I Re! 

Forced COnvection 

o- 0.056 

0-0.211 

o- 0.326 

Mixed Convection 

0 .056 - 6.230 

0 .211 - 14.623 

0.326- 17.439 

Free Convection 

6.230 - 00 

14.623 - 00 

17.439 - 00 

2Cf Re 
112 Aiding Flow 

• • 
Ranges of Variation 

Non-similarity Parameter -+ ~ = !Gr .jtRe~ 

Forced Convection Mixcd Convectioo 

o- 0.012 

o- 0.036 

o-0.051 

0.012-30.000 

0.036- 15.705 

0.051 - 15.610 

Free Convection 

30.000- 00 

15.705- 00 

15.610 -00 

2Nu R 
112 

x ex 
Opposing Flow 

Ranges of Variation 

2 
Non-slmilarity Parameter ~ ~ = !Gr.jtRe. 

Forced Conveetion 

0 - 0.149 

0-0.183 

o- 0.254 

2Cf R e 
11 2 

Mixed Convectioo From 

0.149 

0 .183 

0.254 

Opposing Flow 

Ranges of Variation 

2 
Non-similarity Para meter -+ Ç = IGr.I/Re, 

Forced Convection 

o- 0.015 

o- 0.046 

o- 0.060 

Mixed Convcction From 

0.015 

0.046 

0.060 
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The asymptotes of forced convection (X = O) are given by: 

m = O (vertical plate) 

112 - 1/ 2 
2CrxRex = 0.336; 2NuxRex = 0.40884 

I 
m = 3 (90° wedge) 

1/ 2 - 1/ 2 
2Cr.Re,. : 0.75744; 2NuxRex = 0.47495 

(55) 

(56) 

For a fluid having a Prandtl number 0.7, the asymptotes for high values of X are given from the 
solution of the similar problem of natural convection on a vertical wall (Bejan, 1984): 

~CrxRe!/2 = 1.421( Grs~z) :vs: NuxRe:112 = 0.4873( G~x;2Jl /S 
Rex Re. 

(57) 

ln thc analysis, the non-similarity parameter X was varied from O to 100. Thc mixed convection 
regime for the UHF case is completely identified once solutions were obtained in the entire range 
purcly forced- mixed- free convection, and for brevity, a table similar to Table I was not constructed 
for this case. 

Again, it is seen the local friction factor is more sensitive to changes in the buoyancy parameter 
than is thc local Nusselt number and also, as m increases the effect ofthe variation of X decreases. 

Figure 8 shows the local Nusselt numbers for the problem of surface mass transfer, covering the 

range of "w fUX : .1. from O to 0.5. 
u ~v- .12 

~ .... 
• >< 
(1) 

0:: 
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:::J 
z 

0.3~--------------------------------------~ 

0.2 

0.1 

o 
o 0.1 0.2 

~ 
u 

IVSM 
ô Sparrow and Yu (1971) 

0.3 
. / Ux 
V-v 

0.4 

Fig. 8 Local Nuaaelt number aa a functlon of Ç/ ./2 (aurtace mail tranafer) 

0.5 
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As an illustration of thc application of the rvSM, in the surface mass transfer problem it is seen 
that for an initial estimate for f' ( Ç, O)= 0.14 the integration by the Runge-Kutta scheme diverges, 
even reducing the integration step, and for f'' ( Ç, O) ~ 0. 15, it converges to a solution. The IVSM 
detects automatically the proper value to starl the integration and achieve convergence. This 
observation was made using the correct values of 9' (Ç, 0), g"(Ç. 0) and <I>' (Ç, 0), with ~TI = 0.03, 

E = 10-6
• ç = ( :!'/; J? )· 0.5 and Pr = 0.7. 

lt is convenient to emphasize that a numerical scheme with step siu control (Kincaid and Cbeney, 
1991) to integrate the transforrned equations would certainly bring advantages to the application of the 
IVSM, but it would not be so successful if applied atone with the local non-similarity model, as it was 
shown in last paragrapb. 

Concluding Remarks 

ln this paper a method was presented to be applied in conjunction with lhe local non-similarity 
method to solve non-similar boundary layer problems. Severr.l problems wcre solved and nove! results 
presented for the problem of mixed convection on a wedge with U = A.xmfor m = 1/3 and m = I 
covering the entire range of purely forced - mixed - free convection. The key conclusions of this study 
are: 

a) The novel results in entire range purely forced-mixed-free convection allow tbe identification of 
a mixcd convection regime in ali cases studied. both for the local friction factor and the local Nusselt 
number; 

b) The IVSM is a powerfultool to solve non-similar boundary layer problems, detecting the 
appropriate estimate for lhe set of unknown initial v alues guarantees the convergence to a solution in 
the entire range of the phenomcnon, which was not donc in previous studies (Chen, 1988; Mucoglu 
and Chen, 1979; Wickern, 199 I), and 

c)With the method of finite-differences (Ccbeci and Bradshaw, 1988), two sets of transformed 
equations had to be used to obtain the solution for lhe vertical wall problem. On the other hand, the 
IVSM solved the sarne problcrn with only one set of equations, in a simpler and more efficient way, i.n 
the sense lhat Iess computational time is required by lhe local nonsimilarlty method than lhe finite
differences scheme. Note lhat the finite-differences melhod requires a fine mesh both in the Ç and TI 
directions, wbile lhe local non-s imilarity method requires a fine mesh only in the TI direction. 
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Abstract 
The micromechanisms of fracture of an alumina powder epoxy matrix composite was identilied and compared 
wilh the fracture mechanisms ofthe neat epoxy matrix. l11e effect ofstraín rate upon lhe fracture behavior ofthe 
oomposile and that oflhe neat epoxy matrix was evaluated. A strong incresse ln the neat resin fracture toughness 
at high strain rates was associated with crack tip bluntíng. 
Keywords: Composite, Crack Blunting. Strain Rate Effect 

lntroduction 

ln lhe last 30 years thermoset polymers are being increasingly used as adhesives and also as matrix 
in composite materiais (Chawla, 19&7). Nevertheless, they are brittle materiais and have very low 
criticai values both for the stree intensity factor, K10 and for the strain energy release rate, G10 For 
epoxy resins lhese v alues range typically from 0.6 to 0.8 MPa.m 112 and from 0.1 to 0.2 KJm·2 for Krc 
and G lo rcspectively (Bandyopadhyay, 1990). The f racture toughness can be increased by 
incorporating, to the polymer, different types offillers, like fibers, elastomers, rigid partic1es (Low and 
May. 1988; Bandyopadhyay, Pearce and Mestan, 1985; Kinloch, Maxwell and Young, 1985) and even 
thennoplastic polymers (Bucknall and Gilbert, 1989). The actual acting toughness mechanisms are a 
function of the difference between lhe resin matrix and filler properties and/or lhe filler aspect ratio. 
The three main possible toughness mechanisms are due to: i) crack anchoring or deflection at the filler
matrix interfac:e (Low and May, 1988; Lange and Radford, 1971), ii) crack bridging by fibers or 
strctched e lastometric particles (Bandyopadhyay, Pearce and Mestan, 1985) or iii) localized crack tip 
plastic: deformation (Kinloch, Maxwell and Young, 1985). Tbe toughness oflhe composities is also a 
fun ction of externa! variables, such as the imposed stress field or strain rate. Furthermore the 
incorporation of rigid particles brings to lhe polymer a frequently desirable increase in stiffness. 

ln this work the micromechanisms of fracture of an alumina particle reinforced epoxy matrix 
composite are studied as a function of the applied strain rate and compared with the unfilled epoxy 
matrix fracture mechanisms. 

Experimental Procedures and Materiais 

The epoxy system studied is based on a difunctional liquid epoxy resin, diglycidyl ether of 
bisphenol A (DGEBA), crosslinked with an aliphatic amine, trielhylenetetramine (fETA). Predried 
and sieved alumina particles (99.9%. alumina) with mean diameter of0.26 1-1m were used as fillers. 
The proper quantities of resin and hardener wcre thoroughly mixed in an open container for at least lO 
minutes. Thc alumina particles were, lhen, slowly added and lhe slurry formed wasagain mixed for 
more 5 to lO minutes. The mixture was poured into bar shaped open silicone mo1ds. The cure ofthe 
composite was achieved at room temperature and the resinlhardenerlfiller ratio used was 100113130, on 
a weight basis. 

Manuscrlpt recelved: June 1995. Technlcal Edítor. Agenor de Toledo Fteury 
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The density of the composite was measured following the ASTM Standard D-792. The volume 
fractions of the filler. Yf, and voids, Yv, were obtained from the micromechanics equations 
(Schoutens. 1984) 

(I) 

(2) 

where p is the density, M the mass fraction and the sub-indexes f, m. c and v stand for filler, matrix, 
composite and void, respectively. Tabulated values for lhe density of the resin and of the alumina 
particlcs were used in the calculations, namely (Shackclford. 1985). p m= 1160 kgtm3 and pr= 3970 
Kglm3. 

f_omposite and oeat rcsin specimens were tested in three-point bending (TPB) at slow. v = I. 7 x 
I o· nlfs. and impact, v .. 3.46 m/s, speeds. T he imposed strain rates were 5 x 10'4 s·• and 150 s·•. 
respectively. The geometry and the average dimensions of the specimens used are shown in Fig. I. 
Three to five spccimens were tested for the experimental conditions. The single edge notched (SEN) 
specimens had the notch tip sharpened by sliding a razor blade across it. as recommended by thc 
European Task Group on Facture (Williams and Cawood, 1990). The usual 0.13 mm notch tip radius 
was used for the Charpy test. This ts a blunt notch and the values of energy measured with thc Charpy 
specimens had an additional energy component for the initiation of the crack (Williams, 1980; 
Williams and Hodgkinson. 1981). Therefore. the fracture energy values derived from both tests are not 
directly comparablc. Neverthcless. they will serve as a qualitativc parameter for comparison of the 
fracture mechantsms of the ncat resin and its a lumina composite. 

for thc TPB slow test the total encrgy consumed at failure was calculatcd by integrating the areu 
under thc strcss-strain curve. For lhe impact test condition the absorbed energy was directly read from 
the testing machine dial. The valucs thus obtaincd werc corrected to windage and friction in the 
pendulum bearings the procedure established by the ASTM Standard 0-256. 

The topography of thc fracture surfaces werc analyzed by scanning elcctron microscopy (SEM) at 
15-20 kV with secondary eleclrons imaging. The fractured specimens were gold sputtcrcd before the 
SEM analysis in arder to avoid charging. 

Experimental Results 
The composite density mca.~ured was p c = 1380 kg/m3 and the filler and void volume fractions. 

calculated from Eqs. (I) and (2) respectively, werc V r= 8% and V v "' O%. This low void volume 
fraction is in good agreement w1th the microstructure observed by renected light optical microscopy 
(Costa and d' Almeida. 1993). The energy values obtained from thc impact and TPR slow tests are 
listcd in rahle I. along with the derived valucs of lhe fracture toughness parameter (see the discussion 
below). 

-- Nomenclature 
a = crack length X : crack lengthlspecimen a = contact stiffness/ 
c spedfic heat width ralio specimen stiffness ratio 

k = therrnal conductivity G = strain energy relesse p = density 

kt = contaà stiffness rate (I) = natural frequency 

k2 = specimen stiffness K = stress intensity factor 6 T = temperature change 

m = mass L test span sub-lndexes 

t = time M mass fraàion c = composite 

Ut = energy lost by the striker u = total energy at fracture f = fi ller 

U2 = ener~y gained by lhe uo = kinetic energy term m matrix 
spectmen v= volume fraàion v = void 

v "' velocíty w width I c = criticai va lue for mode I 

B = thickness ' = calibratlon factor fracture toughness 
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Table 1 Absorbed Energy at Fracture (U, 10-2J) and Derived 
V alues for the Straln Energy Release Rate (G, kJ/m2) 

u 
0.41 

27.0 

Matrix 

G 

0.08 

1.46 

u 
0.54 

13.0 

Composite 

G 

0.12 

0.10 

Analysis and Discussion 

Under the high strain rate imposed at the impact tests, the fracture toughness can be determined 
from lhe tollowing equation (Williams and Hodgkinson, 1981; Low and May, 1989) 

U = GBW~+ U0 
(3) 

U is the global energy consumed at the impact tcst, i.e., the value measured at the test machine 
dial. and Uo is a term related with thc ldnetic energy, namely: 

I 2 U0 = -nmv 
2 

(4) 

where m is lhe mass ofthe specimen and v the test velocity. ln Eq. (3), B and W are, respectively, lhe 
thickness and thc width of the specimen, cf. Fig. I , and ~ is a calibration factor.For small cracks it is 
given by (Birch and Williams, 1978) 

I I L I $ = -x+- · -·-
2 l81t W X 

a) IMPACT 

I Dlw 

b) SEN (TPB slow tests) 

Diw 
1---1 

B 

B=W=12.70 
L=40.00 
a=2.54 

8=8.00 
W=16.15 
L=64.40 
a=8.30 
units:millimitres 

Fig. 1 Geometry and dlmenslons, ln mllllmeters, of the tellt speclmens 

(5) 

where L is the test span and x is the ratio between crack length, a, and specimen width, namely: 
X = a/W. 
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The v alues of G calculated from Equs. (3) to (5) are shown in Table I. For the slow TPB tests, U0 is 
small and can be disregarded. As it is shown in Table I. under the test conditions used at this work, a 
strong change for the G value was derived for the resin matrix. The results obtained show that the neat 
resin fracture behavior is strongly aJfected by the strain rate of the tests. On the other hand, the values 
derived for the composite are almost constant and independente on the strain rate of the tests. 

As said before, the values of O derived from SEN and impact specimens are not straightforward 
comparable because the impact speciments had a blunt notch. Nevertheless, it can be seen from Table I 
that it occurs a strong increase in the energy absorbing capacity of the neat resin in relationship to the 
also blunt notcbed composite specimens. The bigb energy value quoted for the neat resin could be due 
to thc dynamic character ofthe test (Williams, 1987; Williams and Adams. 1987). As showed by 
Williams and Adams (1987) an apparent increase in toughness is obtained for short loading times, as in 
an impact test Under dynamic conditions both lhe force and the energy measured are dependent on the 
contact stitfness, k1, between the striker and the specimen. The energy lost by the striker, u1, and that 
gained by the specimen, u2, had the following relationships (Williams and Adams. 1987): 

(6) 

for sin rot = ±I and cos ro t = O; 

(7) 

for sin rot = O and cosro t = + I; and 

(8) 

for sin rot = O and cosro t = -I 

where a is the ratio between the contact stitfness and the specimen stiffness, kl> i. e., a = k1/k2• ln F..qs. 
(6) to (8), ro is the natural frequency ofthe test system and tis the time. The boundary conditions arise 
from considering that the interaction betwcen the speeimen and the striker is governed by a mass
spring model (Williams, 1987). 

I Equation (6) is plotted as u t lmv2 vs u2 I mv2 in Fig. 2 . lt must be highlighled that the other 
equations. say Eqs. (7) and (8), gave results with lhe sarne trend as the one obtained by using Eq. (6). 
For lhe sake of clarity only the trend obtained by Eq. (6) is showed in Fig. 2. 11 can be seco that for a 
> I O the eoergy lost by the striker is approximately equal lo the energy gained by the specimen. 
u 1 = u2. This result means that the v alue of energy measured reflects a real material behavior for a 
values greater than 10. For polymers, in general a can be taken as close to lO (Williams and Adams, 

~ 
1987). Therefore, the calculated incresse oflhe G parameter reflects a strong difference in the polymer 
behavior under impact conditions. 

The analysis ofthe composite fracture surface reveals that crack pinning by the !t.lumina particles. 

I 
Fig. Ja and b, is the main toughness mechanism acting at the composities at both test conditions. As 
shown in Fig.), c:haracteristic tails are developed at lhe alumina particles lying at the fracture surface. 
The position of the tails left behind thc particlcs, shows that a good interfacial adhesion was devcloped 
between the particlcs and the matrix (Kinloch, Maxwell and Young, 1985). At Fig.J it is also shown 
that, in fact. the alumina particles formed clusters that are uniformly distributed throughout the matrix 
and that h ave a mean siz.e of about 45 j.lm. Figure Jb depicts with greater magnification the process of 
crack pinning. lt can be seen thal the crack path is locally perturbed by the clusters, which act as pin 
points for the crack until enougb encrgy is stored to break the crack away. 
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I . . . . ... .. .. .. .... -- ······ 
I 

100.00 

Fig. 2 The varlatlon of the energy loat by the atr1ker, u1, againat the energy galned by the apeclmen, u~ aa a 
functlon of ex . The curves for ex • 50 and ex = 100 are not dlstlngulshable at the graphlc acale used 

Fig. 3a Crack plnnlng by the agglomemea of alumlna partleln. Tha erro- ahow the dlntetlon or fracture 
propagatlon. lmpact tetted apeelmen. 100x 
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Fig. 3b Crack plnnlng by ttt. agglomeratea of alumlna partlclea. The arrowa ahow the dlrectlon of fracture 
propagatlon. lmpact t .. tect apeclmen. 300x 

For the neat resin a strong change at the fracture surface morphology was observed depending on 
the stra.in rate of the test. The neat resin fracture associated with the slow speed test is almost entirely 
featureless, as shown in Fig.4a. The crack propagation occurs mainly on a single plane without large 
occurrcnce of crack branching. Therefore, a small amount of energy is consumed during crack 
propagation. On the other hand, many tear marks are observed at the neat resin fracture surface 
developed under the impact test condition, Fig.4b and 4c. This morphology is characteristic of 
localiz.ed plastic deformation (Low and May, 1989) and its presence shows that crack tip blunting is 
taking place. 

