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Analytical Integration of Membrane-Bending
Coupling Terms in Non-Linear Boundary
Element Analysis of Mindlin-Reissner Plates

Rogério J. Marczak

Universidade Federal do Rio Grande do Sul
Departamento de Engenharia Mecanica
90050-170 Porto Alegre, RS Brasil

Abstract

This paper describes an analytical approach for the integration of the membrane-bending coupling terms that
arise in geometrically non-linear boundary element analysis of plates. The integration is performed in two
different ways: using a form of Stokes's theorem and subdividing a quadrangular cell into four triangular
subcells mapped by a local polar coordinate system. In the former case, a cancelation of the convective term

occurs, Numerical results are presented in order to verify the effectiveness of the schemes.
Keywords: Plates, Boundary Element Method, Membrane Coupling Terms

Introduction

The boundary element method (BEM) approach to the solution of plate buckling or post-buckling
problems starts from the Somigliana identities for the displacements and curvatures (Costa Jr. and
Brebbia, 1985, Xiao-Yan et alli, 1990):

-] U@ PN w(Q)da,-
0
w®) - [ T@Puiqar, = -Jo@prt@args

+1.[,0(Q PN w(Q) dg + e, (PYW (P)

which generally leads, after the collocation process, to the following set of algebraic equations (Costa
Jr. and Brebbia, 1985, Marczak, 1994):

Hu = Gt- ABw (1.a)

w+Fu = Dt+LEw (1.b)

where u = {u;, Uy, uy, 8, 0,)7 and t = {q,,q5, q3. m), m,) " are the displacements and tractions at the
nodes on the boundary [, respectively, and @ is a vector containig the curvatures of the plate at
internal points (namely, Y3 5 ). The matrix E contains the generally called membrane-bending
coubling terms. These terms are responsible for the coupling between the membrane stresses N ap and
the transverse displacement u,. When no dual or multiple reciprocity procedure is being used, the
discretization of the domain €} becomes necessary to evaluate the matrix E. Eq. (1.b) follows from the
definition of the integral equation for the curvatures, and the general expression for the matrix E can be
written as;

Presented at the 13th ABCM Mechanical Engineering Conference - COBEM 95, Belo Horizonte, December 12-15-1995
Technical Editorship: COBEM Editorial Committee



218 J. of the Braz. Soc. Mechanical Sciences - Vol. 18, September 1996

Eap® = | Uy o (QPIN (@ a0, - —28D) @
af q .oyt B D(l—v)lz

where the last term of right hand side is the so called convective term ¢, (P), and it has to be considered
only when P=0Q . The convective term arises from the application of the Leibnitz formulae, a
necessary procedure when differentiation of integrals with singular kernels is performed (Brebbia, et
alli, 1984).U is the Mindlin/Reissner fundamental displacement tensor. When P # Q | the matrix E (P)
can be evaluated by standard Gaussian quadrature or the cubic transformation proposed by Telles
(Telles, 1987). But when P=Q , the integral over Q in Eq. (2) must be interpreted in the sense of its
Cauchy principal value. The tensor [ contains weak (In r) and strong (1/r?) singularities acting as
kemels of the integrals in Eq. (2) (Weetn, 1982, Xiao-Yan et alli, 1990). Then special schemes have to
be employed in order to integrate these terms,

This work presents two possible approaches for the integration of the strongly singular terms of
Eq. (2), that is

Ep (@ = [ Unar (@ PN (Q) a0, 3

where  USy; . contains only the singular term of Us; ¢

s - = I
VBt = D w e T £

Although the above expressions are particularized for the Mindlin/Reissner plate theories, these
terms seem to be always present in buckling or post-buckling analysis of plates by BEM, The present
approach can be used in a straighforward manner for constant or discontinuous linear domain cells.

The Use of Stoke's Theorem

As a first attempt to regularize Eq. (3), we apply a form of Stokes’s theorem. Here, the basic idea is
to apply the divergence theorem to transform an integral defined over a cell to another integral
evaluated over its boundaries. If this is possible, the resulting integral will be at most quasi-singular.
This is accomplished by performing a proper limit procedure, following the path ilustrated in Fig. 1.
Equation (3) is then transformed in the following line integrals:

Eup (@ = _U'sa(@.PIn, N,y (@ do0+ "

+imd U@ P (@Ny @z,

E—»

where

;
v = il r. o= = oy (6)
BT ID(A-VZ *° xD(I-V)AE ¢

is the part of U’;;_u that, when differentiated with respect to xB(Q} gives Eq. (4). Spliting Eq. (5)
in two terms:

Eup (Q) = 19,(Q) +15,(Q) 7
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and noting that over de (seeFig. 1) dI, = ed® and r , = -n_, theresultis:

N
ity (@ = § @B @ gy ) - Nt@ (g ®

z..uD(l-v)).l aD(1-v) A2
L]
3
L
n
: e
/
: lan
1
2
Fig. 1 Integration Path for the Use of the Stokes's Theorem
The matrix E can now be written:
Eap(P) = [ UB, 4 (Q PN 4 (Q)dy +
N -N
‘f aUh,ar (QP)0, (QINg (Qdlg * el @

D(1-v)AZ

where the index n indicates the account for regular and quasi-singular terms only. From Eq. (%)
emerges the conclusion that the use of the Stokes’s theorem leads to the cancelation of the convective
term. Furthermore, the second integral on the right hand side of Eq. (9) is only quasi-singular,
avoiding the use of sophisticated quadrature rules. The only numerical procedure necessary for the
evaluation of this term is to map each cell side using one-dimensional shape functions and to apply
standard gaussian quadrature.

Analytical Integration

The analytical integration performed here is devoted to constant domain cells, although its
extension to linear cells is quite simple, A quadrilateral constant domain cell Q can be subdivided
into four triangular sub-cells Qj (j = 1.4), as sketched in Fig. 2 (if triangular cells are employed, the
subdivision is no longer necessary). For each sub-cell a new coordinate system z,.z, is defined, with
its origin located on the load point P, (Banerjee and Butterfield, 1981). The axis z; is perpendicular to
the side that does not intercept P, (see Fig. 2). The point P, correspond to the original position of the
singular point P, independent of wich sub-cell Q is being considered. In the new coordinate system
2,,2,, the following relations hold:

Ta = sinBe,  + cosBe, 9)

r(8) = ﬁ (10)



2 J. of the Braz. Soc. Mechanical Sciences - Vol 18, September 1996

where ¢, and e, arc the director cosines of z, and z, with respect to the global axis x, .

Fig.2 Subdivision of a Quadrangular Domain Cell,
Rewriting Eq. (3) in the polar ¢coordinate system r, @ :

By (Q) = [ U3y o (Q PN, (Q)d0g = 1y + 12, an

where [tllb and IEB are given by:

® —CNqg (Q) 12
[J"J; o Rk o

P EOI2Cr r. N (Q)
- O it i Sl ;o 40 (13)
- 2 [j:’.J: 2(Q,P) R ]
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and C for the plate models used.

1
T aD(1-v)A?
Attempting for the integration of [ tII.IJ , we rewrite Eq. (12) in the form:

4 i
IiB = Z [I_:;—-CN&;} (Q) J;(B)%drdﬁ) (14)

j=1
Now is possible to make use of the following relation, valid for finite-part integrals (Kutt, 1975):

: (-1
£ 4 _ aoa £ o, £ (0) In)r i
= dx = j; 5 dt+ Y (15)

where £~ 1) is (A - 1)-th derivative of f{x). Equation (15) reduces to:

!
[t ax = [Lar+ mir (o)l . (16)
0 x* ot
1
since f{ix)=1(A = 1 in the present case). Furthermore (Kutt, 1975b), _[ ldt = 0 leading to the
final expression of (12): ot
4 ]
Sy
1 j;( ]:{ CN, 5 (Q) Inlr (6)1d0) (17)
Substituting Eq. (10) into Eq. (17) gives:
L g
1l = X ( Lg“CN“B(Q) In|hjd@ + j:{_cwuﬂ (Q) 1n|cose|dﬁ) (18)
1=1

wich can be analitically integrated by:

e o O ) I 1 i
L= 2 CNyp (Q) 2. K(2k+ 1) B9 aj—lnihi(9f+9|) (19)
i=l k=1 I

where B,, are Bernoulli numbers of even order (Dias, 1993). Returning to the integration of I&B , we
rewrite Eq. (13):

4 j
= f dr
12, = > (_[.; 2Cr 1, N (Q) &Tdﬂ) (20)
Jai
Using Egs. (9), (10) and (15) results:

. 2 S5

i 8,

iﬂ - z { ol [ g{a°T+ Cay) + 5“:1 e(ca?_aaf) A S]; bu? ]_gj Ny (Q)
i=1 :

;
r o | 2
- E:ZC[nlcusm [sm Bamsm9{:058{)“,|r + cos chv]d‘}”m Q) }

(21}
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where
a‘a\f = t‘:lcl"a:l‘{
bﬁ'f == elueZT + elyclq

cuy i e?neh

and the integral on the right side of Eq. (21) is always limited if the sub-cell is triangular, Summing up
Egs. (19) and (21), the following expression results:

4
= Z {CNM(Q} [[El(ﬁ)+2ln|h|[g(aw+cw+])+

=

i
51n29 sm ¢} f
. (CTB *rﬂ) ¥ 2 brﬁ} } i (2l

: _§ . 2 )
_’_r;: 21nic059|( sin (S‘a,rﬂl + sin@ n::crsGIJYIS + cos Bcvﬂ do j| }

where (Dias, 1993):

o k-1 2k
2 (2 ) 2k + 1
E, (8) = Z Wl 2k|9 ' (23)

After an intensive algebra, the resulting expression for the integration of E;p is found to be:

2 | —1—

nD(l =TT (210 + 2103 a5+

. o (24)
5|n29 sin t
Cp 1+ =7 (SRl + 55— hﬁi""zjvll(e) ]_ell },
where
I~ l { (25 cop) Olnlcosdl + L, (8) ] +
+ (85 Cqp) [ tan@ (cos2 0+ 1) — 2 S+ -In!<:059|scn29]
(25)

_baB [ In|cos6j c052 0+ %scn2 8} }
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and

o 2k .2k
2 2k+ 1

2 -1
50 = X —é;,—),llﬂnle (26)

All of the above expressions were checked by symbolic algebra computer programs. The results
presented here were successfully applied to the solution of moderately thick plate buckling problems
(Marczak, 1994).

Numerical Assessment

Unfortunately, a direct comparision of the results developed here with those available in the
literature is not possible, because the expressions obtained are already particularized for moderately
thick plate fundamental solutions. As an attempt to validate the expressions obtained, in the sequel we
present the results obtained for the integration of

= ‘[nrz » QE-18x,%,8 +1. 27

In view of the simplicity of the integration domain, one can find some analytical or numerical
solutions for Eq. (27), no matter where the load point is located on Q.

Using the cell subdivision technique presented here, the following equation results for the

integration of Eq. (27):

4
I= Z [ln[hl(sineen —cosfe, ) — cos® (1 - In|cosB]) LI ]
=1
(28)
o)

+sin0 (1 - Injcosdl) ey, - Inan( % + g)l cu ]y

Table | shows the results obtained by Eq. (28) as well as numerical and analytical solutions
reported by Theocaris et alli, 1980. The closed form solution is found to be (Theocaris et alli, 1980):

[ (@) + [T B (L @0)7)
[—l—xth)+Il+x i (g )

(29)

[(-l—xz(m + (=, (P))2+ (1 +x,(P,n1)}
(- 1-x, @ + JO=x, )T+ (1, (P ))?)