Blunting of the crack tip of polymers has been associated with an adiabatic heating process 
developed at the crack tip under impact conditions (Weichert and Schonert, I 974; Williams and 
Hodgkinson, 1981 ; Clutton and Williams, 1981 ). The temperature rise due to the adiabatic heating is 
given by the equation (Williams and Hodgkinson, 1981 ): 

ôT = 
(ltpckt) 

112 
G 

(9) 

where c is the epecific heat, k the thermal conductivity and t the loading time. 

For the neat epoxy resin the temperature change, ôT, was calculated to vary between 42 and 66 •c. 
These values were obtained using c = 0.40 cal/g. •c (Dean, 1973), k "" 0.20 W/m.K (Low and May, 
1989) and t varying between 0.4 and I milliseconds. The ô T values are bigh enough to bring thc crack. 
tip temperature close to the glass transition temperature, of obout I 00 oc (Low and may, 1989), for the 
epoxy resin . This s hould induce localized crack tip plastic deformation and agrees with the 
topographic marks shown in Fig.4b. 
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Fig. 4a Neat msln fracture surtaces. a) Featureless fTacture topography developed at high straln rate tests 
conducted under low strain rate, 5x10 ... s·•. 

Fig. 4b Neat resln fracture surfaces. Tear marka developed at high strain rate tests, 150 a·1 
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Fig. 4c Tear marks developed at hlgh straln rate tests, 150 s·1 

ln order to calculate the temperature change for the composite, both the specific heat and the 
thermal conductivity of the composite were evaluated by using rule of mixturc equations (Chawla, 
1987). The calculated values were k = 0.251 W/m.K and c= 0.38 cal/g. °C. These values were obtained 
using for the alumina powdcr the following parameters: k = 30 W/m.K (Shackelford, 1985) and c "' 
0.198 cal/g. oc (Dean. 1973). 

The change in temperature for the composite was calculated to be less than 4 oc. With this very 
low temperature rise, the temperature excursion at the crack tip of the composite is not able to induce 
any thermal blunting. Therefore, lhe fracture resistance ability of the alumina particle composite is 
restrict to crack pinning. From lhe experimental results obtained. cf. Table I. it can be inferred that the 
energy absorbing capacity of this mechanism was not affected by the extemally imposed strain rate. 

Conclusions 

Both at high and Jow strain rates, crack pinning was identified as the fracture toughness 
mechanism for the alumina particle epoxy matrix C<lmposite studied at this work. 

The neat resin matrix fracture behavior is strongly dependent upon lhe applied strain rate. 

At impact test conditions lhe neat resin shows a strong incrcase in fracture toughness. Tbis 
behavior is related to the development of an adiabatic heating process that causes crack tip 
blunting. 
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Abstract 
Aiming bearings of: ultra-precision, infinite stiffuess. high vibration damping capability and oew functions (axis 
positiooing and dynamic stiffness control), lhe aulhors present in this paper an "active air joumal bearing" 
AAJB, a novel type ofbearing, capable ofprecisely controlling the radial position ofits axis. The AAJB that is 
the result of the application of concepts of the mechatronics. utilizes oon-cootact sensors to detect the radial 
position of lhe axis, non-contact actuators (movable air pads driven by piezo-eJectric actuators) to support and 
drive the axis, and a controller to regula te tbe whole system. ln the paper, the bi!Sic coofiguration of the AAJB llS 

weiii!S its dynamic model and the controUer design is showo. The stiffuess and the positioning characteristics of 
lhe AAJB are examined anda method of compensating motion errors caused by pro file errar oflhe axis and 
bearing parts is presented. By experiments, it is showo that the AAJB has: ao almost infinite statíc stiffuess and 
an increased damping capability, a band-width ofmore than 1 KHz and ao absolute rotary motion accuracy of 
better than 21 nm with the axis rotating at 750 rpm. 
Keywords: Air Bearing, Mecbatrooics, Active Air Joumal Bearing. 

I ntrod uction 

Ai r bearings are machine elemcnts widely used in the field of precision engineering, such as. the 
fabrication of ICs, data storage media. high precision machine tools and measuring machines. This is 
due to the advantage of air bearings sucb as high accuracy and extremely low friction. Howcver, they 
sbow problems Like: ( I) vibration dueto the low stiffness and the lack of damping capability as well as 
(2) motion inaccuracies due to pro file error of the axis and bearing parts. The conventional approach to 
solve these problems was based on the development of new methodologies to design and manufacture 
bearings and their components. On the other hand. thére is the "mechatronic" approach, i. e., the use of 
electronic and electro-mechanical techniches to solve mechanical problems. ln recent years, the 
fcas ibility of solutions obtaincd from mechatronics point of view is increasing, since the cost of 
electronic components, actuators, sensors as well as micro-processors is decrcasing while their quality 
is increasing. Thus the authors adopted the approach of mechatronics to obtain ai r bearings of betler 
characteristics and proposed the "active air bearing" AAB (Aoyama, Watanabe and Shimokohbe, 
1987). ln the AAB, a non-contact actuator supports and drives an axis, a non-contad sensor detects the 
axis position and a controller regulates the whole system. The non-contact actuator is a combination of 
a conventional passive air bearing mechanism (PAB, an air pad plus a pressurized air film) anda 
piezoelectric actuator (PEA). Such an AAB is capable of executing a precise and quick positioning of 
the axis, making the improvement of the bearing stiffness, damping capability and motion accuracy 
possible. Tbe effectiveness ofthe AAB was demonstrated in past work, in which AABs were utilized 
to compensate for linear motion errors of an air s lide table (Aoyama, Yarnaguti, Osada and 
Shimokohbe, 1989). This paper prescnts a bearing which by using four AABs, 7nged around a rotating 
axis, can control axis motion in two radial directions. This bearing, callcd "active air joumal bearing" 
AAJB (Horikawa and Shlmakohbe, 1990) is the first step in the development of a rotary bearing 
featuring ultra-precision, infinite static stitfness, high vibration damping capability and new functions 
such as axis positioning and dyoamic stiffness control, i. e. a function to incrcase or decrease the 
bearing stiffness at an arbitrary frequency (Horikawa, Yasuhara, Osada and Shimokohbe, 1991). 

Manuscript received: July 1994. Teehnical Editor: Agenor de Toledo Aeury 
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Principie 

Configuration of the AAJB 

Figure I shows the mechanical contiguration ofthc AAJB. The axis (diameter 100 mm, height84 
mm) is supported without mechanicaJ contact by four ai r pads (ai r tilm thickness 20 J,Lm, supply 
pressure 0.4 MPa). These ai r pads are connected to the body through springs (elastic hinges) and they 
can move m the x or y direction. 

Magnetoresistive 
element 

Elastic hinges 
Air nozzle 

Capacitance type 
-- Non-contact sensor 

Bearing body 

Reference 
zone 

Slidlng 
zone 

, , ,~ ,,,,,, 
Axis ~ PEA 

Thrust 
bearing -~$l 1 l~h~~'Air 

Fig. 1 Mechanieal eonfiguratlon of lhe AAJB 

A PEA is inserted between the body and each air pad. Each PEA and air mechanism, i. e., 
noncontact actuator, drives the axis in the x or y dircction through the prcssurized air ftlrn . Thc radial 
position of the axis is measured by capacitance micrometers installed in both directions and their 
output are sent to controllers . 
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The axis is rotated ata constant speed by a turbine (diameter 100 mm), instaUed in the top face of 
the axis, and two air nozzles. Each time the axis completes a revolution, two non-contact 
magnetoresistivc elements generate 400 pulses. Using thesc pulses, the angle of rotation of the axis is 
measured. 

Motions of the axis in one direction is assumed to be independent of that in the other djrection, 
sincc only relatively small displacements are to be considered. Therefore, motions in the x and y 
directions are controlled independently. 

The AAJB model 

A simplified axis dynamic model in the x direction is shown in Fig. 2, where M is the axis mass, K 
the stiffness of the air filrn. C the damping coefficient of the ai r film, dx the disturbance force , x thc 
wsplacemcnt of the ax.is, Xr the reference signal ux the displacement of the PEA, ks the sensor gain, 
k~ the coefficient to convert the displacement X r into voltage (ks = ~ ). The model in the y drrection 

is the sarne, because of the symmetry of the AAJB mechanism. A corresponding block diagram is 
shown in Fig. 3. The transfer function between the input voltage to the PEA driver and the axis 
displacement is decomposed into G 1(s) and G2(s); G2(s) denotes the transfer function from the force 
dx to the axis position x and G 1 (s), the remainder (Horikawa and Shimokohbe. 1990). 

G
2 

(s) = __ _:._ __ 
Ms

2 
+ 2Cs + 2K 

{I} 

(2) 

The controller is composed of the 2DOF (two degrecs of freedom) eontroller, a band-pass til ter 
(F~s)) and a repeti tive co~roller. The 2DOF controller is composed of controller F J(S) of PlD type 
(Eq. (I)) and F2(s) of PDD type (Eq. (2) (Aoyama et ai., 1989). 

Non-contact 
sensor 

Sensor amp. 

X 

d, 

Drive amp. 

PEA 
Non-contact actuator 

Fig. 2 Oynamle model of ltle AAJB (x dlrwçtJO(I) 
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Controller 

Fig. 3 Bloek dlagram of lhe AAJB wlth the 2DOF and lhe (1 + b) controller 

(3) 

(4) 

Whcrc Ta and T x. are time constants necessruy to realize differentiators D and 0 2. Considering lhe 
2DOF controller, the compliance characteristics (characteristics from the disturbance force to the axis 
position, inverse of stiffness) and the reference characteristics (characteristics from lhe reference input 
to lhe axis position) oflhe AAJB are as follows 

~ _ G2 (s) 

D.(s)- l+k~G(s)F(s) 
(5) 

(6) 

wherc F(s) = F J(s) + Fl(s) and G(s) = G J(S) Gl(s). These characteristics are designed as follows: 

(i) F(s) is determined so as to decrease the gain of lhe compliance characteristics as much as 
possiblc unless the system becomes unstablc; 

(ii) Kceping F(s) at the above detcrmined value, F t(s) and F2(s) are chosen soas to optimize lhe 
reference characteristics. 

Thus each characteristics can be designcd almost independently of lhe olher. This is lhe reason for 
lhe name 2DOF controller. 

Ft:J:s) is a band-pass-filter (BPF) used to execute the dynamic stiffness contrai (Horikawa et ai., 
1991 ), i. e., a function to increase or decrease the bearing at an arbitrary frequency. By increasing the 
stiffness at the rotation frequency of the axis, it is possible to reduce víbrations caused by cyclic 
disturbance forces such as cutting forces or by an unbalance ofthe axis. Contrarily, by decreasing the 
stiffness at the rotation frequency, it is possible to rotate the axis around its center of inertia, reducing 
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vibrations caused by an unbalance of the axis. ln both cases, this function improves the capability of 
the AAJB to reduce vibrations, namely to improve the axis rotation accuracy. The controller with FJ:ls) 
is called a (I + B) controller. 

The BPF has lhe following characteristics: 

(7) 

Wherc: fc is lhe peak response frequency, kb is Lhe gain and Q a constant that determines lhe shape 
of lhe peak of the rcsponse curve of lhe filter. Considering lhe BPF, Eqs. (5) and (6) are modified as 
follows : 

D.&_ _ G2 (s) 

D.(s) - I +k
5
G(s)F(s) (I +Fb(S)) 

K1& _ k~G(s)F 1 (s)(l+Fb(s)) 
Xr(s) - I +ksG(s)F(s) (I +Fb(s)) 

(8) 

(9) 

lf kt. >O. in lhe BPF (Eq. (7)), lhe denominator of Eq. (8) increases near f0 so that the compliance 
decreases, i. e ., lhe bearing stiffoess increase at this frequency . The opposite situation occurs and lhe 
stiffness decrease. when lhe filter output is inverted and- I <kb < I. ln both cases, ata sufficiently low or 
high frequency in comparison with f0 the magnitude of FJ:ls) approaches zero, assuring that the effect 
of the dyoamic stiffness control appears only at frequencies near fc. At othcr frequencies, the 
performance is the sarne as that obtained only by lhe 2DOF controller. 

When thc vatue ofF(s) is Large cnough to satisfY lhe following condition, but not so large to make 
the systcm unstabte, Eq. (9) rcduces to Eq. (li). 

Then, the effect of the dynamic control does not appear in the reference characteristics. 

~- k~G(s)F 1 {s){I+Fb(s)) = 
Xr(s) = k

5
G(s)F(s) (I +Fb(s)) 

F 1(s) 

F (s) 

( 10) 

( 11) 

The repetitive controller (Horikawa lllld Shimokohbe, 1990) is anolher that is added to the AAJB 

I system in order to reduce rotation errors that have repeatability by means of a repctitive control 
stratcgy (Hara, Omata and Nakano, 1985). This controller is used together with lhe 2DOF controllcr as 

1 Fig. 4 shows, where, kr is the gain of the repetitive control, i, the number of revolutions lhe axis has 
completed after repeti tive control is activatcd and LI'> the period of the axis rotation. The repetit ive I controller executes lhe following algorilhm : 

1 

(I) Samples the error Er,i; 

(2) Calculates lhe compensation signa!: 

C r, i = Cr,i-1 + Er,i-]lk,.; 
(3) Inputs Cr.i to the 2DOF control!er soas to cancel the rotation error. 

Considering the repeti tive controller, Eqs. (5) and (6) become as follows. 
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(a) 

o. 

k'= k s • 

Fig. 4 Block dlag111m of the AAJB w1th the 2DOF and the repetltlve controllers. 

2U..&_ _ G2 (S) 

Dx(s) - I +k(s}G(s) [F1 (s) (I +F,(s)) +F2 (s)] 

-L,s 
e where F, (s) = --.(--::. __ ..,) 

-l.,s 
k, I- e 

(8) 

(9) 

AI frequencies ro = 2ttk/L, (k=O, I, 2, ... )the term e·I,s approaches unity and lhe compliance 
characteristics approximates zero and the reference <.:haracteristics. unity. 

Control of absolute rotary motion accuracy 

ln order to achieve a high absolute motion accuracy, profile error oftwo pans oflhc axis (Fig. I) is 
considered in the AAJB: profilc error oflhe axis sliding zone, i. e., lhe axis part (including lhe air pads) 
where lhe pressurized ai r film is produ<.:ed, and lhe pro file error oflhe axis reference zone, L e., the axis 
zonc whcre the sensors measure lhe axis position (or molion). 

When lhe axis is rotating, the profile error oflhe axis sliding zone gives rise to changes in thc film 
lhickness and consequcntly in the radial force that acts on lhe axis. Therefore motion errors caused by 
the pro file error of the axis sliding zone ean be reduccd by lhe 2DOF and repeti tive controllers. 

However the pro file error of lhe reference zone is added to the sensor feedback signal and, for lhis 
reason, it is nccessary to measure and compensate for lhis error. So, in lhe AAJB, the profile error of 
the axis referencc zone is firsl measured and then lhe measured error sent to lhe 2DOF controller, as is 
reference signal (xr), eventually using also a repetitive controller when the axis is rotated ata relatively 
high speed. This compensation will be referred to below as roundness compensation. 

Table 1 System Parameters 

M K ç kn c (l)n ks T 

(kg) (Nm'1) - 1 
(f.lmV ) (N s m·1) (rad s·1) (Vf.Lm-1

) (s) 

5.05 7.54x106 o.n 0.93 1.22x103 7.04x103 2 J.8x1o·• 
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System dynamics and design 

After measuring parameters ofthe transfer functions Gt(s) and G2(s) (Horikawa et a1., 1990) 
(Table !) and maldng k, = 2 VJ.lm - I , parameters ofthe 2DOF controller were designed simulating 
characteristics of the AAJB according to Eqs. (5) and (6). The designed controller (Table 2) gave an 
improved compliance characteristics and a reference characteristics with a band-width of 
approximately l KHz (Horikawa et a1., 1990). 

Experimental Results 

Figure 5 shows the experimental AAJB (the air turbine, the air nozzles and magnetoresistive 
elements have yet to be installed). lnitially, experiments were done without the axis rotation. 

P: 

Fig. 5 Prototype of the AAJB 

Table 2 Controller Parameters 

~I = 0.47 

~2 = 1.12 

13 = 1.59 

3 
y = 5.30x lO 

7 .OOxtO-ls 

0: 

Compliance characteristics 

a 1 = 5.10xl0 
4 a 2 = 2.72xl0 

a = 7.83xl0
4 

1; = 1.00xl0
8 

7.00xlO-ls 

Figure 6 shows outputs ofthe x and y sensors with no intcntional disturbance forces. Figure 6(a) is 
the case of the uncontrolled bearing (PAB). Here the axis vibrates continuously with amplitudes of 
about 60 mm mainly because of the a ir tlow from the ai r supply ports. ln the AAJB with the 2DOF 
controller, amplitudes were decreased to less than I 5 nm (Fig. 6(b)). Since the air flow in the P AB and 
in the AAJB were the sarne, the reduction means improvement in the bearing stiffness and damping 
capability. 
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Fig. 6 Vibrations ofthe axls (O rpm): {a) PAB (b) AAJB with 2DOF controller 

Figure 7 shows experimental compliance characteristics in the x direction. Compared to the case of 
the PAB (curve( I)) an overall reduction in the compliance, i. e., increasing in the sti.ffness is obtained 
in the AAm (curve (2)). Curve (3) is the case of thc AAJB with the (I + 8) controller executing the 
dynamic stiffness control at 275 Hz and increasing the bearing at the frequency, 50 times in 
comparíson with the case ofthe PAB. 

1 o·2 r----------y----------...---...... 

1. PAB 3 
2. 2-dof controller 
3. (1 +8) controller 

Frequency Hz 
Fig. 7 Compllance characterlstlcs (x directlon) 

Figure 8 shows responses to a 43 N static force applied diagonally to the axis. While in the PAB 
(Fig. 8 (a)). the force caused an axis displacement of more than 2j.im in the x and y directions, in the 
AAJB (fig. 8 (b)) the axis kept a sarne steady state position even with the force applíed, demonstrating 
the infinite static stiffness of the AAJB. 
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Figure 9 shows experimental (solid I ines) and ealeulated (dashed I ines) responses of the AAJB to 
0 . 1 ~~ m step inputs. Experimental responscs agreed we ll with calculatcd ones and showed that the 
AAJ B is capable of positioning lhe axis precisely and quickly giving a response which corresponds to 
a band-width of 1 KHz.. Figures I O and li are positioning exewted in thc AAJB and show respectively 
a posilioning rcsolution of less than lO nm and capabiliry of positioning its axis along atleast 8~-tm in 
both directions. 
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AAJB performance with the axis rotating 

ln the next experiments. the axis was rotated ata constant speed of I 000 rpm by the air turbine 
installed ín the axis. The AAJB was controlled usiog the axis as the motion reference. 

Figure 12 shows rotary motíon errors of the axis. ln the PAB (Fig. 12 (a)), errors were of 
approximately 0.3J.lm . ln lhe AAJB with the 2DOF controller (Fig. 12 (b)), these errors werc rcduccd 
to approximately O.IJ.l m in both directions. vibrations remaining with repeatability. However, such 
vibrations werc rcduced to less than 25 nm by the repetitíve controller (Fig. 12 (c)). Figure 13 shows 
motion errors of the axis with a 12g unbalance mass, fixed on the upper surfacc of the axis at 21 mm 
from the center. The unbalance mass caused cyclic vibrations of more than 3J.tm in both directions in 
thc PAB (Fig. 13 (a)). However, the vibrations were reduced to less than O.IJ.lm by the 2DOF 
conlroller (Fig. 13 (b)) and to less than 25 nm, by the repetitive controller (Fig. 13 (c)). 

Figure 14 shows O.IJ.lm positionings ofthe axis rotating at 1000 rpm in the AAJB with the 2DOF 
and rcpetitive controllers. Quick and precise positionings were achieved and no interference between 
thc axis motion in cither direction was obscrved. 

Control of absolute rotary motion accuracy 

ln lhe above experiments it was assumed that sensor signals express the rotary motion accuracy. 
However the a.xis refercnce zone h as pro file error and it had to be measured and compensated to obtain 
a high absolute rotary motion accuracy. Thc profile error ofthe axis was measured by the "improved 
rcvcrsal method" (Shimokohbe, Horikawa and Sata, I 991) (I RM), proposed by the authors. Using an 
auxiliary reference (a cylindrical master), set on the object to be measured, by the IRM it is possiblc to 
predsdy measure the profile error of lhe object and lhe absolute rotary motion error of the rotary 
mcchanism, without the necessily of reversing Lhe object to lhe measured. 

Some cxpcriments were done with the axis rotating ata relatively low speed of75 rpm. Figure I 5 
shows absolute rotary motion errors ofthc axis in the x dircction. Sincc simjlar rcsults werc obtaincd in 
Lhe y dircction, only results of the x direction will be shown. ln the case of the PAB (Fig. 15 (a)), 
absolute rotary motion errors of0.99J.tm were observed. Thcse errors were rednced to 0.32J.tm by the 
2D0f controller (Fig. 15 (b )). The result shown in Fig. 15 (b) is supc.rposed to lhe profile error of the 
axis in Fig. 16. Since the control kceps constant the gap betwecn the sensor and the axis surface, the 
rotary motion error has t.hc inverted shape ofthe profile error. Figure 17 shows the rotary motion error 
after the roundness compensation. An absolute rotary accuracy ofthe bener than 18 nm was achieved.. 
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Experiments were also done with the axis rotating at a re latively high speed of 750 rpm. ln this 
case, absolute rotary motion errors ofthe PAB axis (Fig. 18 (a)) were of more than I (.lm . ln the AAJB, 
since the roundness compensation was not executed, errors were reduced to 0.33 flm by the 2DOF 
controller (Fig. 18 (b)) and to 0.32 (.1m by the repeti tive controller (Fig. 18 (c)), remaining errors being 
caused by profile errors being caused by pro file error of the axis. 
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Fig. 17 Absoluta rotary motlon error of the AAJB wlth 2DOF controller and roundnesa compensatlon (75 rpm) 

Figure 19 shows absolute rotary motion errors after the roundness compensation. When only 
2DOF controller was used (Fig. 19 (a)), a satisfactory motion accuracy was not achieved and 
vibrations of 0.14 j.lm amplitude remained. However, vibrations were reduced and an absolute rotary 
motion accuracy ofless than 21 nm was obtained by also using the repetitive controller (Fig. 19 (b)). 
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Conclusions 

This paper presented the principie ofthe "active air joumal bearing", AAJB, and by experiments 
executed in a prototype of the AAJB, it was firstly shown that, whcn the axis is not rotating the AAJB 
achieves an almost infinite static stiffness, an increased damping capability and a positioning 
characteristics with a band-width of I k.Hz. Then, with the axis rotating at I 000 rpm it was shown that 
lhe AAJB has lhe capability of achieving a rotary motion accuracy of 25 nm, positioning its axis 
quickly and precisely. Finally, by measuring and compensating the profile error oftbe axis, an absolute 
rotary motion accuracy of less than 21 nm was achieved with the axis rotating at 750 rpm. The ncxt 
step of lhe research is to develop "an active air rotary bearing", AARB. which by using AABs, is 
capable of controlling five degrees of freedom of a rotating axis, not including the axis rotation. A 
prototype of the AARB was already constructed and it will be reported in further works. 
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Abstract 
The Conffin-Manson and the Paris methods, which are nonnally used in a supplementary but impervious way ln 
lhe dimensioning agaínst lhe crack initiation and propagation phases oflhe fatigue process, are correlated 
through a series of simple and didactic appealing models. AlJ lhe proposed models use lhe classical engineering 
routines based oo cyclic mechanical properties and on lhe Miner's linear damage accmnulation role. The simpler 
one uses a singular plastic strain lield to estimare lhe crack growth propagation rate, whereas lhe more complex 
recognize lhe linitt: dimension of thc làtigue crack tip radius. and use various strain concentration rules to 
quantifY lhe maximum strain amplitude. The models are easy to apply and to phenomenologically justifY, and 
they present a very encouraging correlation with experimental results reported in lhe literature. 
Kcywords: Fatigue. Crack Growth Rate, Low-Cicle Fatigue 

Resumo 

Modelos anallticos de forte apelo didático slo desenvolvidos para correlacionar as metodologias de projeto à 
fadiga de Conffm-Manson e de Paris, normalmente consideradas como incompâtiveis. Os modelos são de fácil 
aplicaçllo e justificativa fenomenológica, e apresentam correlação muito promissora com resultados 
experimentais relatados na literatura. 
Palavras-chave: Fadiga, Taxa de Propagação de Trincas, Fadiga Oligocíclica 

Introdução 

Neste trabalho desenvolve-se diversos modelos analltioos para correlacionar as duas metodologias 
modernamente usadas no projeto mecânico à fadiga : o método eN ou de Coffin-Manson (que 
considera as deformações elastoplásticas e o amolecimento ou o endurecimento clclico atuantes na raiz 
de wn entalhe, mas não reconhece a presença das trincas de fadiga), e o daldN ou de Paris (baseado na 
Mecânica da Fratura e que quantifica a propagação das trincas, mas não pode prever sua iniciação). O 

I 
objetivo primário do desenvolvimento dos diversos modelos é manter um forte apelo didático e uma 
clara justificativa fenomeno lógica, para que a correlação entre as duas metodologias seja faci lmente 
reproduzlvel e generalizâvel. 

I Estes dois métodos de projeto à fadiga tem sido tradicionalmente usados ou de forma alternativa 

I ("projeto à vida segura" ou "projeto tolerante às falhas"), ou quando muito de fonna suplementar mas 
estanque (o eN para prever iniciação e o da/dN para quantificar a propagação das trincas), como se 
suas filosofias fossem totalmente incompatlveis (ver. por exemplo: Rice, 1988. Suresh, 1991 ou 
Dowling, 1993). 

Os modelos aqui propostos têm por finalidade eliminar esta dicotomia da maneira mais simples e 
didática posslvel, usando as propriedades mecânicas clclicas, a curva de Coff'm-Manson o campo das 
deformações elastopláticas à frente da trinca (descrito pela singularidade de HRR, Hutchinson 1979. 

Manuscript recelved: January 1995. Tedlnlcal Editor. Agenor de Toledo Fleury 
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Latzko et al .. 1984}, as regras de concentração de deformações (Neuber e Linear) e a regra linear de 
acúmulo de dano para estimar a taxa de propagação das trincas de fadiga, da/dN. 

Todos os modelos seguem o procedimento tradicional do projeto mecânico à fadiga: quantificam a 
deformação atuante num dado e lemento de volume e o dano por ela causado, a cada ciclo do 
carregamento, até acumular o dano critico que rompe o elemento. 

Modelos de Propagação de Trincas 

O primeiro modelo empirico mecanicamente bem sucedido para descrever a taxa de propagação de 
trincas de fad iga foi proposto por Paris et ai. no começo da década de 60. Paris mostrou que a taxa da/ 
dN é primeiramente correlacionada com a faixa de variação do fator de intensidade de tensões óK: 

(Paris) ( I ) 

onde A e m são constantes dependentes do material, obtidas experimentalmente. 

Apesar de muito usada na prática, a regra de Paris só descreve a fase intermediária da curva daldN 
vs. t.K, não considerando nem a existência de um limiar de propagação ÂKth nem a instabilidade das 
trincas, que ocorre quando o maior valor do fator de intensidade de tensões Kll11X atinge a tenacidade à 
fratura do material Kç. 

Por causa disto, muitas outras regras empiricas foram propostas para se descrever melhor toda a 
forma sigmoidal da curva da/dN vs . .:11(. bem como os efeitos de algumas variáveis secundárias como 
a carga mM ia (geralmente quantificada por R = Knir/KJlll0, e a carga de abertura da trinca ~. 
Dentre estas regras, provavelmente as mais comuns são: 

da 
dN 

da 
dN 

MKm 
= -:-:----':::::::::'-:'--~:-:

(I- R) K c -AK 

= 
At.K m jt.K - t.K

1
b 

(I - R) Kc -óK 

(Walker) (2) 

(Hall) (3) 

(Forman) (4) 

(Forman modificado) (5) 

(Priddle) (6) 

(Elber) (7) 

Todas estas regras requerem a determinação de constante como A e m, que devem ser obtidas 
experimentalmente em testes de propagação de trin<;as de fadiga. Hâ muitas outras regras empiricas 
similares, cada uma justificada por um determinado conjunto de dados experimentais (para listas mais 
extensas ver. por exemplo, Hoeppner e Krupp, 1974, Chand e Garg, 1985 ou Schwalbe 1974). 
Entretanto, nenhuma é fundamentalmente diferente da regra original de Paris. A escolha dentre as 
diversas regras depende do conjunto particular de dados experimentais que se queira ajustar, sendo que 
muitas vezes várias delas podem ser usadas de forma igualmente satisfatória, como pode ser visto nos 
diversos trabalhos das STP 687 ( 1979) e 748 ( 1981 ), que usam o mes mo banco de dados 
experimentais. 
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Prever ou estimar a taxa de propagação de trincas de fadiga na ausência de resultados 
experimentais especlficos (isto ê, usando apenas as propriedades medidas em outros testes como o de 
tração, por exemplo), é um problema que tem despertado muito interesse na literatura. Inúmeras 
regras "preditivas'' foram propostas, partindo geralmente ou da abertura da ponta da trinca CTOD, ou 
da energia dissipada por trabalho plástico, ou então do plano acumulado pelas solicitações ciclicas. 

Os modelos preditivos do tipo CTOD assumem que a trinca de fadiga cresce em cada ciclo de 
quantidade proporcional ao estiramento de sua ponta, quantificado pela sua abertura calculada pelos 
conceitos básicos da Mecânica da Fratura Linear Elástica. ou seja: da/dN- CTOD - K2/ESyonde E é 
o módulo de Young e Sya resistência ao escoamento. Os modelos de Pelloux c de Ladner estão entre 
os pioneiros e podem ser citados como representativos ( Y é o coeficiente de Poisson): 

2 
da ôK 
dN = 81tESy 

(Pelloux) (8) 

da = .1K
2 (t-ll 

dN 2ESy 
(Ladner) (9) 

Os modelos do tipo de energia dissipada por trabalho plástico assumem que a totalidade do dano 
causado pelos carregamentos clclicos ocorra muito próximo da ponta da trinca, na região de 
comprimento ZP chamada "zona de processamento", que é a mais solicitada pelas deformações 
plásticas clclicas. Assumindo que as amplitudes de tensão. 0

3 
= .io/2. e de deformação plástica 

epa = ôeP/ 2 • se relacionem por: 

( 10) 

onde K ' é o módulo de plasticidade (ou coeficiente de encruameoto) ciclico e n'o expoente de 
encruamento ciclico, a densidade de energia dissipada por trabalho plástico por ciclo de carregamento, 
.1 W p'é dada por: 

- Ô(JÔ(p 

ôWP - I+ n' 

Separando a equação de Coffin-Manson nas suas partes elástica e plástica, temos: 

ó.o = 2or' (2N) b 

(11) 

( 12) 

( 13) 

onde o r' e er' Silo os coeficientes e becos expoentes de resistência e de duti lidade à fadiga. e No 
número de ciclos aplicado à peça. Usando as expressões desenvolvidas por Kujawasky ( 1987) para 
relacionar ôo e ôE com o tamanho da zona de processamento ZP, pode-se mostrar que, (Kenedi 
1991): p 

(14) 

Modelos desse tipo apresentam boa correlaçao com os resultados experímentais(ver Kujawski e 
Ellyin, 1987 e 1989 e Glinka, 1985), entretanto precisam de testes de propagação de trincas para 
ajustar o tamanho da ZP, o que certamente é um contra-senso. 
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Modelos tipo acúmulo de dano foram desenvolvidos por Majum dar e Morrow ( 1967) e por 
SchwaJbe ( 1977). As equações a que eles chegaram são, respectivamente: 

- I 

da _ -2(b+c)( S'y )b+c 
dN- b+c+ I 4(1 +n')a'rE' r 

__.!. _ ( - v_ __v (.:lK .:lK ) 2 c d 1 2 )2 (2S' J(l+n')[ ( K JJ (Schwalbe)(16) 
dN - 47t (I + n') S'y EE'r - th Kc - Kmax 

onde S'y e E'y são a resistência ao e a deformação de escoamento cíclicas. 

Modelo Básico de Acúmulo de Dano 

O fundamento da modelagem aqui proposta é simples e direto: assume-se que as trincas de fadiga 
se propagam pela quebra sequencial de pequenos elementos de volume de largura da, um a cada ciclo 
N, como mostrado na Fig. I (Kenedi e Castro, 1992). Cada um destes elementos é tratado como se 
fosse um corpo de prova (CP) do tipo EN, submetido a deformações c! clicas crescentes à medida que a 
ponta da trinca dele se aproxima, como esquematizado na Fig. 2. Cada CP rompe quando a trinca o 
atinge, e neste caso pode-se afirmar que ele rompeu porque acumulou o dano crítico que poderia 
tolerar. 

Para quantificar-se o dano acumulado em cada CP, assume-se que: (i) são relevantes apenas as 
deformações plásticas (cfclicas) atuantes dentro da zona plastificada reversa cujo comprimento é RYR; 
(ii) como o carregamento é mantido constante, a trinca de fadiga avança por incrementos iguais em 
cada ciclo (o que é bem razoável, devido à pequena dimensão fls ica de RYR), e (iii) o material seja 
elasto-plástico, continuo, isotrópico e homogêneo. Portanto: 

( 17) 

elementos de volume de largura da quebrados um a cada ciclo 

t \ 
R ... DIJ 
/j~_ 
~ "- CPtipo E N 

Fig. 1 Crescimento di trinCI causad1 pela qutbrl nqOenclll de Corpos de Provi tipo EN 
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Fig. 2 História eaquemllitlca das deformações atuantes em cada um dos CPs 
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até a quebnl do 
CP quando 

L ni/NI.o:1 

onde "i é o número de ciclos necessários para que a ponta da trinca percorra a distância Xi,Fig. 3. 
Usando a modificação proposta por Schawalbe (1977) no campo de deformações de HRR, para se 
quan_tificar a amplitude das deformações clclicas ÕEP/2 atuantes num dado CP distando Xj da ponta 
da trmca, obtém-se: 

(18) 

De regra de Coffin-Manson pode-se obter o número de ciclos que o CP duraria caso fosse 
submetido apenas a esta amplitude de deformações: 

N = !(~J = ![Sy{ RYR ]6]~ 
1 2 2E'r 2 Er: .!!!. 