The numerical results were obtained by a trapezoidal rule in the circunferential direction (72
abscissaes) and a transformation of Gauss-Legendre sample points on radial direction (20 points). The
figures which diverged from formulae (29) are underscored.
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Table 1 Results for the Integration of Eq. (27)

x4(P,) X (P4} Eq. (28) Eq. (29) Numerical
0.60 0.00 -2.11417492 -2.11417492 -
0.60 0.50 -1.93571070 -1.83571070 -
-0.30 0.20 0.87901789 0.87901789 -
0.40 0.10 -1.23457868 -1.23457868 -1.234133
0.60 0.20 -2.08772293 -2.08772293 -2.087700
0.80 0.40 -3.41989565 -3.41989565 -3.419919

Table 2 illustrates the quality of the results when the load point is placed very close to the

boundary of the cell. Again, good agreement is achieved.
Table 2 Results for Load Point Approaching the Boundary of the Cell

x1(Py) x2(P1) Eq. (28) Eq. (29)
0.200000 0.200000 -0.569618100036693 -0.569618100036693
0.400000 0.400000 -0.167058231705192 -0.167058231705192
0.600000 0.600000 -1,847246085713838 -1.847246085713838
0.800000 0.800000 -2.782560237584587 -2.782560237584586
0.900000 0.900000 -3.585670652017027 -3.585670652017023
0.950000 0.950000 -4.331234934824862 4.331234934924857
0.990000 0.990000 -5.981433213717143 -5.981433213717152
0.999900 0.899900 -10.596534729974270 -10.596534729965539
0.999999 0.999999 -15.201803919391898 -15.201803989427697

Some other schemes have been proposed in the literature. The use of gaussian quadrature on the
circunferential direction and Kutt's quadrature (Kutt, 1975) on the radial direction seem to lead to
good results (Faria et alli, 1981). Recently, some researchers proposed a polar triangular coordinate
transformation (Li et alli, 1985, Lu and Ye, 1991) but, as noted by Huang ¢ Cruse, 1993, coordinate
transformations can not remove strong singularities.

Conclusions

The present work presented the development of two different strategies for the integration of
membrane-bending coupling terms that arise in BEM approach to the solution of geometrically non-
linear plate problems. The first approach uses a form of Stokes's theorem, allowing a simple
implementation where the quadrature is performed along the sides of the cell. This method lead to a
cancelation of the convective term (wich appears from the application of Leibnitz formula), and this is
the main conclusion of the present work. The second approach applied a cell subdivision procedure
already reported in the literature, here particularized for the Mindlin/Reissner fundamental solutions.
The analytical expressions obtained uses Bernoulli numbers, and this can be cumbersome in single
precision codes.

Both approaches were applied to quadrangular constant cells, but their use on triangular cells is
straighforward, without the need of cell subdivision. The use of the proposed procedures is also
possible for linear cells, but does not seem feasible for quadratic or high order shape functions.
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Abstract

The purpose of this work is to study the behavior of the acoustic emission (AE) signal as the cutting tool wears
up to the end of its life, aiming the automatic definition of the moment to change the tool. Several turning
experiments were carried out in both, finish and rough conditions, using coated carbide tools. The AE signal was
acquired during the experiments and, after suitable conditioning, was stored in the computer. A discussion about
the use of the mean RMS acoustic emission signal as a parameter in the evaluation of the tool condition was also
done. The results were graphically plotted and analyzed. It was concluded that the AE signal is strongly
influenced by the tool wear and that the cutting conditions are very important, since the signal shows a very
different behavior between finish and rough turning. The main conclusion of this work is that AE monitoring is a
very good way to establish the moment to change the tool, since the mean RMS of the signal shows a sharp
increase close to the end of tool life in finish tumning and a decrease, also close to the end of tool life, in rough
turning operations. So, a criterion to the determination of the moment to change the cutting tool was established,
based on the change of the AE curve slope during the tool life.

Keywords: Machine Monitoring, Acoustic Emission, Tumning

Resumo

Neste trabalho procurou-se conhecer o comportamento do sinal de emissfo aciistica 4 medida que a ferramenta
de corte se desgasta até atingir seu fim de vida, visando o estabelecimento automético do momento de troca da
ferramenta de corte. Para isto foram realizados ensaios de torneamento em operagBes de acabamento e desbaste
utilizando-se de ferramentas de metal duro revestidas. Adquiriu-se o sinal de emissdo actstica durante os
ensaios, que apos condicionamento adequado, foi armazenado em meméria de computador. Realizou-se uma
discussdo sobre a utilizaglio da média do sinal RMS de emissio acistica como pardmetro na avaliago das
condigdes da ferramenta de corte. Os resultados obtidos foram plotados e analisados. Concluiu-se que o sinal de
emissdo achstica € bastante influenciado pelo desgaste da ferramenta e que as condigdes de corte sfio muito
importantes, pois o sinal apresenta comportamento diferente quando em operagdes de acabamento ou desbaste.
Verificou-se que ¢ possivel a determinagiio do momento de troca da ferramenta analisando-se o sinal de emissio
acustica, pois a média do RMS do sinal apresenta um crescimento acentuado para operagdes de acabamento e
uma queda acentuada para operagdes de desbaste quando o fim da vida da ferramenta estd proximo. Assim,
estabeleceu-se um critério para determinagio do momento de troca da ferramenta de corte, considerando-se a
mudanga na inclinaglo da curva do sinal de emissfio acistica ao longo da vida da ferramenta.

Palavras-chave: Méquinas-Monitoracio, Emissdo Acustica, Torneamento

Introdugdo

O monitoramento do processo de usinagem tem despertado grande interesse em pesquisadores de
todo o mundo nos Gltimos anos, principalmente nos paises industrializados. A motivagio para isto tem
sido a crescente busca por qualidade e produtividade industrial, que capacitam as empresas quanto &
competitividade no mercado mundial.