RYR- nidN 

(19) 

Mas, como a amplitude das deformações atuantes no CP cresce à medida que a ponta da trinca dele 
se aproxima a cada ciclo, é preciso usar uma regra de acúmulo de dano para quantificar o efeito dos 
carregamentos variáveis. Escolhendo (por simplicidade) a regra linear de Palmgren-Miner para 
quantificar o dano acumulado, pode-se obter implicitamente a expressão básica desta modelagem para 
prever a taxa de propagação das trincas de fadiga a partir dos conceitos do método EN (note-se que 
óEpi só atua durante um ciclo): 

;, [s· { R ]6]-~ "' O; - "' 2 _L YR = 
""'N- - ""' EE' da 

I i:l RvR - nidN 
(20) 

onde ir= int(RYRfdaldN) será numericamente igual ao número de ciclos necessários para romper cada 
elemento de volume. 
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J . T P Castro e P. P. Kenedí 

zona plástica 
reversa 

Fig. 3 Esquema do avanço da trinca e das aollcltaçO.S em cada CP, i medida que a ponta da tnnca dele se 
aproxima 
y 

X 

Fig. 4 Translado da origem do eixo de coordenadas da ponta para uma distancia x dentro da trinca. Para 
Creager x • p /2 
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Retirando-se o último ciclo do somatório. para evitar a singularidade das deformações na ponta da 
trinca, e explicitando-se 6K. obtém-se uma fórmula (conceitualmente) simples para estimar as taxas 
de fadiga a partir das propriedades cíclicas do material : 

da 
dN 

= (2-cS'v)l+n' (l-2v)2 [ii.I(~Y(I-:n')] -c(l+n') .â.K2 

E'rE 4n(l+n')S~ i•l 
1 

(21) 

Deve-se enfatizar que esta equação reproduz a regra de Paris baseada apenas nas hipóteses 
tradicionais do dimensionamento mecânico à fadiga pelo método EN. Logo. ela correlaciona de forma 
clara e inequlvoca estes dois métodos modernos de Pg>jeto que têm sido tratados de forma estanque. 
Entretanto. (21). prevê que daldN seja função de 6K para todos os materiais, jâ que o tamanho da 
zona plástica reversa R YR é uma função quadrática de 6K. Esta previsao nllo é confirmada na prática, 
logo é necessário melhorar o Modelo Básico expresso em (21 ). 

Aperfeiçoamento no Modelo Básico 

Primeiramente deve-se notar que a escolha arbitrária da fronteira elastoplástica reversa para iniciar 
o acúmulo de dano não altera o valor do expoente de 6K, só influindo na constante A da regra de 
Paris. Isto porque as deformações clcücas à frente da ponta da trinca permanecem descritas por ( 18), 
enquanto que o ponto de inicio da contagem de dano só influi em Íf, o limite superior do somatório de 
Miner. 

A segunda limitação do Modelo Básico é não reconhecer que trincas reais tem pontas com raio p e 
não zero. Como não se conhece solução exata para descrever trincas reais, para modelá-las usar-se-á 
uma abordagem originalmente proposta por Creager e Paris ( 1967) transladando-se a origem do eixo 
de coordenadas para dentro da trinca de uma distância X, como mostrado na Fig. 4. 

Creager localizou esta origem em X == p/2 para resolver o problema linear elástico, visando usar 
as soluções de K1 disponíveis para resolver problemas de concentração de tensões em entalhes 
profundos. A tensão (linear elástica) oy neste caso é dada por: 

o = ~ [cos~( I+ sin 38 ) + .Q.cos 39J 
Y J2nrr 2 2 2r 2 

(22) 

onde 8 c r slio as coordenadas polares do ponto em questão. Na raiz do entalhe e no plano da trinca 
1/2 

temos r = p/2 e 8 = O e, segundo Creager. OY = 2K/ (np) 

Seguindo a mesma idéia, X pode ser estimado calculando-se .â.Eppt por uma das regras de 
concentração das deformações clastoplâstica ciclicas (como a de Neuber ou a Linear, Fuchs e 
Stephens, 1980, ou a de Gernma., 1985), tendo a trinca o fator de concentração de tensões (linear 
elástico ou geométrico) K1 obtido ou de Creager, ou da clássica solução de lnglis K1 = I +2 (a!P ) 112, 

onde a é o comprimento da trinca. Na ponta da trinca (que agora é modelado de forma mais realista, 
com raio p e não zero) a amplitude de deformações .â.Epp/2 é fmita., e de ( 18) X vale: 

_ (ÂE 1E)-(l+n') 

X - RvR 2( ~~y J (23) 

~Eppt pode ser calculado a partir das tensões nominais atuantes na peça. ÃOnom • usando-se uma 
das regras de concentração de deformações. Por exemplo, com a regra Linear: · 
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~ 60nom 
2 = ~ 2E (24) 

Uma estimativa para o valor de K.óo
00

m pode ser obtida usando-se a expressão de Creager para 
calcular as tensões que atuariam em r = X e e = O se o material não escoasse, e lembrando que 

p =CTOD/2: 

K t.o - 6K 6K 
( 

2 ) 
1 nom - J2rtX 1 + 4ES'yX 

(25) 

A expressão que se obtém usando a regra de Neuber é um pouco mais complicada algebrícamente, 
mas é similar conceitualmente . Logo, a equação de acúmulo de dano, já sem o problema da 
singularidade do último ciclo, pode ser escrita como: 

(26) 

Note-se que se está de novo assumindo a fronteira elastoplâstica reversa para inicio do acúmulo de 
dano por fadiga, o que pode ser facilmente modificado fazendo-se o segundo denominador em (26) 
X +B-i da!dN (em vez de X + R YR -i da!dN}, sendo B o ponto em que se deseje começar a contagem do 
dano. As várias regras de concentração de deformações servem só para alterar X como também o valor 
de 6tppt . 

Entretanto, as várias equações do tipo (26) que podem ser obtidas (Creager, Linear, Neuber, ~). 
novamente só alteram o valor do termo constante cm (21), mantendo da/dN sempre função de 6K . 
Para modificar o valor do expoente de Paris, é necessário introduzir uma variação no modelo proposto 
a qual, se por um lado de certa forma diminui-lhe a auto-consistência, por outro apresenta um sucesso 
prático bastante encorajador. 

Seguindo a idéia originalmente proposta por Schwalbe (1977) inspirada pelas formulações 
empíricas que reproduzem a forma sigmoidal das curvas da/dN vs. 6K experimentais, introduz-se em 
(21) a influência de f>K

1
h, de Kc e da carga média na taxa de fadiga: 

da 2[ Kc ] 
dN = A (6K- t.K,h) K - K 

c max 
(27) 

A constante A é calculada como em (21) para o modelo da trinca matemática (com p = 0). Já para 
modelos não-singulares discutidas acima, não é possível obter-se uma expressão com A explicitado, 
sendo mais conveniente resolver numericamente (26) para substituir o valor calculado de A em (27). 
Desta forma foram gerados diversos modelos, que serão chamados de Básico Modificado (pelo 
artificio de Schawlbe}, Creager, linear e Neuber. 

Avaliação dos Diversos Modelos 

É bastante diflcil conseguir na literatura as propriedades mecânicas clclicas e de propagação de 
trincas de um mesmo material . A Tabela I apresenta uma lista destas propriedades para 4 aços 
diferentes, baseadas em dados obtidos de diversas fontes, da maneira mais confiável posslvel, como 
detalhadamente discutido por Kencdi ( 199) I . 
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Tabela1 

Aço E s· K' n' E{ c ~~h l<jc y 
(GPa) (MP a) {MPa) (MPam~ 

A5338 200 345 1048 0,17 0,32 -0 ,52 9,2 153 

4340 209 724 1760 0 ,15 0,83 -0,65 9,4 116 

C-Mn 208 372 1134 0,14 0,15 -0,52 13,0 83 

8620 200 679 1954 0,20 0,92 ·0,69 9,9 73 

K' é a constante da lei parabólica de encruamento c i clico, e ~K,h é listado para R .. O. 

As Figs. S a 8 mostram as taxas experimentais de propagação de trincas de fadiga dos 4 aços, bem 
como as curvas previstas por S modelos diferentes: o Básico Modificado (27), os baseados nas regras 
Linear, Neuber e Creager, e um modelo proposto por Schwalbe (16}, para efeito de comparação. 

Nota-se que em todos casos a forma dos dados e:otperimentais é reproduzida de forma bastante 
satisfatória, e que a magnitude das previsões está dentro de uma ordem de grandeza dos valores dos 
testes. Este é um resultado encorajador, pois indica que o caminho seguido na modelagem proposta, 
apesar de sua grande simplicidade, é capaz de estimar adequadamente o comportamento fisico das 
trincas de fadiga. 

A partir somente dos resultados apresentados nas Figs. 5-8, nD.o é ainda posslvel concluir qual dos 
modelos propostos é o mais preciso, já que as diversas estimativas não mantém a mesma posição 
relativa nos 4 materiais analisados. Entret.anto, como os dados experimentais nilo procedem todos da 
mesma fonte. eles têm que ser encarados como representativos, e não como padra.o de referência para 
calibraçilo dos diversos modelos (o que, é c laro, só pode ser obtido a partir de um programa 
e:otperimental onde os resultados sejam absolutamente confiáveis). 
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Fig. 5 Tun Experlmentala de Propagaçlo de Trincu de Fadiga-Aço 4340 
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Um programa experimental que atende a estes requisitos está em andamento; e seus resultados 
serão publicados brevemente. 

Conclusões 

Uma modelagem simples, de grande apelo didático, baseada apenas em conceitos tradicionais de 
projeto mecânico à fadiga pelo método t:N, e em correções para considerar os efeitos do limiar, carga 
média e tenacidade, foi capaz de descrever adequadamente a propagação das trincas de fadiga nos 
diversos materiais analisados. 
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Abstract 
The spark out stage is responsiblc usually for up to one thlrd of lhe time spent in a pi unge grinding cycle. Some 
aulhors have proposed lhe implementation of an accelerated spark out stage, in which lhe wheel position passes 
the final diameter ofthe part and returns quickly. This technique, up to now, has been difficult to implement 
since lhe feedback parameters have not been clearly defined. This paper attempts to investigate lhe accelerated 
sparkout method and examine the effect on j>art quality. Acoustic emission, generated by the grinding process, is 
sbown to be a very good way to establisb the pararneters necessary to implement the accelerated spark out stage. 
1t is also shown in lhis work lhat lhis k.ind of cycle does not damage lhe part. 
Keywords: Grinding, Monitoring, Acoustic Emission 

lntroduction 

Monitoring of machining process using acoustic emission (AE) has been extensively studied in the 
last 15 years and has shown good results not only in universities, but also in industry (Kakino, 1984). 
The method has many advantages when compared with other means of monitoring such as measuring 
the cutting forces with piezoelectric dynamometers or the power consumed by electrical motors. Some 
of these characteristies are: 

The sensor is simple, cheap and small; 

The acoustic emission sources are dírectly related with the cutting process, and 

Noises coming from the environment, líke mechanicalvibrations of the machine, do not 
influence the AE signal, since the interesting signals are generated at much higher frequencies 
than the background noises (50KHz to I MHz}. 

AE can be defined (Bium, 1988; Kannatey-Asibu and Domfeld, 198 I) as acoustic waves generated 
by a material when subject to an externa! stimulus. ln other words, when a material is deformed, waves 
of elastic tension propagate inside it dueto the quick release of the deformation energy, causing ao 
acoustic emission. These tension waves cause very small displacements on the surface ofthe material, 
which can be captured by a piezoelectric sensor that transforms the displacemenls into an electrical 
signal. The frequency band ofthis signal is usually from 50KHz to I MHz. 

Many additional phenomena, occurring in the cutting process, generate AE, such as the shear and 
plastic deformation in the primary cutling zone, the friction between chip and tool and betweeo tool 
and workpiece, the breakage of the chip (Biurn, 1988) and, in the case of grind.ing, the impacts of each 
grain on the workpicce surface. Because of this, AE has been used to accomplish many goals in the 
machining process like on-line monitoring of tool wear and detecting tool fracture in both, milling 
(Kakioo, I 984; Blum and lnasaki, 1990) and turning process (Lan and Dornfeld, 1984; Kannatery
Asibu and Dornfeld, 1982). lt has also been used in diamond turning in order to monitor the actual 
depth of cut (Liu, 1991 ). 

Monitoring the Grinding Process Through Acoustic Emission 

As already cited before, acoustic emission has been used to monitor some metal cutting processes, 
like turning and milling. ln these kind of processes, the sources of acoustic emiss1on generation are 
weU known, since the process is relatively deterministic, because the too! has only one or few cutting 
edges. ln the grinding process, however, the too! is composed by thousands ( or millions) of abras i v e 

Manuscrlpt recelved: March 1995. Technical Editor. Walter L Weingaertner 
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grains that have irregular geometry and are randomly distributed through out lhe wheel. There are, 
however, some similarities between the AE generated in grinding and the AE generated in either 
turning or milling. 

The main sources of AE in a grinding operation are: 

• .. Sliding ofthe abrasive grain on the surface of the part, in the first contact grain-part; 
Ploughing of the surface part, without material remova!, a short time after the frrst contact, and 
Chip remova!. 

Dornfeld and Cai ( 1984) studied the use of AE to reduce the non-productive delay that occurs 
between the moment that the wheel infe.ed speed, used during grinding, is tumed on and the moment 
the wheel touches the part. This technique was after referred to as gap elimination. The results are 
shown on Fig. I. When the distance between wheel and part is bigger than 25.4 Jlm, only the 
instrumentation noise is detected. Wben this distance gets lhe range between 7.6 and 25.4 Jlm, lhere is 
an interaction between part and cutting fluid and between cutting fluid and wheel, that generates a 
measurable AE signal. When lhe gap is smaller than 7.6 Jlm there is already some interaction between 
part and wheel leading to a strong AE signal. Domfeld and Cai also monitored the spark out stage 
using AE in surface grinding. They proved that, initially, AErms decreases as the numbcr of wheel 
reciprocations increases during the spark out stage, followed by a second stage when the signal 
stabilizes. When this happens, no more material is being removed and the spark out is fmished. This 
result proves that it is possible, using acoustic emission, to determine exactly the number of strokes 
needed for a complete spark out. 
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Fig. 1 V alues of Acoustlc Emlsalon for Dlfferent WhHI-Part Dlatance 

Nomenclatura 
ad= dressing depth [IJ.m] 

AErms = root mean square of lhe 
acousticemission signal 
[V or mV] 

bd = width of the dresser (mm] 
H = gap be.tween wheel and 

workpiece [ Jlm] 
nw = workpiece rotation (rpm] 

Rmax = maximum surface 
roughness [ Jl m] 

r(t) = radial position of the 
wheel(mm] 

Sd = dressíng feed [mm/rev) 
11 = cough grinding time (s] 
12 = sparkout time [s) 
lt = whole grinding cycle 

time (s) 
u1 = radial infeed velocity 

(mmls] 
um = retraction velocity of the 

wheel in the 

accelerated sparkout 
cycle [mrnls] 

ó ri = radial wheel positions 
during the grinding cycle 
(mm] 

e = amount of material not 
removed by the sparkout 
(Jlm] 

t = delay to elastic 
deformation of the wheel
workpiece-machine 
system (s] 
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lnasaki and Okamura (1985) concluded that AE is a very good way to monitor both the dressing 
and grinding process. The wheel life. in many cases, can also be evaluated by AE since the signaJ 
increases as the wheel toses its sharpness. ln dressing, they concluded that, when lhe sbape of the 
wheel is irregular (wom wheel) and rhe dressing deptb is not constant (and so more strokes of the 
dresser are necessary) the AE signal is also not constant. When the AE signal becomes constant, it is 
time to stop lhe dressing process, because a constant dressing depth was reached and lhe wheel has lhe 
correct geometry. 

Eda et ai. ( 1985) verified the correlation between the number oflhermal cracks and the AE signal 
geoerated during the grinding process. They saw that., when spiky AE sigoal occurs just after the 
wheel passes ove r the work surface, a substantial amount of cracks are found on lhe ground surface. 
Eda et ai. ( 1984) demonstrated lhat there is a relationship between the colo r of the ground surface that 
was bumt by the wheel and some components of the AE frequency spectrum. Moreover, lhe AE signal 
levei increases whcn the part is bumt. 

Plunge Grinding Cycle 

Figure 2 shows the position of the wheel against cutting time during a whole cycle of pi unge 
cylindrical grinding. lt can be seen in this figure that, at the beginning of the cut, the actual infeed of 
lhe wheel is delayed due to lhe elastic deformation of lhe workpiece and wheel. After some time, the 
actual infocd rate becomes equal to the controled infeed rate (u i ). followed by a period wilh infeed 
rate equal to zero, lhat has the purpose of removing ali the material lhat is still in lhe workpiece dueto 
the elastic deformation. Thís period is called spark out. 

infeed 

ó.r 

Ó.T l 

slope u 1 

spark-in 

slope u2 
E 

.. 
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ó.r2 
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I 
r- --.1 
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t ] 

roughing ~ sparkout 

Fig. 2 Conventlonal Grlndlng Cycle, Malkln (1989) 

retract 

time,t 

The delay to elastic deformation {-t ) depends on lhe stiffness ofthe wheel-work-machine system. 
lts value is us ually i o lhe range of 0.5 to 1.0 s in externa! pi unge grinding (around 5% of lhe whole 
cycle) and from I to lOs in internal grinding. The spark out time occupies around 30% of the total 
grínding cycle time. 
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One way to reduce lhe spark out time and the time for the whole grinding cycle is to use the cycle 
shown on Fig. 3, proposed by Malkin (1989). ln this cycle the wheel overshoots the ftnal dimension of 
Lhe: workpiece by Ar3 with the infeed speed u1• Then, the wheel is retracted to achieve the final 
d imension ofthe workpiece, using the speed um. After this, the wheel must stay for a short time ( 1/nw
where nw is the part revolution) stopped in this dimension, in order to complete the spark out around ali 
the perimeter ofthe part. 

infeed 

slope: u 1 --

transient 

---------

- 1/nw 

slope: um 

retract 

Fig. 3 Acceler.ted Plunge Grlndlng Cycle, Malkln (1989) 

time, t 

To implemenl this cycle it is necessary to get the correct value of Ar 3 and um to avoid the 
dimc:nsion to exceed its range of tolerance. The performance of this cyclc depends on the estimation of 
M 2 . Once M 2 is obtained, um can be calculated using Eq. (I). The calculation of Ar 2 is difficult, 
although Malkin showed that (M2/u 1 T) is between 0.2 and 0.8. Thercforc, assuming avalue of 
(Ar 2/ u 1 't') inside the proposed interval, the determination of Ar 2 depends just on the determination of 
1 and using Eq. ( I), um can bc dctermined as follows : 

( 1.65 - 5. 1S~r~) 
I 

um= -u1 · e 
( I ) 

ln this work, the valuc of (Ar2/u 1 't) used was 0.3 since this value is inside the interval proposed 
by Malkin and makes um-= u 1 in Eq. ( I). With Ar2, lhe value of A r3 (the overshoot) can be calculated 
by lhe following equations lJ5): 

(2) 

(3) 

As shown, just the value of t is missing in order to implement the accelerated cycle. This work has 
the purpose of verifYing the fcasibility of using the acouslic emission generated by the process, to 
obtain t (and so to get the v alues of um and A r3) and also to check if the use of thc accelerated cycle 
does not harm the quality of the part. 
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Materiais, Equipm~nts and Experimental Procedures 

The experiments were divided in two phases. ln lhe fi rst one the purpose was to verify whethcr the 
use of acoustic emission is a good way to obtain the time spenl by Lhe system whcel-part in elastic 
defonnation ( -r ) and, in the second one, lhe purpose was to implement lhe accclerated plunge grinding 
cycle wilh the help of acoustie emission and to check whether lhe quality of the pari (roundness and 
surfacc roughness) is not damaged by this kind of cycle. 

Metodology of the Experiments to Check the Feasibility of using AE to 
Obtain 't 

This pha.~e of the experimems consistcd of pi unge cylindrical grinding operations of quenched 
4340 steel with 52 Rc of hardness, using severa I values of infeed speed (u 1 ) . During ali the 
expcrimcnts lhe acoustic emission generated in lhe process was measured. The AE sensor was attacbed 
to the tailstock ofthe machine tool. The grinding machinc used was a conventionaJ one (non CNC). 
The cuning conditions used were: 

Radiallnfced Specd: 0.012, 0.018, 0.020, 0.024, 0.040 and 0.060 mm/s 
Rcvolution oflhe Part: 120 RPM 
Part diameter : 50 mm 
Workpiece Velocity: 0.3 1 m/s 
Rcvolutilm ofthe Whed : 2000 RJ>M 
Wheel Velocity: 36 m/s 
lnfccd per Part Rcvolution ; 0.02 mm 
Theoretical Material Remova! Rate: 6.2~ mm3/mm.s 
Wheel Specif•cation: D-A-46-K-5-V- IOW ($350 x 19 mm) 
Too! for Drcssing: Single-point Oiamond 
Urcssing condltions: - Drcssing Depth: 30 J..l m 

- Width ofthe Dresser: 0.65 mm 
- Drcssing Feed: O. 13 1-lmírcvolution 

Thc Experimental Sctup is shown nn Fig. 4. Thc time constant. used in lhe RMS voltmeter, was 2 
ms SJld thc gain of thc ampli lier was 40 dB. 

tailstock 
grind ing wheel, AE sensor 

Amplilier 

+ 
r L-1 _R_M_S_Y_olt_im_ct_cr__,ll 

ND board Osciloscope 

Fig. 4 Experimental Setup 
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Metodology of the Experiments Aiming to Verify the Quality of the Part 
in Accelerated Spark out Cycle 

ln lhis second phase, ali lhe experiments consist.ed of pi unge grinding cylindrical parts of 4340 
stcel with a hardness of 52 Rc, using a CNC machine, whic h is well s uited to implement the 
accelerated spark out. At ftrst, the parts werc machioed using thc conventional spark out cycle. ln lhis 
kind of experiments 5 different values of infeed rate were used. After each cycle, lhe wheel was 
dressed to avoid any influence of wheel wear in lhe final results. The acoustic emission data from these 
experiments were fed in a software running in a PC, lhat calculated ali the pararoeters needed for the 
implemcntation of accelerated spark out. Wilh ali these parameters. the second kind of experiments of 
this pha~e were carried out These tests used the sarne cutting ronditions as the fonncr cxperimcnt, but 
with the accelerated spark out cycle activated. 

The position of Lhe AE sensor and the experimental setup used was the sarne one used in Lhe first 
phase of lhe experiments. After each cut lhe surface roughness, the diameter and the roundness of lhe 
part were measured. 

The cutting conditions uscd were: 

Radiallnfeed Velocity- 0.01 1- 0.013-0.015-0.017 and 0.020 mm/s 

Workpiecc Velocity- 0.42 mls 

Whecl Velocity - :45 rn/s 

Dcpth of material removed in radius - O. 15 mm 

Machine Tool - CNC grinding machine 

Wheel Specification - A A 80 K V 

Dre~ing Conditions: - Dressing Depth (ad) : 30 )lm 
- Width ofthe dresser (bd) : 0.63 mm 
- Dressing Feed (scJ) : 0.26 mm/rev 

Results and Discussions 

Figure 5 shows an example of acoustic cmission signal generated at the beginning of the cut 
(elastic deformation phase) in o ne of the experiments carried out. This figure shows clearly that 
acoustic emission is a very good way to establish exactly the end ofthe elastic deformation period in a 
plungc grinding cyclc and so. establis h t , what is necessary to implement lhe accelerated spark out 
cyde. For lhe calculation of t • a polynomial rcgression of lhe AErms x culting time curve was done 
(also shown ín the figure) and when lhis curve gets constant (its derivative reaches zero). the end ofthe 
clastic deformation phase has been reached and t estahlished. 

Tablc I shows lhe values oft for ali lhe experiments. 

Table 1 Values of t 

lnfeed Speed (mrn/s) 

0.012 

0 .018 

0.024 

t (ms] 

4550 

3820 

411 0 

The values oft are much bigger than usual becausc lhe stiffness ofthe machine used was not 
good. Because of this, it will nol be tried to evaluate the influence of infeed speed in l values. This will 
hc done in the sccond phase of experiments when a rigid and CNC machine is uscd. 
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-õ 
~ 
~ 

8 ... 

infeed speed = 0,012 mmls , total infeed radial = 0,1 mm, 

't = 4550 ms. 
2 -

1.5 • 

0.5 -

o 
1 

-_AE-nns-

-- polynomial 
regress10n 

32 63 94 125 156 187 21 8 249 280 311 342 373 404 435 466 497 

Time ofaquisitíon [ms)/10 between 1000-6000 ms 

Fig. 5 Acoustlc Eml .. lon ln the Beglnnlng of the Grindlng Cycle 

Besidcs the fact thal acoustic emission can eslablish the end of the elastic deformation period in 
plunge gnnding, other conclusions also can be made using the results obtatned in this first phase of 
experimen~s: 

AE is very sensitive to small variations of the volume of material removed, what makes 
possible to establish the value of -r. This feature of AE may be used in other applications in the 
grinding process, like the exacl dctcrminalion of the end of spark out cycle, and 

Because AE detects very well lhe end of lhe e lastic deformation cycle, il can also be used to 
mcasure the stiffness of lhe system machine too I - part - wheel. The bigger -r, the smaller the 
stiffness of the system. 

With the non CNC machine, used in the first phase of the experiments, it was impossible to 
implement the accelerated spark out cycle. Therefore the second phase of the experiments was carried 
out in a CNC machine tool. Using AE monitoring it was possible to establish -r and then calculate ali 
the parameters necessary to implement the accelerated spark out cycle. as shown previously in this 
work. The second phase ofthe experiments had the objective of implemcnting the accelerated spark 
out cycle using the values of -r (determined through the AE signals) and to compare the surface 
roughness and roundness of the parts obtaincd with those obtained using a conventional plunge 
grinding spark out cycle. 

Figure 6 shows the behavior of the part roundness. as a function of radial infeed speed. for the two 
kind of cycles. This figure shows that: 

The roundness did not vary. The maximum variation an1ong the points in the fi gure was less 
than 0.00 I mm. what is equa) to the error of the device used to measure it; 

The radial infeed speed does not ínfluence roundness. The increase of roundness with radial 
infeed speed was also around 0.00 I mm. and 

Thc roundness v alues are inside the usual range of grinding process (0.005 to 0.015 mm 
according to Agostinho, 1977). 

Figure 7 shows the variation of surface roughness (Rmax) with radial infeed speed for both kinds 
of cycles. lt can be seen in this figure that: 

Rmax increased smoothly with radial infeed speed in both kinds of spark out cycle. This 
behavior was expected because with the increase of the radial infeed s peed, the stock rem oval 
rate íncreases. and 
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The surface roughness is smaller for the accelerated cycle, what can be explained by the fact 
that, when the conventional cycle is used, a greater deformation remains at the point of wheel 
retracrion as compared to the accelerated sparkout method. This deformation is caused by the 
friction between wheel and workpiece that generates a normal force big eoough to keep the 
deformation in the sarne height of the roughness pealc.s. ln the accelerated cycle, a large 
percentage of the roughness peaks is removed during the period the wheel is following the part 
till a position smaJier than its diarneter. 

0.002 

0.0018 

0.0016 

0.0014 

0.0012 

0.001 

0,0008 

0.0006 

0.0004 

0.0002 

roundneu Jmml 

o 
0.011 0.013 

-o-- rqubr cycle 

-- acc:eleraled cycle 

0.01!1 0.017 

radial infeed apeed (mmlsJ 

Fig. 6 Roundnaaa of tha Part agall'llt lnfaad Speed 

4 Rmax (Um) 

3.5 

J 

2.51-----------------

2 

1.5 --- regular tyde 

-rr- accelerated ryde 

o.s 

0.02 

0~-----------~------------~------------+-----------~ 

0.01 1 0.013 0.015 0.017 0.02 

radial iofeed speed JmmlsJ 

Fig. 7 Surfaoa Roughnau of tha Part (Rmax) agalnat Radlallnfaed Spaed 

Figure 8 shows lhe time spent by the spark out stage usíng accelerated and conventional spark out 
against infeed speed. From this figure. it can be concluded that: 

The accelerated spark out is five to six times shorter than the conventional spark out.; 

The spark out time does not depend on infeed speed. [t depends mainly on the stiffness of the 
system and on the value of Ãr3, and 



Reducing lhe Plunge Cylindrlcal Grinding Time Uslng Acoustlc Em1ssion Monitoring 312 

Tbe time saved using acceterated spark out was around 5 seconds. tt is a very important 
economy oftime, since the wbote cycte lasts around 15 seconds. 

7000 
sparkoul time [msJ 

6000 

sooo 

4000 

3000 

2000 

1000 

o 
0.011 0.013 0.015 

radlallnfeed spud Jmm/sl 

-- rqulu cyde 

........... accelerated cyele 

0.017 

Fig. 8 Time Spent wlth S~rll out agail\$1 lnfeed Speed 

0.02 

lt is important to cite that the part diameters were always kcpt inside a h5 range oftolerance, even 
in the accelerated cycle. 

Conclusions 

Based on the discussions above, it can be concluded that : 

Acoustic Emission monitoring can be uscd to determine the amount oftime ('t} spent in clastic 
dcformations of the wheel and part in pi unge grinding: 

The implementation of the accclerated pi unge grinding cycle, using the equations proposed by 
Malkin ( 1989), can be done with the help of acoustic emission monitoring; 

The accelerated pi unge grinding cycle does not damage the quality of the pan; 

The accelerated plunge grinding cycle saves a large amount of time, when compared with thc 
conventional cyclc for a similar quality of part, and 

The next step of this work is to implemcnt the accelerated spark out cycle in real time. t.e .. to 
determine T and calculate 6r3 and um in the earlier stages of lhe cycle and automatically to 
inform the machine control. in order to allow the implementation in the sarne cyclc. 
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Abstract 

A two-dimensional model for atmospheric flows based on linear momentum, energy and mass conservation 
equations is used to simulate the effects of heat islands on the concentration field of contaminant species. The 
fmite volume method is used to solve the equations and the results show that the concentration field is strongly 
dependent on local dispersive capacity. 
Keywords: Atmospheric Flow, Heat lslands, Concentration Field of Contaminant Species, Local Dispersive 
Capacity 

Resumo 
Um modelo bidimensional de escoan1eoto atmosférico baseado nas equações de conservação de momentum 
linear, energia e massa. é usada para simular os efeitos de ilhas de calor no campo de concentração de espécies 
contaminantes. O método de volumes finitos é usado para resolver as equações e os result.ados mostraram que o 
campo de concentrações é fortemente dependente da capacidade dispersiva local. 
Palavras-chave: Escoamento Atmosférico, Ilhas de Calor, Campo de Concentração de Contaminantes, 
Capacidade Dispersiva Local. 

Introdução 
A análise de características dispersivas da atmosfera tem objeto inúmeros trabalhos cientlficos que 

avaliaram analítica, numérica c experimentalmente este ambiente com o intuito principal de prever 
concentrações de contaminantes do ar. 

Entre os muitos trabalhos publicados podemos citar alguns de reconhecida importância. tais como 
o trabalho de Lambe Neiburger ( 1971) onde foram utilizadas formulações simplificadas para a 
difusividade turbulenta K; a modelagem Gausiana de formulações Lagrangeana. que permite rápidos 
cálculos de concentrações para diferentes classes de estabilidades atmosférica (Seinfeld, 1986); 
trabalhos experimentais simulando a contaminação atmosférica em camada convectiva efctuados por 
Willis e Deardorff ( 1978, 1981 ); trabalhos desenvolvidos por Trombetti, ( 1986) e Ku ( 1987) 
enfocando a solução das equações de transporte da quantidade de movimento linear, energia e massa 
na atmosfera utilizando métodos numéricos, associada à aplícação da teoria de similaridade de Monin
Obukhov e o trabalho de Sun (1986) que procurou estabelecer uma formulação baseada no efeito da 
covariãncia de temperatura e concentração. O estado de arte do conhecimento sobre turbulência na 
atmosfera e seus efeitos na estabilidade pode ser avaliado pelos trabalhos de Speziale (1991) e 
Wyngaard (1992). 

Estudos sobre ilhas de calor surgiram ainda na década de 70 nos trabalhos de Oke ( 1973) e Lee 
( 1979), que avaliaram características das ilhas de calor urbanas e suas correlações com a estabilidade 
atmosférica e variações da velocidade do ar. 

A existência de caracterlsticas térmicas não homogêneas na fronteira inferior do escoamento 
atmosférico e sua influência na estabilidade atmosférica. principalmente locàlizadamente, é o objeto 
deste trabalho. Aplica-se um método numérico à solução das equações de transporte no escoamento at
mosférico com fronteira inferior com temperatura nào homogênea- "ilhas de calor"- e avaliam-se os 
dos efeitos da instabilidade localizada sobre as características dispersivas globais do ambiente. 

Presented at the Fifltl Brazilian Thermal Sciences Meeting, Sao Paulo. S.P. December 7-9, 1194. Techinical Editorship: 
ENCIT Editorial Committee 
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Modelagem 

A região da ilha de calor é caracterizada por temperaturas na fronteira inferior maiores que a 
temperatura da fronteira inferior na região fora dela. Foram efetuados estudos usando duas djferentes 
funções para descrever as ilhas de calor: função degrau, caracterizada por uma temperatura superior à 
temperatura da vizinhança e função com ilistribuição normal de temperaturas na região das ilhas de 
calor. 

Uma vez que o objetivo deste trabalho é o estudo da influência de ilhas de calor em planos 
ortogonais a elas, e não em suas laterais, as ilhas de calor foram consideradas como tendo dimensões 
laterais infinitas, estabelecendo uma simetria em relação ao plano vertical longitudinal e permitindo a 
condução do estudo da determinação dos campos de velocidade de forma bi-dimensional. 

Apesar de existir uma direção preferencial de escoamento, optou-se por modelar a situação em 
estudo usando escoamento elfptico. 

Este problema é um estudo de microescala meteorológica e, portanto, está confinado à Camada 
Limite Planetária, que normalmente se estende até 500 metros de altura, sendo a aceleração de Coriolis 
desconsiderada. A avaliação foi feita para escoamento permanente, governado pelas equações de 
conservação de massa (equação da continuidade), conservação de quantidade de movimento linear e 
conservação de energia. 

Uma vez que o escoamento atmosférico é turbulento, toma-se necessária a adoção de um modelo 
de turbulência Neste trabalho utilizou-se o modelo K - e. K é a Energia Cinética Turbulenta, e é a 
Taxa de Dissipação da Energia Cinética Turbulenta. 

Para se avaliar o campo de concentrações de contaminantes, utilizou-se a equação de conservação 
da espécie contaminante, associada a um modelo para descrição da difusividade turbulenta (Ku, 1987). 