A maioria das estratégias de troca das ferramentas s3o baseadas em dados passados muito
conservadores acerca da vida da ferramenta (Vilella et al., 1989; Dan and Mathew, 1990). Mais ainda,
este procedimento ndo permite detectar a quebra ou o lascamento da aresta de corte que sdo,

Manuscript received: December 1995. Technical Editor: Walter Lindolfo Weingaertner
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geralmente, processos catastroficos ¢ aumentam a quantidade de pegas recusadas na produglo. Além
disso, como a dispersdo da vida das ferramentas ¢ muito grande (Diniz, 1989; Bonifécio, 1993), este
procedimento estabelece valores conservadores de vida para garantir a qualidade da pega usinada,
resultando na sub-utilizagdo das ferramentas. Isto aumenta a quantidade de ferramentas consumidas e
frequéncia de trocas das ferramentas. Assim, eleva-se o custo dos produtos. Entio, o monitoramento
do processo de usinagem ¢ de suma importincia para a otimizag3o da vida da ferramenta ¢ prevengiio
de quebra, possibilitando assim, a diminuigdo do custo de produgdo,

Uma das mais promissoras técnicas de monitoramento de ferramentas de usinagem estd baseada na
analise do sinal de emissdo achstica (EA). A geraglo deste sinal ¢ intrinseca ao processo de
deformagdo (corte, trinca, quebra ou atrito) dos materiais, ou seja, a emissdo acistica ¢ gerada pelo
proprio processo de deformagdo. Devido a este fato, ela tem sido utilizada nos mais variados campos
da engenharia, incluindo a usinagem dos materiais, mais particularmente, o monitoramento indireto do
desgaste da ferramenta, tendo jé algumas aplicagdes industriais (Euchner, 1992).

Emissao Acustica e o Desgaste da Ferramenta

Emissdo acustica € a propagagio de uma onda vibracional na rede dos materiais cristalinos, devido
ao rearranjo da estrutura interna do material (Williams, 1968). Ou seja, dado um estimulo (corte, atrito,
trinca, fratura, deformagdo, etc.) ocorre um rearranjo da estrutura do material, que libera energia de
deformagdo, a qual gera ondas de tensdo eldstica provocando deslocamento na superficie do material.
Este deslocamento pode ser detectado por um sensor piezoelétrico de EA ¢ transformado em um sinal
de emissdo acistica (sinal elétrico). Esta onda propaga-se nos materiais com a mesma velocidade de
uma onda actstica (velocidade do som), dai 0 nome emissdo acustica (Hanchi e Klamecki, 1991; Liu,
1991).

A faixa de frequéncia de um sinal de emissfo aciistica ¢ muito alta, de 50 kHz a 1000 kHz
aproximadamente. Isto estd bem acima da frequéncia de vibragdes mecfinicas ou outros ruidos que
estdo envolvidos em um ambiente de manufatura. Esta é uma das principais vantagens da utilizagdo do
sinal de EA no monitoramento do processo de usinagem, pois o sinal pode ser facilmente
descontaminado dos ruidos com a utilizaglo de um filtro passa-alta (Liang ¢ Domfeld. 1987).

Uma outra vantagem da emissdo acistica como parimetro para monitoramento do processo de
corte € que ela pode ser captada e transformada em sinal elétrico (sinal de EA) por um sensor
piezoelétrico relativamente pequeno e de baixo custo, quando comparado com outros sensores, como
por exemplo, o sensor de forga (dinamdmetro). Assim, a instrusividade na medigdo da emissdo
aclistica ¢ muito pequena, facilitando a implementagio do monitoramento “on-line” (Liang ¢ Dornfeld,
1987).

No processo de torneamento o sinal de EA ¢ basicamente gerado em trés regides: na regido de
cisathamento do cavaco, no contato cavaco-ferramenta (onde surge o desgaste de cratera} ¢ no contato
peca/ferramenta {(onde surge o desgaste de flanco). Ainda, o sinal ¢ normalmente classificado como de
pico ou continuo; o primeiro est4 associado a trincas, lascamentos ou quebra da ferramenta ou cavaco;
o segundo ¢ gerado nas regides de deformagio ¢ atrito. A medida que os desgastes na ferramenta vao
se formando, o sinal de EA se altera e cada tipo de desgaste afeta diferentemente o sinal de EA.

O crescimento do desgaste de flanco faz aumentar a energia do sinal de EA. [sto ¢ mostrado por
todos os trabalhos que pesquisaram este comportamento (Lan e Dornfeld, 1982; Naerheim ¢ Lan,
1988; Blum e Inasaki, 1990; Konig et al, 1993). A medida que cresce o desgaste de flanco, a 4rea de
contato pega/ferramenta aumenta, fazendo com que o atrito nesta regido seja maior, Isto faz crescer o
sinal de EA.

O crescimento do desgaste de cratera faz diminuir a intensidade do sinal de EA (Naerheim ¢ Lan,
1988, Lane Dornfeld, 1982). Isto pode ser explicado considerando o que acontece na regido de

—— Nomenclatura
ap = profundidade de Lc = percursode corte (m) Vg =desgaste de flanco (mm)
usiagem (mm) Ra = rugosidade média . .
EA = emisséo acustica (1 m) ve =velocidade de corte (m/min)

f

avanco (mm/voita) RMS= raiz quadrada da média Vpys= g?vc;a tensao do sinal de
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cisalhamento do cavaco. Com o desenvolvimento da cratera muda o dngulo de saida efetivo, o que faz

aumentar o dngulo de cisalhamento do cavaco. Isto diminui a tensdo na zona de cisathamento e entdo
cai a intensidade de emisslo aclstica gerada.