Equacionamento 

As equações utilizadas foram adimensionaliz.adas usando as seguintes quantidades: 

x. ui T - T x. = _! ui = T*= -
I D u - 6T 

p• ..e_ ~I p 
( I ) 

P .. J..lc* = 
~R e 

p• 
=~ P .. u .. 

1C eD C=~ 
K. 

IC* = 2 
e• 

3 
K.• = --L 

C o J u .. D u - u .. 

sendo P a pressão, J..l a viscosidade dinâmica, K. a difusividade turbulenta, J..l.r a viscosidade 
turbulenta, p a massa especifica, poo a massa especifica nas condições da corrente livre, uoo a 
velocidade da corrente livre, <c> a concentração média, D o comprimento de estudo da direção 
preferencial do escoamento, 6 T = Tilbamax- T .. (onde Tilhamax é a maior temperatura na região da 
ilha de calor e T .. a temperatura de corrente livre), Re o número de Reynolds, dado 
porRe = p_u_D/~ eCo concentração no ponto de lançamento do contaminante. A barra superior 
indica valor médio. 

A seguir são apresentadas as equações de conservação adimensionais e as condições de contorno 
associadas. 

Conservaçlo da Massa 

(2) 
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Conservaçlo da Quantidade de Movimento linear 

a<p•u.u1> a ( au,) aP• a ( au1J . 
ax~ = ax ~.·ax . - ax. + ax. ~.·ax + R•T* 15;z 

J J J I J J 

(3) 

onde Ri é o Número de Richardson, dado por Ri = Gr!Re2, sendo Gr o Número de Grashof. dado por: 

AD3 ôT 2 
Gr = 8"' p_ 

2 
~ 

onde ~ é o coeficiente de expansão volumétrica do gâs. 

Para esta equação, aplicam-se as seguintes condições de contorno: 

x, =o ( 0)'17 U 1 "' x2z. 
I 

x, = au, -=0 ax, 

x2 =o u, =o 

Z; u, = 1 X --2- D 

onde Zj é a altura da camada de mistura. 

Conservação da Energia 

()(p*U.T*) = -ª-(~,•()p)+EcU.()p• 
ax. ax. oTax. 1ax. 

J J J J 

onde Ec é número de Eckert, dado por 

2 
u Ec = __ .. _ 

(6Tcp) 

c as equações de contorno aplicados foram : 

x, =o T* =O 

aT• 
ãX =o 

I 

T* =O 

u2 =o 

au2 -=0 ax, 

u2 =o 

U2 =O 

na ilha de calor 

fora da ilha de calor 

(4) 
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e outra para os casos em que se utilizou a funç.ão degrau: 

{ 
I na ilha de calor 

T* = 
O fora da ilha de calor 

Conservação da Energia Cinética Turbulenta 

d(p*U-K*) () (f..l1*êJK*) . =- - -- +G*-p*t• axj axj cr,J)Xj 

sendo que os seguintes valores foram utilizados nos contornos: 

X 1 =I 

Conservação da Taxa de Dissipação da Energia Cinética Turbulenta 

o(p*U;E*) () (J..l.*dt*) t* ---=-_:....- = - -- + (C a•- c p•e•)-êJX . dX. ()~dX. I 2 K* 
J 1 ~ J 

onde 

0 = ·(aui + ~) au; 
llr ax. ax. ax. 

J 1 J 

sendo que foram aplicadas as seguintes condições de contorno: 

E* = 
0.4 (CXZ/D) 

c 3/4K'*3n 

e* = -o.c..4-c y-/,_0-) 

(5) 

(6) 
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Conservaçllo da Massa da Espécie Contaminante: 

d(UiC) = .1_(K•ac) 
ax ax. j ax. 

J J J 

(7) 

associada às seguintes condições de contorno: 

x, =o c= o 

x, = ac = 0 ax, 

x2 = o lÇ_ =o ax2 

x2 Z; 
lÇ_ =o o ax2 

x, = xlan e H c x2 =- . 
D o 

Análise dos Resultados 

Para resolver o conjunto de equações apresentadas anteriormente, utilizou-se o método de volumes 
finitos descrito por Patankar ( 1980), que propõe uma descretização das equações de modo a manter a 
conservação das variáveis em volumes de controle finitos. A solução das equações discretizadas foi 
obtida utilizando-se o TOMA linha por-linha com correçào por blocos, segundo os princípios do 
algoritmo SIMPLE. 

Para avaliar as respostas do modelo utilizado e as características dos campos de concentração sob 
influência de instabilidades localizadas, foram estudadas vários casos. com variações da velocidade de 
corrente livre (u_), altura de lançamento (H), do Número de Richardson máximo (Rirrux), referente à 
maior temperatura da ilha de calor (TiltJl..nuJ e da dimensão da ilha de calor (OillB). 

São flagrantes as deformações no campo de concentrações devido à presença da ilha de calor, 
como poder ser observado pela análise das Figs. I, 2, 3, 4 e 5. Na regillo da ilha é gerada uma 
instabilidade localizada que leva a fortes variações na difusividade turbulenta ( Ku), promovendo 
aumento na capacidade dispersiva, o que pode ser verificado pela mudança de comportamento das 
linhas de isoconcentraçào na região próxima à ilha de calor. 

É interessante observar que, uma vez fixados os parâmetros u_ e H, o comportamento da pluma 
foi idêntico nos casos sem ilha de calor (Fig. I) e com ilha do calor (Fig. 2), até ser atinginda a região 
de instabilidade localizada, onde houve um flagrante alargamento da pluma. 

Foi possivel notar ainda que os efeitos da ilha de calor descrita por uma funç!o normal são mais 
suaves que a descrita por uma função degrau, sugerindo que a adoção de formulações mais suaves para 
descrever as temperaturas na fronteira inferior, modelam situações físicas mais próximas da realidade. 

Foi nltida a resposta do modelo à variaçllo de velocidade, que levou a um maior alongamento das 
linhas de isoconoentração. Este é um reflexo do aumento de quantidade de movimento linear, que 
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afasta da fonte todas as linhas de isoconcentraçao, ou seja, há um incremento no transporte do 
contaminante na direção principal de escoamento e conseqüentemente uma menor dispersão das linhas 
cm tomo da horizontal determinada pela altura de lançamento. É possível observar este fato pela 
comparação das Figs. I e 3 até a posição x tiO• 0.40, a partir da qual os efeitos da ilha de calor 
começam a ser importantes. 

Pela variação da altura de lançamento, foi posslvel constatar que mesmo plumas provenientes de 
lançamentos a alturas elevadas são influenciadas pelas estrutura da turbul!ncia gerada sobre a ilha de 
calor, que se reflete na difusividade turbulenta. KU> afetando a capacidade djspersiva no domínio 
vertical sobre a ilha 

A influência da dimensão da ilha de calor foi avaliada e foi possível verificar como as ilhas de 
calor agem localizadamcnte, promovendo a maior dispersão. Analisando-se as Figs. 3 e 4, é possível 
ver i ficar esta influência. 

O aumento da capacidade dispersiva sobre a ilha de calor devido ao incremento da intensidade da 
ilha (diferença entre sua temperatura e a do restante da fronteira inferior) também foi verificado. 

A Tabela I mostra as relações entre o Número de Richardson máximo (Rio-ex), usado como 
parâmetro para ava)jação da intensidade da ilha, velocidade de corrente livre ( u_) e a diferença entre 
as temperaturas do centro da ilha e fora dela 

Tabela 1 Relações entre RIITIIX, u_ e óT. 

Ri l1liX u. (mls) TiJhH111X- T ld<J:K) 
100 4 4.90 

100 2 1.22 

400 2 4.90 

Pela análise das Figs. 4 e 5 pode-se verificar como o aumento do número de Richardson influencia 
fortemente o aspecto do campo de concentrações. 
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Conclusões 

O modelo e o método numérico utilizados para solução do problema proposto mostraram-se 
adequados, fornecendo respoSLaS fisicamente compativeis para mudanças de parâmetros. 

A ilha de calor introduzida na fronteira inferior do domínio estudado, gerando instabilidade 
localizada, influencia de maneira decisiva o aspecto dos camPQs de concentração para todos os casos 
estudados. O aumento da intensidade da ilha de calor reflete-se na capacidade dispersiva local via 
variação significativa da difusividade turbulentll. 
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O mecanismo de transporte de massa nas regiões fora da ilha de calor é denominado pelo campo 
solução da equação de transporte de quantidade de movimento linear e pela presença da difusividade 
turbulenta com formulação para atmosfera neutra na equação de transporte do contaminante. 

Na região da ilha de calor é utilizada uma formulação para a difusividade turbulenta baseada em 
condições de instabilidade. Tem-se, assim, uma transiç!lo brusca relativa à capacidade dispersiva onde 
!Cu com formulação instável chega a ser 50 vezes maior que "" com formulaçllo neutra. Muito 
embora a equaçllo de energia reflita a presença da ílha de calor em qualquer ponto do domlnio, a 
mudança brusca dos valores de " una região da ilha domina os aspectos do transporte de massa do 
contaminante. 

As caracterfsticas térmicas e de transporte de mll!isa do problema estudado foram refinadas e 
portanto, aproximaram-se mais da realidade, ao se utilizar uma função descritora da temperatura 
inferior mais suave. Além disso, é notável a necessidade de se buscar uma formulação de Ku que 
possa incorporar transições na capacidade dispersiva devido à aproximidade da ilha de calor, já que, 
claramente, o aspecto dominante é a formulação da difusividade turbulenta. 
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Resumo 
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As caracteristicas de transfertncia de massa de jatos turbulentos espira!ados incidindo ortogonalmente sobre uma 
placa plana foram investigadas experimentalmente. Foram estudados os efeitos de número de Reynolds do jato, 
da dist!nciajatolplaca e da intensidade de escoamento espira!ado dada pelo número de Swirl. Coeficienles locais 
e médios de transferência de massa foram obtidos utilizando-se uma mesa de coordenadadas computadorizada 
Os resultados demostraram que, de uma maneira geral, a presença do escoamento reduz a troca de massa. 
Palavras - Chave: Jatos Turbulentos Espiralados, Transferência de Massa, Jatos lncidenles sobre Placa Plana 

Abstract 

The present work is an ex-perimental study ofthe mass transfer cbaracteristics ofa swirlingjet irnpinging on a 
nat plate. The maio objective ofthe lnvestigation was to determine the influence ofa circunferential velocity 
component (the swirl component) on lhe local and average mass transfer coefficients at lhe plate surface. Tbe 
dirnensionless parameters investigated were the jet Reynolds nwnber, lhe jet·to·plate distance, and the strength 
ofthe swirl flow given by the swirl number. Mass transfer cocfficients were obtained utilizing lhe naphlhalcne 
sublimation technique. The local coefficients were determined employing a computerized coordinate table which 
allowed a detailed study ofthe effects ofthe presence ofthe swirl componeot. Average coefficients werc: 
detennined independeotly th.rough precision weighing, nnd displayed excellent agreement with the integrated 
local coetlicients. The results demonstrated tbat the presence oflhe swirl component decreases the mass transfer 
coefficieots, wben compared with than non swirl case. 
Keywords: Mass Transfi::r, Swirling Jet, Jet lmping on a Flat Plat.e 

Introdução 
Jatos incidindo sobre superflcies produzem as mais elevadas taxas de transferência de calor ou 

massa que podem ser obtidas em escoamentos monofásicos e, por razão, são largamente empregados 
na indústria. O uso de jatos no aquecimento, resfriamento ou secagem é e ncontrado em várias 
aplicações, dentre as quais destacam-se secagem de papel e tecido, a têmpera de vidro, o aquecimento 
e resfriamento de metais, o resfriamento de palhetas de turbinas e de componentes eletrõnicos. 

Uma revisão da literatura relacionada com jatos incidentes revela um grande número de trabalhos 
investigando vários aspectos desta configuraçllo. Os resultados destes trabalhos de pesquisa est!o 
resumidos nos artigos de revisão publicados por Martin ( 1977) e Oowns e James ( 1987). Os trabalhos 
citados incluem descrições dos diversos parâmetros que influenciam a troca de caJor oo massa para 
jatos. Estes parâmetros incluem os efeitos geométricos tais como, espaçamento e diâmetro do jato, 
forma de seção reta do jato, número de Reynolds, intensidade de turbulência, efeitos de temperatura, 
ângulo de incidência do jato e curvatura da supertlcie. Também foram investigadas na literatura as 
caracterlsticas de transferência de calor e massa do conjunto de jatos incidentes. e a influência da 
forma com que o fluido utilizado é descartado para o ambiente. 

Mais recentemente os trabalhos publicados na literatura indicam um crescente interesse no estudo 
de jatos incidentes de liquido. Stevens e Webb ( 1991) estudaram a troca de caJor para jatos de liquido 
com ênfase na estrutura da supertlcie livre e dos efeitos causados pela inclinação do jato. Zumbrunnen 
e Aziz ( 1993) investigaram a troca de caJor para jatos intermitentes de liquido, enquanto Liu, Gabour e 
Lienhard ( 1993) inclul.ram efeitos de tensão superficial. As aplicações de resfriamento de componentes 
eletrônicos com altas taxas de geração de calor tem motivado o estudo de jatos de liquido incidindo em 
pequenas supertkies aquecidas (Siayzak et ai., 1994 e Womac et ai. , 1993). 

Presente<! at lhe Frfth Brazilian Thennal SCiences Meetlng, Sêo PaulO, S.P. Oecember 7 ·9, 199-4. Technlcal Editorship: 
ENCIT Editorial Committee 
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Apesar do grande número de publicações relacionadas comjatos incidentes, os efeit9s da presença 
de um componente circunferencial na velocidade do jato foram pouco explorados. Estes jatos 
espiralados encontram grande aplicação em combustores, onde o componente circunferencial de 
velocidade é introduzido com o objetivo de homogeneizar a mistura e estabilizar a chama. Em muitas 
aplicações, jatos provenientes de combustores sào utilizados diretamente no aquecimento de chapas 
para tratamento térmico. sendo necessário o conhecimento dos coeficientes médios e locais de troca de 
calor para o projeto destes equipamentos. 

Martin ( 1977) em seu extenso trabalho de revisão menciona, sem apresentar dados numéricos, que 
a presença do componente circunferencial na velocidade de um jato incidente nllo produz alterações 
significativas na troca de calor ou massa. Ward e Mahmood (1982), no entanto, apresentam conclusões 
opostas às de Martin, indicando que a presença do escoamento espiralado reduz significativamente a 
troca de calor ou massa. Este trabalho é bastante limitado, apresentando resultados de troca de calor 
local para apenas um valor do número de Reynolds do jato. É apresentada também uma correlação 
para o número de Nusselt médio em função da distância adimensional do jato à placa. do número de 
Prandtl, do número de Reynolds e da intensidade do escoamento espiralado. A acurãcia desta 
correlação deve ser verificada, visto que foi construída com dados de apenas dois valores do número 
de Reynolds. 

O objctivo do presente trabalho é apresentar dados detalhados sobre as earacterlsticas de 
transferência de massa da configuração formada por um jaLO de ar espiral ado incidindo ortogonalmente 
sobre uma placa plana. Estes resultados além de esclarecerem as divergências entre os trabalhos de 
Martin e Ward e Mahmood. fornecem informações locais e médias sobre esta configuração não 
disponíveis até o presente. 

Descrição do Experimento 

As informações desejadas sobre os coeficientes de troca para o jato incidente espiralado foram 
obtidas neste trabalho utilizando-se a técnica de sublimação do naftaleno (Souza Mendes, 1991 ). Esta 
técnica além de permitir a medição de coeficientes médios de troca de massa. permite também a 
obtenção da distribuição detalhada dos coeficientes locais de troca de massa. 

Para sua implementação, uma superflcie plana de naftaleno é fabricada, sobre ela incidindo o jato 
de ar espiralado a ser estudado. Este jato provoca a subl imação do naftaleno, acarretando perda de 
massa que pode ser avaliada e relacionada com os coeficientes de troca da mesma. A pesagem da placa 
de naftaleno antes e depois da exposição ao ar fornece o coeficiente médio de troca da massa, 
enquanto a distribuição espacial do coeficiente local de troca de massa é obtida através de um 
detalhado levantamento topogrãfico realizado sobre a superficie de naftaleno antes e depois da 
exposição ao ar. Como serã descrito a seguir. este levantamento foi realizado neste trabalho utilizando
se uma mesa de coordenadas computadorizada. especialmente construlda para este fun. 

Seçio de Testes. Para a obtenção de resultados confiáveis com a técnica de sublimação de 
naftaleno é necessário que o experimento seja realizado com temperatura constante. Por esta razão, foi 
necessário construir uma seção de testes que permitisse a formação de um jato incidente proveniente 
de um ambiente com temperatura constante. 

A Fig. I (a) auxilia a descrição da seção de testes construída. O ar succionado por um exaustor 
colocado fora do laboratório era forçado a passar por uma câmara geradora de escoamento espiralado. 
por uma câmara reguladora do escoamento espira lado, através do tubo que formava o jato, incidindo 
sobre a placa de naftaleno posicionada no interior de um tanque de grandes dimensões. Após incidir 
sobre a placa, o ar contendo vapor de naftaleno era conduzido para o exterior do laboratório através de 
uma tubulação que continha uma placa de oriflcio para medida de vazão, uma válvula de esfera para 
corte rápido do fluxo de ar e uma válvula globo para controle da vazão. O tanque possufa uma janela 
rcmovlvel que permitia a manipulação da placa de naftaleno, quando desejado. 