Lan e Dornfeld (1982) também realizaram um trabalho onde verificaram o comportamento do
sinal de EA (Vgps). para torneamento do ago SAE 4340, com ferramentas de metal duro sem
cobertura, quando surgiram os desgastes de cratera e de flanco ao mesmo tempo. Af, o sinal de EA
cresce durante um determinado tempo, depois torna-se constante ¢, finalmente, volla a crescer. Isto
sugere que o comportamento do sinal de EA depende de uma relagdo do desgaste de flanco com o de
cratera, ou seja, existe uma faixa de relagio Vy / Cp onde o desgaste de cratera compensa o de flanco
com relagdo ao sinal de EA, tornando-o constante.

Moriwaki e Tobito (1990) realizaram um trabalho onde analisaram a influéncia do revestimento
das ferramentas de metal duro no sinal de emisso acistica. O material usinado em processo de
tormeamento foi o ago SAE 1045 ¢ as condigBes de corte foram: ve= 200 m/min, a,=2 mm e f=0.38
mm/volta. As ferramentas foram revestidas por trés camadas: TiC, TiB, e Al,0;, do substrato para a
superficie, totalizando uma espessura média de 8 mm, Depois da realizagfio de vérios experimentos,
ora retirando o revestimento de uma face, ora de outra, ou ainda, tornando a revestir uma ferramenta ja
desgastada, os autores elaboraram as seguintes observagdes:

(1) O sinal de EA contém muitos sinais de pico quando a superficie de saida da ferramenta esta
revestida de cerimica (Al,O0,);

(2) O sinal de EA ¢ basicamente do tipo continuo quando o revestimento cerdmico da superficie
de saida foi removido pelo desgaste de cratera.

(3) O material da superficie de folga nio afeta o tipo de sinal de EA (pico ou continug),

(4) O sinal de EA obtido com ferramenta revestida muda de pico para continuo & medida que o
desgaste de cratera progride e o revestimento é removido.

Procedimento Experimental

O trabalho experimental realizado consistiu em usinar corpos de prova de ago ABNT 4340 em um
torno CNC ROMI COSMOS 30.

As ferramentas utilizadas foram insertos de metal duro, classe P35, com ftriplo revestimento de
TiC (carboneto de titdnio), Al,0O, (6xido de aluminio) e TiN (nitreto de titdnio), do interior para a
superficie, respectivamente. Nas operagdes de torneamento de acabamento utilizou-se o inserto
TNMG 160404-61. No torneamento de desbaste utilizou-se o inserto TNMG 160408 QM-435. O
porta-ferramentas € do tipo PTGNR 2525 M16.

O sensor de emissdo acstica ¢ do tipo banda larga diferencial calibrado para trabalhar numa faixa
de frequéncia de 100 kHz a 1000 kHz. A montagem experimental utilizada esti mostrada na Fig. 1.
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A fixagdo do sensor de EA foi realizada sobre o porta-ferramenta que teve a superficie de contato
porta-ferramenta/sensor retificada e untada com éleo para melhor transmisséo do sinal. Um dispositivo
foi construido em ago onde o sensor foi colocado, protegendo-o dos cavacos produzidos durante o corte
e fixando-0 com pressdo constante ao porta-ferramenta. A constante de tempo usada no voltimetro
RMS foi de 1 ms. Isto significa dizer que o sinal de saida do voltimetro tinha frequéncia de 1 kHz.
Assim, a frequéncia de amostragem do sinal utilizada na placa A/D foi 2 kHz. Em cada corte realizado
amostrava-se um segundo do tempo de corte, correspondente, portanto, a cada amostragem, a gravagio
de 2000 pontos no computador. Cada pento mostrado nos gréficos (Vgys x Lc) a seguir representa o
valor médio destes 2000 pontos gravados para cada corte.

Os ensaios foram divididos em duas etapas de acordo com os interesses de observagéo:
+ ensaios de monitoramento da vida da ferramenta em operagdes de acabamento,
+ ensaios de monitoramento da vida da ferramenta em operagdes de desbaste.

Ensaios de Monitoramento da Vida da Ferramenta em Operagdes de
Acabamento

Estes ensaios objetivavam verificar a relagfo do sinal de EA (Vgys) com a rugosidade (Ra) da pega
usinada, visando determinar o fim da vida da ferramenta para operagdes de acabamento através da
analise do comportamento do sinal.

Foram realizados ensaios para trés condigdes, onde o Gnico pardmetro alterado foi a velocidade de
corte e, para cada uma, utilizou-se uma aresta de corte nova da ferramenta. A cada corte feito no
didmetro da pega gravou-se o sinal de EA e mediu-se a rugosidade. O ensaio para uma velocidade de
corte continuava até o fim da vida da ferramenta. Esta era considerada em fim de vida quando o valor
da rugosidade Ra atingia 3,0 mm. Este valor foi adotado por ser comum & operagdo de torneamento em
acabamento, para o didmetro usinado (Agostinho, Rodrigues e Lirani, 1977).

Com o objetivo de verificar a reprodutibilidade no comportamento do sinal de emissdo acistica,

mais dois ensaios de vida da ferramenta foram realizados, com velocidade de corte igual a 300 m/min
em ambos.

Ensaios de Monitoramento da Vida da Ferramenta em Operagoes de Desbaste

O objetivo aqui & verificar a relag@o entre o comportamento do sinal de EA e o desgaste de flanco
da ferramenta visando determinar o seu fim de vida para operagdes de desbaste.

Foram realizados ensaios para trés velocidades de cortes diferentes, mantendo-se os outros
pardmetros constantes, Para cada velocidade utilizou-se uma ferramenta nova. A cada corte realizado
gravou-se o sinal de EA e ao longo de cada ensaio media-se o desgaste (Vp) até o fim da vida da
ferramenta. Aqui também, como no item anterior, realizou-se mais um ensaio de vida da ferramenta
para verificar a reprodutibilidade no comportamento do sinal de EA, com velocidade de 200 m/min.

Durante este altimo ensaio observou-se uma variagio no didmetro real das pegas usinadas,
conseqiiéncia do desgaste de flanco acentuado, o qual leva a uma variagio na profundidade de
usinagem efetiva. Entio, mais dois ensaios de vida da ferramenta, para velocidade de corte igual a 200
m/min, foram realizados, com corre¢do da profundidade de usinagem sempre que uma variagdo no
didmetro da pega usinada foi verificada, visando manter constante a profundidade de usinagem.

Uma grandeza bastante utilizada neste trabalho é o percurso de corte Le [m], definido come sendo
igual ao comprimento da linha descrita pela ferramenta sobre a pega durante um corte completo, que
pode ser calculado como:

_m:L-D ()
©= Tooo ™)
L = comprimento usinado da pega [mm]
D = didmetro da pega [mm]
ferramenta = avango [mm/volta]
Neste trabalho a vida da ferramenta ¢ dada pelo percurso de corte Lc.
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Resultados e Discussdes

Ensaios de Monitoramento da Vida da Ferramenta em Operagdes de

Acabamento

Pardmetros de corte: v = 250 m/min Vg = 300 m/min Vg = 350 m/min
f= 0,15 mm/volta a,=07mm

A Fig. 2 mostra o comportamento do sinal de EA (VRyg) & medida que o percurso de corte (Lc)
aumenta para os trés valores de velocidade de corte ensaiados. A Fig. 3 mostra o comportamento da
rugosidade (Ra) da pega usinada contra o percurso de corte, para 0s mesmos ensaios da Fig. 2. A partir
destas figuras algumas andlises podem ser feitas;

V(RMS ) x Lc - Acabamento | g ve =250 [nvmin] |
| o ve =300 [m/min] |
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Fig. 2 Vgus do Sinal de EA em Fungio do Percurso de Corte
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Fig.3 Rugosidade (Ra) em Funglo do Percurso de Corte
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A primeira é com relagdo ao comportamento das curvas de VRzg € rugosidade & medida que o
percurso de corte cresce. As curvas de Vg contra Le (Fig. 2) apresentam, inicialmente, valores
praticamente constantes, até que, depois de um determinado percursa de corte (que depende da
velocidade de corte), acontece um aumento subito da inclinagfio da curva. Este comportamento ¢é
devido ao crescimento do desgaste de flanco da ferramenta. A Fig. 4 mostra as curvas de desgaste de
flanco (Vp) contra o percurso de corte para as trés velocidades de corte. Vé-se que estas curvas sdo
bem semelhantes &s curvas de Vpys O desgaste de flanco cresce moderadamente ate que toda a
cobertura é removida e a ferramenta comega a realizar o corte com seu niicleo. Neste momento, tanto

Vpgcomo VRpg crescem subitamente,

VB x Lc - Acabamerto [ o v =250 vmin|
| o vc = 300 muin|
150 ) | a e =350 m/min
|.;15Jr e
= 100
E 0.75
£ os0
o:.sl il
Dml i : : :
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Fig.4 Desgaste de Flanco da Ferramenta em Fungéo do Percurso de Corte

A segunda andlise a ser feita é com relagfio & viabilidade de utilizaglio da emissao aclstica como
parimetro para monitoramento indireto da vida de ferramentas de torneamento em operagdes de
acabamento, Nestas operagdes a rugosidade da pega € um dos principais fatores na determinagio do
fim de vida da ferramenta. Assim, adotou-se como critério de fim de vida da ferramenta o valor de Ra
=3,0 Hm e procurou-se estudar o comportamento de Vgys quando o valor de rugosidade chegava
préximo ao acima citado. E interessante notar que o comportamento da rugosidade com o percurso de
corte (Fig. 3) € semelhante ao comportamento de Vg, iste €, tem um periodo inicial com uma certa
estabilidade, para depois crescer subitamente perto do fim da vida da ferramenta. A diferenga entre
estas duas curvas € que a emissio acustica sente os efeitos do crescimento sbito do desgaste (Fig. 4)
antes que a rugosidade e, por isso, a curva Vg, X Lc muda subitamente de inclinagio alguns metros
{em Lc) antes que a curva Rax Lc.

Nio se pode adotar um valor absoluto de Vgys que determine o fim de vida da ferramenta, pois
muitos parémetros de corte influenciam o sinal de EA. Isto s6 seria possivel para uma situagio muito
especifica. Assim, duas outras abordagens foram discutidas, considerando a vida da ferramenta
determinada pelo critério de rugosidade. Na primeira, estabeleceu-se que o fim de vida da ferramenta
aconteceria quando se atingisse um valor de Lc¢ 300 m maior que no ponto onde ocorre a mudanga
brusca da inclinagfio da curva de Vgyq x Le. Na segunda abordagem o fim de vida da ferramenta
ocorre quando o valor de Vg atinge um valor 40 % maior que o valor médio dos trés primeiros
pontos adquiridos no inicio da vida da ferramenta. A Tabela | mostra os valores de percurso de corte
no fim de vida da ferramenta para os diferentes critérios adotados (adicionados os 300 m). Alguns
pontos desta tabela sdo dignos de nota;

a. A vida da ferramenta ¢ fortemente influenciada pela velocidade de corte para quaisquer dos
critérios adotados, concordando com toda a literatura sobre o assunto.
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Tabela 1 Valores da Vida da Ferramenta em Lc{m] para Diferentes Critérios de Vida
CRITERIOS (Vida dada por Lc [m])

ve [m/min] Ra<3,0 pm Viws (Incl.) Vaws (40%)
250 5500 5380 5440
300 3450 3300 3410
350 2000 1800 1750

b. Os dois critérios baseados na emissdo actstica gerada pelo processo conseguem detectar o fim
de vida da ferramenta com boa precisdo. A maior diferenga entre os critérios baseados em EA
¢ rugosidade aconteceu para a velocidade de corte igual a 350 m/min, onde tal diferenga
atingiu 10 % e 12,5 %. Nas outras velocidades a diferenga ndo passou de 4,5 %. Este
procedimento evitaria o desperdicio de ferramentas na utilizagio industrial.