A seção geradora do escoamento espiral ado era formada por um tuoo fechado em sua extremidade 
superior e aberto em sua extremidade inferior. Na superflcie lateral deste tubo foram usinadas quatro 
li! eiras de 25 furos com I ,5 mm de diâmetro. dispostos verticalmente ao longo da geratriz do tubo, 
formando um total de I 00 furos passantes. As fileiras eram espaçadas circunferencialmente de 90 
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graus. Os furos foram usinados cuidadosamente de forma a serem tangentes à circunferência interna 
do tubo. Desta forma, o ar succionado pelo exaustor penetrava na câmara geradora tangencialmente, 
produzindo o componente circunferencial de velocidade desejado. 

a) 

Cilindro 
ele Nylon 
pafurado 

b) 

Fig. 1a Seçlo de Testes: 1.Cimara geradora, 2-Cimara reguladora, 3-Jato, 4-Piaca, 5-Tanque. 
1b) Seçlo Medidora de Swlr1. 

O escoamento espiralado produzido na câmara geradora penetrava na câmara reguladora, que era 
formada por um tubo de acrílico tendo em sua extremidade inferior uma tampa adaptada ao tubo do 
jato, e em sua extremidade superior em êmbolo adaptado à câmara geradora. O êmbolo, solidário à 
câmara geradora, podia ser movimentado verticalmente, de forma a variar as dimensões da câmara 
reguladora. A variação da posição vertical do êmbolo na câmara reguladora intlula na taxa de 
decaimento do escoamento espiralado, permitindo o controle de intensidade do escoamento espiralado 
que penetrava no tubo e iria posteriormente incidir sobre a placa de naftaleno. Quando o êmbolo era 
posicionado no fundo da câmara reguladora, produzia-se a maior intensidade do escoamento 
espiral ado, para uma determinada vazão de trabalho. 

A placa de naftaleno era formada a partir da fundição do naftaleno liquido sobre um cassete 
circular de alumlnio. Este cassete tinha a finalidade de dar rigidez à superflcie de naftaleno e de 
impedir a exposição ao ar das superfícies inferior e lateral da placa do naftaleno. Desta forma, 
somente a supertlcie superior da placa era exposta ao jato de ar. Na operação de fundição o cassete era 
montado sobre uma superflcie metálica polida, de maneira que, quando desmoldada, a superflcie de 
naftaleno produzida apresentava excelente acabamento superficial. O cassete de alumlnio contendo 
placa de naftaleno era colocado sobre um suporte ajustável no interior da seção de testes. Ajustando
se a posição do suporte podia-se variar a distância jato/placa, um dos parâmetros investigados no 
presente estudo. 

Mediçlio de Intensidade do Escoamento Espiralado. A intensidade do escoamento espiralado é 
normalmente caracterizada pelo número de Swirl, definido como a razBo entre a quantidade de 
movimento angular do jato dividida pelo raio do tubo multiplicado pela quantidade de movimento 
linear. A quantidade de movimento linear do jato pode ser obtida facilmente das medidas de vazão, e 
assumindo-se um perfil tipico de velocidade no tubo. A medida da quantidade de movimento angular 
do jato. requereu a construção de um sistema especial de medição, como será descrito a seguir. 

A medida da quantidade de movimento angular do escoamento na salda do jato foi obtida através 
da utiliução do princípio de conservação da quantidade de movimento angular e da medição do 
Iorque produzido pelo escoamento. A Fig. I (b), apresenta esquematicamente o experimento montado. 
Um cilindro de nylon de 70 mm de diân1etro perfurado long.itudinalmente por 60 furos de 6 mm de 
diâmetro era colocado em frente à salda do jato, no interior do tanque. Um fio de aço de 0,2 mm de 
diâmetro solidário ao cil indro era fixado em uma extremidade na base que acomodava a placa de 
naftaleno (removida nestes experimentos). A outra extremidade do fio era fixada a uma massa de 6 kg, 
depois de passar pelo centro do tubo do jato, pelas câmaras reguladoras e geradoras de escoamento 
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espiral ado e por um par de roldanas fixadas ao teto do laboratório. Um pequeno furo na tampa superior 
da câmara geradora de escoamento espiralado permitia a passagem do fio. O jato de ar penetrava nos 
furos transferindo sua quantidade de movimento angular para o cilindro, provocando um torque que era 
equilibrado pela torção do fio. A medição ótica da rotação do cilindro c um procedimento de calibração 
do conjunto cilindro/tio permitiam a determinação do torque, o qual era igualado à quantidade de 
movimento angular desejada. O número de Swirl podia assim ser determinado. Os detalhes da 
construção e calibração do torqulmetro, podem ser encontrados no trabalho de Duarte ( 1994). 

~edida dos Coeficientes de Troca de M.ssa. Os coeficientes médios de troca de massa eram 
obtidos a partir de pesagem do cassete contendo o naftaleno, antes e depoi s da exposição ao 
escoamento. Para isto utilizou-se uma balança analítica com resolução da ordem de 0.1 mg. 

Os coeficientes locais de troca de massa eram obtidos realizando-se um levantamento topogrâfico 
da superflcie de naftaleno antes e depois do escoamento. A superflcie de naftaleno era posicionada 
sobre uma mesa de coordenadas computadori1.ada com resolução espacial da ordem de 0,01 mm. Estas 
mesa movimentava a superflcie sob um apalpador digital fixo com resolução de 0,5 ).lm , realizando 
medidas em posições previamente estabelecidas, e armazenando as leituras no computador controlador 
do sistema. As medidas em um mesmo ponto, realizadas antes e depois do escoamento eram 
subtraldas, o que fornecia a profundidade de sublimação naquela determinada posição. Experimentos 
preliminares com medições realizadas ao longo de 8 diâmetros demostrararn a perfeita simetria circular 
do escoamento. Por esta nu!o, os resultados locais foram obtidos realizando-se medições em pontos ao 
longo de dois diâmetros ortogonais. Duzentos e setenta pontos eram medidos ao longo de cada 
diâmetro o que tipicamente, requeria 7 minutos de operação do sistema de medição. 

Redução dos Dados . A redução dos dados experimentais tinha como objetivo o cálculo dos 
números de Reynolds e Swirl do jato e dos números de Sherwood local e médi.o. &dimensionais que, 
juntamente com a distância adimensional jato/placa, governam o problema em estudo. 

O número de Reynolds era calculado a parti r da vazão mãs.sica, m, medida na placa de oriflcio, 
como 

Rc = 4m/ ttD!l (I) 

onde, D é o diâmetro do jato e J.l a vi~cosidade absoluta do ar. 
O número de Swirl, era definido como. 

(2) 
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Fig. 2 Número de Swlr1 veraU8 Reynolds, p•ra jato com O • 22mm. 
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onde Gq> e Gx representaram as quantidades de movimento angular e axial do jato, e R é o raio do 
tubo. A quantidade de movimento angular era tomada como sendo igual ao torque medido no 
torqulmetro, enquanto a quantidade de movimento axial era calculada assumindo-se um perfil 
uniforme no jato com velocidade média V. Assim, 

2 2 
Gx = rtpV R (3) 

Curvas auxiliares apresentando o número de Swirl como função do número de Reynolds foram 
construldas a partir dos experimentos de calibração do torqulmetro, para cada valor do diâmetro do 
tubo utilizado, e para cada posição UO do êmbolo na câmara controladora do escoamento espiralado. 
Estas curvas eram utilizadas para estabelecer o número de Swirl em cada experimento de troca de 
massa a ser realizado. A Fig. 2 apresenta uma destas curvas, obtida para um tubo com diâmetro igual a 
22mm. 

O coeficiente médio de troca de massa para a placa circular de naftaleno, K, era obtido pela 
pesagem e cronometragem do tempo de exposição da superficie ao jato de ar. Este coeficiente era 
calculado pela expressão, 

(4) 

onde. t.M é a massa de naftaleno sublimada durante o experimento, obtida por pesagem antes e depois 
da exposição ao jato, t é o tempo de exposição ao jato, A é a área de troca da placa e é t.p

0 
a 

diferença de massa especifica do vapor de naftaleno na superficie sólida e no ar. Como o ar é 
considerado isento de naftaleno, t.p é simplesmente a massa especifica do vapor na superflcie 
sólida. Este valor pode ser obtido a p~rtir da medição da temperatura da superficie de naftaleno em 
conjunto com a equação de Sogin citada em Souza Mendes (1991). 

O coeficiente local de troca de massa, k, foi determinado pela expressão, 

com m = Pns.ó.Y/ t (5) 

onde m é a taxa de transferência de massa local por unidade de área, p é a massa específica do 
naflaleno sólido, t. Y, a profundidade de sublimação do naftaleno media~ com o apalpador e t, o 
tempo de exposição ao jato de ar. 

Os coeficientes adimensionais médio e local de troca de massa foram utilizados nas apresentações 
dos resultados na forma de números de Sherwood médio, SH, e Sherwood local, Sh1, definidos como, 

(6) 

onde Se representa o número de Schmidt para o vapor de naftaleno no ar e Par e J..l.ar são, 
respectivamente, a massa especifica e viscosidade absoluta do ar. 

Resultados e Discussão 

Nesta seção serão apresentados os resultados de transferência de massa obtidos nos experimentos 
realizados. Os experimentos foram realizados para números de Reynolds iguais a 9000, 27000, 36000 
e 45000. Para cada valor do número de Reynolds, foram investigados três valores da distância 
adimensional jato/placa (H/D = 2, 4 e 8) e três valores da intensidade do escoamento espira lado 
caracterizado pelo número de Swirl (S = 0,28, 0,54 e 0,74). Experimentos foram também realizados 
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para o caso base formado pelo jato não espiralado (S "" 0). Estes experimentos foram usados como base 
de comparação para os efe itos de escoamento espiralado. Ao todo 60 experimentos foram realizados 
mas, por limitação de espaço, apenas alguns resultados serão apresentados. Os resúltados completos 
podem ser encontrados em Duarte ( 1994 ). 

A distribuição radial do número de Sherwood local é apresentada nas Figs. 3,4 e 5, 
respectivamente, para H/0 igual a 2,4 e 8 e para Re = 9000. Nestas figuras, a intensidade do 
escoamento espiralado investigada está caracterizada pelos números de Swirl, identificados na 
legenda. O caso base. correspondente a S =O, está também repre.sentado para facilitar as comparações. 

Uma observação geral das Figs 3 ,4 e 5 mostra que o efeito preponderante da presença do 
escoamento espiralado é no sentido de diminuir o número de Sherwood local em comparação como o 
caso base onde o escoamento não é espiralado. 

Para pequenas e médias distâncias jatolplaca (H/0 = 2 e 4}, o comportamento das distribuiçôes de 
Sht é semelhante. Nota-se uma forte redução em Sht na região de estagnaçAo, seguida de uma 
recuperação e um comportamento assintótico tendendo para os valores de Sherwood do caso base. 

Estes resultados podem ser explicados pelas alterações impostas no perfil de velocidade do jato 
pela presença do componente de velocidade circunferencial. De fato, é descrito na literatura (Ward e 
Mahmood, 1982), que a presença de um componente c ircunferencial em um jato livre provoca um 
deslocamento do ponto de máxima velocidade da linha de simetria do jato no caso base para posições 
radiais da ordem do raio do tubo. Dependendo da intensidade do número de Swirl, pode-se até produzir 
reversão do escoamento na linha de simetria do jato. A redução de Sht na linha de centro, assim como 
os picos na distribuição em torno de r/D = I , são o reflexo da nova configuração do perfil de 
velocidade. Experimentos de visualização realizados utilizando a técnica de óleo com negro de fumo, 
confirmaram a presença de reversão de escoamento na região de estagnação para altos valores de S. 

À medida que o jato é afastado da placa, a distribuição de Sht é alterada em alguns aspecto:;. Como 
pode ser observado, os picos na região r/0 = I presentes no caso de menor HID, nào são mais notados 
para baixos valores de S. apresentando-se bastante atenuados para valores maiores de S. A drástica 
redução em Sht na região de estagnação e a tendência à assintotizaçào para os valores do caso base 
continuam, no entanto, presentes. 

Para números de Reynolds intermediários ( 18000 e 27000) a tendência geral de diminuição de Sbt 
com a presença do escoamento espiralado é mantido. No entanto notou-se que a diminuição de Sh1 na 
região de estagnação não é tão pronunciada como no caso de baixos R e, indicando que a quantidade de 
movimento linear do jato foi aumentada em comparaçao com o gradiente de pressão adverso gerado 
pelo escoamento espiralado. de forma a não provocar reduções tao drásticas na velocidade axial do 
fluido nesta rcgiao. 
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No caso dos maiores Re investigados, mostrados nas Figs. 6, 7, pode-se observar o mesmo 
comportamento qualitativo descrito para os outros valores de Reynolds. Uma comparação de casos 
com a mesma distânciajato/placa e diferentes Re, mostra que quanto maior o número de Reynolds 
maior o número de Swirl necessário para alterar a forma da distribuição local de Sherwood. 

Os números de Sherwood locais foram integrados ao longo da área da placa até uma distância r/D 
= 3, de modo a fornecer valores médios de Sherwood para esta região. Os resultados obtidos mostram 
que a razão este número de Sherwood médio e o Sherwood médio correspondente ao caso base, Sh/ 
Shcb, são insenslveis à distância jato/placa e fracamente dependentes do número de Reynolds, 



329 LG.C. Duarte e L F. A. Azevedo 

dependendo apenas da intensidade do escoamento espiralado dada pelo número de Swirl. Assim, para 
S = 0,28, 0,54, e O, 74, a razAo Sh/Shct> vale, respectivamente, 0,8, 0,6 e 0,3, revelando a significativa 
queda na troca de massa mtdia provocada pela presença do componente circunferencial na velocidade 
do jato incidente. 
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Conclusão 

O presente trabalho investigou experimentalmente a transferência de massa para jatos turbulentos 
espiralados incidindo ortogonalmente sobre uma superflcie plana. Foram estudados os efeitos sobre a 
transferência de massa do número de Reynolds do jato, da distância jato/placa e da intensidade do 
escoamento espiral ado dada pelo número de Swirl. Os experimentos realizados permitiram a obtenção 
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de informações detalhadas sobre a distribuição espacial dos coeficientes de troca de massa na 
superflcie da placa, assim como os coeficientes médios de troca de massa. A técnica de sublimação de 
naftaleno foi utilizada em conjunto com um sistema automatizado para realização das medidas locais. 

Os resultados revelaram que, de uma maneira geral, a presença de um componente circunferencial 
no escoamento do jato produz uma diminuição nos coeficientes de troca de massa, quando comparados 
ao caso base de escoamento não espiralado. Em particular, verificou-se uma significativa diminuição 
dos coeficientes de troca de massa na região de estagnação do jato. 

Os coeficientes médios de troca apresentaram também diminuição em relação ao caso base. 
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Abstract 

A parametric analysis of the viscoelastic laminar flow tbrough rectangular ducts is presented, whicb gives a 
generic insight ofthe relative importance ofphysical parameters. The effects ofthe elastic and buoyancy forces 
on flow patterns and on heat transfer are analyzed, as well as tbe effects of the Reynolds, Prandtl and 
Weissenberg numbers. The results show the existence of a physical dimensionless parameter whích gives the 
relative influence of the elastic and buoyancy etfects on flow pattems and heat transfer 
Keywords: Viscoelastic Liquid. Flow Through Rectangular Duct. Elastic Force. Buoyance Force, Flow Panem, 
Hcat-Transfer 

lntroduction 

Flows of viscoelastic liquids inside rectangular ducts are known to present secondary tlôws that 
increase the heat transfer coefficient significantly. 

ln order to better understand the heat transfer mechanisms involved in this now situation, a 
parametric study is helpful. For Newtonian fluids, because the only rheologicar property is the 
viscosity, which is a constant for a give fluid, this kind of analysis is typically straightfoward. For 
flows of viscoclastic fluids some difficulty arises because there are a number of rhelogical properties 
involved. which are often functions ofthe flow kinematics. 

Because of the small velocities in flows of polymetric solutions. buoyancy forces may play an 
important role. These forces interacts with the viscoelastic forces and causes severa! changes in flow 
pauems and the heat transfer cocfficient behavior. 

Analysis 

The problem under study is shown in Fig. I . The flow is assumed to be laminar, hydrodynarnically 
and thermally developed. The nuid is incompressible with temperature- independC'nt properties. 
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Fig. 1 The geometry and thennal boundary condltlona 
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The problem solution is obtained by solving the conservation equations of mass, momentum and 
energy. ln order to model the non-Newtonian behavior of the nuid the CEF constitutive relatioo 
(CriminaJe et aJ ., 1958) is used. 

(I) 

t is the extra-stress tensor (lhe part of the stress tensor that vanishes when there is no motion other 

than rigid-body translatioQ and rotation) and y = grad v+ (grad v) Tis the rate-of-strain tensor. Tbe 
. . (l":i . 

scalar rate of straín y is defined as ye ~2YY . The tensorial quantity Y!ll is the convected 

derivative ofthe rate-of-strain, tensor, defined as 

~ [ T · . ] y121 s dt- (gradv) y+y(gradv) (2) 

11 ( Y) , 'I' 1 ( Y) and 't' 2 ( Y) are respectively the viscosity, first and second normal stress coefficientes. 
The operator d/dt is the material time deriva tive. 