¢. Para um caso de quebra ou lascamento da ferramenta de corte o critério de 40 % acima do
valor inicial seria adequado ja& que o sinal de EA cresce muito nestes casos. No entanto, o
critério de 300 m além do momento de crescimento sabito da curva Vgys x L ndo pode ser
implementado. pois nestes casos o corte deve ser interrompido instanianeamente.

d. Mesmo se o valor limite de Ra fosse menor, ainda assim 0 monitoramento da vida da
ferramenta via EA poderia ser aplicado, diminuindo o valor de Lc permitido a partir da
mudan¢a da inclinag@o da curva (na analise anterior igual a 300 m) ou diminuindo o valor
limite de crescimento de Vs a partir de seu valor inicial (na analise anterior igual a 40 %),

Além destes trés ensaios de vida da ferramenta descritos até aqui, mais dois ensaios foram
realizados, com velocidade igual a 300 m/min, a fim de verificar a reprodutibilidade do
compertamento do sinal e a confiabilidade nos critérios de fim de vida da ferramenta utilizando o sinal
de EA. A Fig. 5 mostra as curvas Vg X Lc para os dois ensaios. Com relagio ao comportamento do
sinal de EA observa-se muita semelhanga com os ensaios anteriores (Fig. 2), ou seja, o sinal
permanece pralicamente constante por muito tempo, até que comega o crescimento sbito quando a
ferramenta se aproxima do seu fim de vida. No entanto, os valores iniciais de Vgyg, 05 quais
permanecem praticamente constantes por muito tempo, sio bem maiores nestes dois ensaios (em torna
de (.48 V) do que no ensaio anterior, para a velocidade de corte igual a 300 m/min, que foi em torno de
0.35 V (diferenga de 37 %). Entre os primeiros ensaios e estes Gltimos o sensor de EA foi retirado da
maquina ¢ posteriormente recolocado. Este fato deve ter causado a diferenga nos valores absolutos do
sinal. De qualquer maneira, isto evidencia o fato de que ndo se pode adotar valores absolutos de Vrng
do sinal de EA como critério de fim de vida da ferramenta, pois estes valores sdo facilmente
influenciados por quaisquer alteragdes nas condigdes de trabalho.

V ( RMS ) x Le - Acabamento =
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Fig. 5 Vgus de EA em Fungdo do Percurso de Corte, ve= 300 m/min
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A Fig. 6 mostra o valor da rugosidade das pegas (Ra) em fungdo do percurso de corte para os dois
altimos ensaios comentados (v = 300 m/min). Verifica-se que o comportamento das curvas sdo
semelhantes as anteriores (Fig. 3).

Ra x L¢ - ve = 300 m/min
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Fig. 8 Rugosidade em Fungio do Percurso de Corte, v = 300 m/min

Com relag@o aos dois critérios de fim de vida da ferramenta abordados, verifica-se que quanto ao
critério do fim de vida para 300 m ap6s o inicio do aumento brusco da curva de Vgys X Lc, permanece
confidvel, pois nestes Gltimos ensaios o sinal de EA também inicia o crescimento antes das
rugosidades crescerem, como indicam as flechas nas respectivas figuras. Os valores ja adicionados os
300 m estfio mostrados na Tabela 2. No entanto, quanto ao critério de 40 % acima dos valores iniciais,
observa-se que ndo seria possivel para estes dois ultimos ensaios. Aqui a porcentagem de crescimento
dos valores de V. do inicio para o fim de vida da ferramenta foi de 15 %, como mostrado na Tabela
2. Com isso, observa-se que o monitoramento do processo de torneamento em acabamento via emissdo
actstica, em condigdes semelhantes as deste trabalho, € possivel, pois o sinal de EA pode prever o fim
de vida da ferramenta de corte, visto que ele inicia um crescimento acentuado antes do crescimento da
rugosidade da pe¢a. Mas, adotar um critério com valores absolutos de Vgyg do sinal de EA nio ¢
possivel, nem mesmo quando se considera a inclinagio da curva de Vigyg x Lc.

, Outro fato que pode ser observado dos trés ensaios realizados a velocidade de 300 m/min, (todas as
| condigdes de corte iguais), € que a vida da ferramenta apresenta grande variabilidade, enfatizando
. ainda mais a importincia do monitoramento do processo de usinagem para a determinagio do
| momento de troca da ferramenta. Na Tabela 1 vé-se que a vida da ferramenta, pelo critério da
I rugosidade da pega foi de 3450 m, enquanto que, nos outros dois ensaios, (ver Tabela 2), a vida foi de
| 2500 e 1900 m. Isto d4 uma variagdo na vida, da maior para a menor, de 80 %.

Tabela 2 Valores da Vida da Ferramenta em Lc[m] para Diferentes Critérios de Vida

Critérios (Vida dada por Lc [m])
Ra<30 B m Vaus (15%) Vs (incl)
Ensaio 1 2500 2500 2200

Ensaio 2 1900 1800 1650




235 A_E. Diniz et al.: Monitoring the Tool Wear in the Tuming Process using...

Ensaios de Monitoramento da Vida da Ferramenta em Operacdes de Desbaste

Pardmetros de corte: V= 150 m/min Vi = 200 m/min Ve = 250 m/min
f=0,3 mm/volta ap= 2,0 mm