The extra strfss can be dec~posed into a Newtonian term 'tN and a non-Newtoniam (or 
polymeric) term 't , so that 't = t + 'tp : 

The víscosity function employed is ofthe Carreau-Yasuda type: 

8 {n - l / a) 
TI (y) =TI ... + (TI0 - TI_) I+ (Ay) 

ln dimensiooless form , the viscosíty function can be wrítten as: 

Tl*<"i*> = TI("' = TI* ... + (TI*o - TI '"..>[t +( we:,•)•J<" - ''•> 
TI ( 'YcÍtar) 

(3) 

(4) 

(5) 

when: TI*- = TI_ITichar•Tio * = Tl.o/Ticbar . The Weíssenberg number is defined as .• we = Àjchar 
and y = y/ ycbar· The quantities À'Ychar and ncbar 8!C the characteristic shear rate ( y ii v cbar oh ) 
and the characteristic viscosíty functíon ( Tlchar a TI ( Ychu )). The characteristíc velocity is defined as 
v eh ar = - ( op/àz) D~/11char , while l>ti is the hydraulic diarneter, given by 2H (I + WW). As usual, 
o pi dZ is lhe pressure gradient in the flow direction. Some dimensíonless quantities of importance are 
defined below: 
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Using the definitions above, lhe dimensionless goveming equations take lhe foUowing form: 

Mass Conservation: 

au av 
ax + av = 0 (9) 

Momentum: 

-( a-rxPx a-r~Px) 
ax + ax 

( lO} 

au au aP 1 ( a ( au) a ( av au)) 
uax+vav = -av+Re av 2Tt*av +ax Tt*ax+Tt*av · 

(11) 

(12) 

Energy Conservatíon 

ae ae 1 ( ie ie 2a w) 
Uax+vav = RePr ax2+av2-(et+l)w 

(13) 

where 't*~ is i/h component of ~·P . ln the equations above, the following dimensionless 

parameters can be identified: 

(14) 

't' 1 Ychar 't' 2 Ychar 
De 1 s ---;Dc2s----

Tichar llchMr ( 15) 

( 16) 

The dimcnsionless groups lhat appear in lhe goveming equations are defined in Eqs. (14), (15) and 
( 16). Equation ( 14) gives lhe aspect ratío, et. the Rayleigh numbcr, Ra, lhe Prandtl number. Pr, and 
the Reynolds number, Re. Two dimensionless viscoelastic parameters, namely, the first Deborah 
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number, DeJ, and the second Deborah number, De2,. are deftned in Eq. (15). Equation (16) gives the 
dimensionless normal stress coeficients. These dimensionless groups appear in the dimensionless 
"polymetric" stress 't* P . 

Due to symmetty, the computationaJ domain is reduced to the right half of the cross section. Then, 
the sought-for solution of Eqs. (9)-(13) must satisfy the boundary conditions below. 

av aw ae x = o;u = O;ax == ax = o;ax = o 

X = a: l ;U = V = W = 0;:~ = O 

Y = O·U = V = W = O·-êJe = 1 • • "êJY 

Y = a
2
: I ;U = V = W = 0;:~ = 

Nusselt numbers 

Heat transfer at the lower and upper walls is given by the following Nusselt numbers: 

(17) 

ln the expressions above T w. i and T w, s are lhe mean temperatures of the lower and upper waJis. 

The quantities ew,; and ew. s are the corresponding dimensionless mean tempcratures (Naccache and 

Souza Mendes, 1993). 

The appropriate mean Nusselt number, Num is defined as Num= Nu; NU/ (Nu
5 

+Nu;)· 

Governing parameters 

The parameters that govern the present problem are the ones that appear in Eqs. (9)-(13), in the 
constitutive equation (Eq. ( I)), and in the boundary conditions. They are: R e, Ra, Pr, \f/ 1 *, 'P 2 * , 

a = W / H, W e E À. 'Yohar, Tlo * s llolllchar• 11- * = Tl_lllcbar• n anda. 
Because of the great number of parameters, the parametric study is restr icted to some of the 

appearing parameters. They are: the Reynolds number, the Rayleigh number, the second normal stress 
coefficient and the aspect ratio. ln addition, some of the resuhs to be presented indicate the sensitivity 
ofNusselt numbers to the Prandtl number, the Weissenberg number and the first normal stress 
coefficient. The dimensionless viscosities llo * , ,_ * and the pararneters n and a are held fLXed, 
mainly because they do not affect the secondary flows, which are the main focus ofthe present work. 

The first and second normal stress coefficients are assumed constant to simplify the analysis so that 
their ratio \f/2/\f/ 1 is kept at -0. 15 ( \f/2 * / \f/ 1 * = 0. 15). as often observed in polymeric liquids. 
Preliminary tests showed that allowing the normal stress coefficients to vary with the shear rate does 
not affect the results significantly (Naccache, 1993). 

Results and Discussion 

The differential governing equations were solved by means of the control-volume approach 
described by Patankar (1980). The coupling ofmomentum, continuity, energy, and constitutive 
equations was handled with the aid of the Simple algorithm. The discretized algebraic system was 
solved through the line-by-line Thomas algorithm. 
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Fig. 2 'fl2 • .. O (a) Streamllnes (b) lsotherms 

Fig. 3 'f' 2 • • 10-3 (I) Streamllnas (b) lsotherma 

The mesh sizes employed were 16 x 22 for a = I; 20 x 20 for a = 2; and 22 x 16 for a = 4. These 
sizes were chosen with basis on results of a number of tests. A more detailed discussion on the 
numerical solution can be found in Naccache (1993). 

Some difficulties in convergence were caused by the highly non-linear character ofthe equations 
of motion. ln order to overcome these problems and obtain a converged solution, a zero-th order 
continuation procedure in 'fl2 was employed, starting from the solution for the NewJonian case. A 
similar continuation procedure in Ra was also needed. starting with lhe results for forced convection 
only Ra= O. 

A few representative results are now presented and analyzed. For a more complete discussion, 
please see Naccache ( 1993). 

Ali the results were obta.ined for llchar = 0.0 11 , 11_ * = 0.36. Tlo * = 26.36, We = 1500, n = 0.494, 
and a = 0.942. 

Figures 2-3 show the flow patterns and the isotherms forRa "' 106, Pr= 70, We = 1500, Re = 2.5 x 
I 04 and a = I . These results are very simi lar to that obtained in (Naccache and Souza Mendes, 1992). 



Mixed-Convection in Flows ofVIscoelastic Uquids-A Parametric Study 336 

Jt can be noted that when there is no viscoelasticity (Fig. 2) the tlow is almost stagnant near the upper 
waJI and the isotherms are horizontal I ines. This behavior produces the largest ditTerences between Nui 
and Nu5. As the viscoelastic force increases, the fluid near the upper waJI firstly starts flowing, then 
increase rts intensity, until a simmetric configuration is achieved (Fig. 3). ln this latter situation 
buoyancy forces are negligible when compared to viscoelastic ones. ln this tlow regime, temperature 
gradients near the heated walls are relatively high, and large heat transfer coefficients are in effect. 

Figures 4a and 4b show the upper-wall and mean Nusselt numbers, as a function of 'I' 2 *for a 
square cross section, Pr = 70 and We = 1500. It is important to note that mean Nusselt number 
behavior is quite similar to the upper Nusselt number. It can be noted that for small viscoelastic forces 
the difference between lower-wall and mean (or upper-wall) heat transfer coefficients is very large, 
and the Reynolds number does not intluence the heat transfer. On the other hand, when viscoelastic 
forces are large, natural convection does not intluence the heattransfer behavior, and dueto symmetry 
Nuj is identical to Nus- Also, it can be noted that for the largest values of 'I' 2 *, lhe Nusselt number 
starts to decrease. This is due to the 'I' 1 * effect, as also observed and discussed in Naccache and 
Souza Mendes ( 19 ;....9::..:2;L).:,..,..,..~~,...,.,.TTnr---r--.-.-.""""'--,...,..,..,.,...,,_.,_,..,..nrrr.--.-r-rTrTTT,---,~-rrrm 
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Figures Sa and Sb show the Nusselt number as a function of 'l' 2 * forRa= I o6, Pr = 70 and We = 
1500. It can be seen that the curves obtained for three different aspect ratios are closer to each other the 
ones found in Naccache and Souza Mendes ( 1992). This is due to lhe fact that in the present analysis 
lhe Prandtl number is held fixed, which is not true in Naocache and Souza Mendes ( 1992). It can also 
be noted that there are criticai values of lhe aspect ratio-which depend on 'l' 2 * and Ra-that 
com:spond to maxima ofthe heat transfer coefficient. This occurrence can be explained by lhe changes 
in tlow pattem as the aspect ratio is changed, as discussed in Naccache (1993). The effect ofPrandtl 
number is illustrated in Fig. 6, for <X = I and no natural convection. It can be observed that the 
Nusselt nurnber increases with the Prandtl number. This trend gets more accentuated as tbe Reynolds 
number is increased. 
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ln Fig.7, it is illustrated that lhe Weissenberg number does not influence lhe Nusselt number in a 
significant manner. Figure 8 shows that 'I' 1• becomes an important parameter as it gcts large only, 
and that it influences Nu in lhe opposite direction as 'I' 2 • does. 

Fig~re 9 shows the Nusselt numbers as a function of the dimensionless paramcter defined as 
A= R e Pr'l' 2 • . lt helps characterizing lhree different flow regimes: for small values of A. natural 
convection governs the secondary flow; for intermediate values of A viscoelastic and buoyancy 
forces are both important; and for large v alues of A. the secondary tlow is drivcn by viscoelastic 
forces aJone. 
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The present paper analyzes lhe combined effects of buoyancy and viscoelastic forces on the 
velocity and temperature fields of laminar now of viscoelastic liquids througb rectangular ducts. lt was 
found that heat transfer is strongly influenced by both natural convection and e lastic effects. The 
relative importance of buoyancy and elasric effects as far as heat transferis concemed is assessed via a 
parametric study. A dimensionless parameter which compares both effects is employed to present heat 
transfer results. 
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The present work introduces a method for searching initial values, to solve non-similar Boundary Layer 
problems through lhe local non-similarity model. ln arder to provide a view to illustrate the method, the problem 
ofmixed convection on a wedge and the surfaee mass transfer problern ofuniform injection (blowing) in a Oat 
plate under foreed convection are solved hen:in. The results for the latter and for lhe special case when the wedge 
becomes a vertical plate are compared wilh prior information from the published literature and nove! n:sults are 
presentcd for the 90" and 180" wedge, where the problem is non-similar and U - Axm. lt is also shown the 
melhod provides results ofhigb accuracy, for the whole range ofvariation ofthe non-similarity parameter, and 
with only ooe transformation ofvariables, based on scale analysis for foreed coovection, both to unifonn surface 
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RBCM- J. of the Braz. Soe. Mechanlcal Sciences, Vol. 17, No. 3, pp. 269-277. 
The micromechanisms of fractun: of an alumina powder epoxy matrix composite was identified and compared 
with the fractun: mechanisms ofthe neat epoxy matrix.. Thc cffect ofstrain rate upon the fracture behavior ofthe 
composite and lhat oftbe neal epoxy matrix was evalualed. A strong increase in the oeat resin fractun: toughness 
at high strain rates was associated with crack tip blunting. 
K~ywords: Composite, Crack Blunting, Straio Rate Effect. 
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Mechatronlcs: Active Ai r Joumal Bearing", RBCM - J. of the Braz. Soe. Mecha nicai 
Sclences, Vol. 17, No. 3, pp. 278-291 . 

Aiming bearings of: ultra-pn:cision. infinite stitfness, high vibration damping capability and new functions (axis 
positioning and dynamic stiffness cootrol), lhe authors present in this paper an "active air joumal bearing" 
AAJB, a nove I type of bearing, capable of precisely controlling lhe radial position of its axis. The AAJB lhat is 
lhe result of the applicatioo of concepts of the mechatronícs, uti lizes non-cootact seosors to detect the radial 
positioo of lhe axis, non-cootact actuators (movablc air pads dríven by piezo-clcctric actuators) to support and 
drive thc axis, aod a controller to regulate thc whole system. ln the paper, the basic configuration ofthe AAJB as 
weU as its dynamic model and lhe controller desígn is shown. The stiffuess and lhe positioning characteristics of 
thc AAJB are examined anda method of compensating motioo errors ca.used by profile errar oftbe axis and 
bearing parts is presented. By experiments, it is sbown that the AAJB bas: an almost infinite static stiffuess and 
an incn:ased damping capability, a band-width of more than I KHz and an absoluto rotary motion accuracy of 
better than 21 nm wilh lhe axis rotating at 750 rpm. 
K~ywords: Air Bearing, Mechatronics, Active Air Joumal Bearing. 

de Castro, J. T. P., and Kenedl, P. P., "Fatigue Crack Growth Rate Prediction Departing 
from Coffln-Manson Concepts", RBCM - J. of the Braz. Soe. Mechanlcal Sclences, Vol. 
17, No. 3, pp. 292-303 (ln Portuguesa). 
Thc: Conffin-Manson and lhe Paris methods, which are normally used in a supplementary but impervious way in 
the dimensioniog against the crack initiation and propagation phases ofthe fatigue process, are corn:lated 
through a series of simple and didactic appealing models. Ali the proposed models use the classical engineering 
routines based on cyclic medlanical properties and on the Mincr's linear damage aecwnulation rule. The simpler 
one uses a singular plastic strain field to estimate the crack growth propagatlon rate, whereas lhe more complex 
recognize the tini te dimeosion of the fatigue crack tip radius, and use various strain coocentration rules to 
quantify the maximum strain amplitude. The modcls are easy to apply and to phenomenologicaUy justify, and 
they present a very encouraging corn:lation with experimental results reported in lhe literature. 
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Acoustic Emission Monitoring", RBCM - J . of the Braz. Soe. Meehanieal Sciences, Vol. 
17, No. 3, pp. 304-313. 

The spark out stage is responsible usually for up to one lhird oflhe time spent in a plunge grinding cycle. Some 
authors have proposed lhe implemc:ntation ofan accelerated spark out stage, in whicb lhe wbeel position passes 
the final diameter of the part and rc:tums quickly. This tecbnique, up to now, h as been difficull to implement 
since lhe fcedbaclc parameters havc: not bec:n clearly definc:d.. This paper attempts to investigate lhe accelerated 
sparlrout method md examine lhe effect on part quality. Acoustic emission, generated by lhe grinding process, is 
shown to be a very good way to establísb tbe parameters necessary to implement lhe accelerated spark out stagc:. 
lt is aJso sbown in tbis worlc lhat lhis kind of cycle does not damage tbe part. 
Keywonls: Grinding, Monitoring, Acoustic Emission 

Queiroz, R. S., Falbo, R. A. and Varejão, L. M. C., "Heat lslands lnfluenee on the 
Dispersion of Contamlnants by the Atmosphere", RBCM- J. of the Braz. Soe. 
Mechanlcal Sciences, Vol. 17, No. 3, pp. 314-321(1n Portuguesa). 
A two-dímensional model for atmosphuic flows basc:d on linear momentun. energy and mass C(lnservation 
equations is usc:d to simulate the effc:cts of beat islands on lhe concc:ntration field of contaminant spc:cies. The 
finite volume method is used to solve the equations and lhe rc:sults sbow lhat the concentration field is strongly 
dc:pendent on local dispersivc: capacity. 
Keywonls: Atmospheric Flow, Heat lslands, Concentration Field ofContaminant Species, Local Dispersive 
Capacíty 

Duarte, L.G.C., and Azevedo, L. F. A., "Mass Transfer from lmplnging Swirllng Jets", 
RBCM - J . of the Braz. Soe. Meehanl cal Sciences, Vol. 17, No. 3, pp. 322-330 (ln 
Portuguese). 

The prc:sent work is an experimental study of lhe mass transfer charactc:rístícs of a swirling jet impinging on a 
flat pi ate . The main objective of lhe investigation was to determine the influence of a circunferential velocíty 
component (tbe swirl component) on lhe local and average mass transfer coefficients at tbe plate surface. The 
dimensionless parameters investígated were lhe jet Reynolds number, lhe jet·to-platé distancc:, and tbe strength 
of the swirl flow given by lhe swirl number. Mass transfer coefficients were obtained utillzing the naphthalenc 
sublimation technique. The local coefficients werc: determined employing a C(lmputerized coordinate tablc which 
allowed a detailed study of the effects of tbe presence of thc swirl oomponent. Average coefficients were 
determined independently through precision weighing, and displayed excellent agreement with the integrated 
local coefficicnts. The rc:sults demonstrated that the prc:sencc: oflhe swirl component decreases the mass transfu 
coefficients, when compared with lhan non swirl case. 
Keywonls: Mass Transfer, Swirling Jet, Jet lmping on a Flat PI ate 

Naccache, M. F. and Souza Mendes, P. R., "Mixed. Conveetion ln Flows of Viscoelastic 
Llqulds ·A Parametric Study", RBCM- J . of the Braz. Soe. Meehanlcal Sciences, Vol. 
17, No. 3, pp. 331~. 

A parametric analysis of tbe viscoelastic laminar flow through rectangular ducts is presented, which gives a 
generic insight of lhe relative importance of physical parameters. The cffects of the elastic and buoyancy forces 
on flow pattems and on hc:at transfer are analyzed, as well as the effects of the Reynolds, Prandtl and 
Weissenberg numbers. The rc:suiiS show tbe existence of a physical dimensionless parameter which gives tbe 
relativo íntluence oftbe elastíc Md buoyancy effects on flow pattems and heat transfer 
Keywonls: Visooelastic Liquid, Flow Through Rectangular Duct. Elastic Force, Buoyance Force. Flow Panem, 
Heat·Transfer 
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