Pode-se ser visto na Fig. 7 que, 2 medida que o percurso de corte cresce, o valor de VRS
apresenta uma dispers3o em torno de um valor médio, até que num determinado momento comega a
decrescer continuamente. Quando v = 250 m/min os valores de Vpp sempre apresentam uma
inclinagio negativa. Este comportamento ndo foi acompanhado pelo desgaste da ferramenta. Verifica-
se na Fig. 8 que o desgaste de flanco apresenta um crescimento inicial lento até um determinado
momento em que cresce rapidamente, levando a ferramenta ao fim de vida.
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Fig.7 Vgugem Fungio do Percurso de Corte
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Fig. 8 Desgaste de Flanco Vgem Fungdo do Percurso da Corte
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Para as operagdes de desbaste ndo foi estabelecido inicialmente um critério de fim de vida da
ferramenta, pois nestas operagdes nio ha muita preocupagio com a rugosidade da pega e as tolerfincias
dimensionais ndo sdo geralmente apertadas. Entdo, a ferramenta era considerada em fim de vida
quando se observava um desgaste de flanco muito grande e, consegilentemente, uma pega bastante
danificada. No entanta, observou-se que, para um desgaste de flanco em torno de 0,5 mm, a ferramenta
j4& estd muito préxima de seu fim de vida, porque a partir dai a evolugo do desgaste é muito rdpida,
devido ao aumento da érea de atrito pega/ferramenta, com conseqiiente aumento da temperatura de
corte ¢ também devido 4 remog#o da cobertura da ferramenta.

A fim de observar a repetibilidade no comportamento do sinal de EA foram realizados mais
ensaios 4 velocidade de 200 m/min. Assim, mais um ensaio foi realizado, idéntico aos anteriores (Fig.
7). Este ensaio estd mostrado na Fig, 9 como ensaio 2, juntamente com o ensaio 1 que ¢ o0 mesmo
mostrado na Fig. 7 para v = 200 m/min. Ou seja, a Fig. 9 mostra dois ensaios realizados sob as
mesmas condigdes. Verifica-se uma variagio na vida da ferramenta maior que 25 % (Lc = 1050 m no
ensaiol ¢ Lc = 800 m no ensaio 2). Assim como nos ensaios de acabamento, a variagdo na vida das
ferramentas quando operam nas mesmas condigdes mostra a necessidade do monitoramento do
processo. O comportamento de VR g no ensaio 2 continuou o mesmo, isto é, depois de um periodo de
pequena variagdo em torno de um valor médio, decresce subitamente préximo ao fim de vida da

ferramenta.
V ( RMS ) x Lc - Desbaste o Ensaio 1
o Ensaio 2
035 . :
|
; 04
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Fig.8 Vgys de EA em Fungo do Percurso de Corte, v = 200 m/min, sem Corrego da Profundidade de
Usinagem

Apos este (ltimo ensaio realizado observou-se que a partir de um determinado grau de desgaste da

| ferramenta, o didmetro das pegas aumentavam consideravelmente. Isto provavelmente ocorria devido a

um afastamento da aresta de corte causado pelo crescimento do desgaste de flanco na regido da ponta
da ferramenta (que inclui a superficie de folga principal e seundaria), que resultava numa diminuigio
da profundidade de usinagem efetiva (real). Assim, decidiu-se pela realizaglio de mais dois ensaios nas
mesmas condigdes (ve = 200 m/min), mas corrigindo a posigio da ferramenta sempre que fosse
observada uma variagdo no didimetro das pegas, para que a profundidade de usinagem permanecesse
sempre constante (ap = 2,0 mm) até o fim de vida da ferramenta. A Fig. 10 mostra o resultado destes
dois Gltimos ensaios realizados com corregdo da profundidade de usinagem. Esta figura mostra que,
depois de um determinado percurso de corte, o sinal de EA cresce; ao contrario do ocorrido nos
ensaios anteriores onde a profundidade de usinagem néo foi corrigida,
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Entdo, a queda no sinal de EA mostrada nas Figs. 7 ¢ 9 € devido & diminuigdo na profundidade de

usinagem real causada pelo crescimento do desgaste de flanco provocando o afastamento da aresta de
corte.

V (RMS ) x Lc - Desbaste o Ensaio 3
o Ensaio 4
—_ 1

V(RMS)[V]
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Fig. 10 VRMS de EA em Fungio do Percurso de Corte, v = 200 m/min, com Corregiio da Profundidade de
Usinagem

Concluindo esta observagfio, vé-se que nos ensaios realizados, a diminuigio da profundidade de
usinagem causada pelo desgaste, teve influéncia mais forte no sinal de EA que 0 aumento da érea de
atrito causada pelo crescimento do desgaste, o que fez o sinal cair nos primeiros ensaios. Nos ensaios
onde se corrigiu a posi¢io da ponta da ferramenta, mantendo a profundidade constante, a influéncia no
sinal de EA se fez notar ¢ o sinal cresceu.

De toda essa discussio, pode-se retirar algumas aplicagdes praticas no sentido de se estabelecer
uma estratégia de utilizagio da emisslo aciistica no monitoramento do processo de torneamento em
desbaste com ferramentas de metal duro revestida, Pode-se ver que EA pode ser usada como um
pardmetro para estabelecer o momento em que se precisa fazer alguma correglio na posigio da ponta da
ferramenta (o sinal de EA comega a cair), Além disso, a emissfio aciistica pode também ser utilizada no
estabelecimento do fim de vida da ferramenta. Em um processo controlado, onde se corrige a posigdo
da ponta da ferramenta freqiientemente, a repeti¢iio continuada do crescimento do valor de RMS da
emissfio acistica, indicando uma inclinago positiva consistente da curva deste pardmetro contra o
percurso de corte, indica que o momento de substituigdo da ferramenta estd préximo.

Conclusdes

A variagdo na vida das ferramentas de corte, a qual ¢ um dos aspectos que motiva a pesquisa em
monitoramento do processo de usinagem, foi confirmada também neste trabalho. Ou seja, para as
mesmas condigdes de usinagem, os trés ensaios em operagdes de acabamento com velocidade de 300
m/min resultaram em vidas bastante diferentes. O mesmo aconteceu nos ensaios em operagdes de
desbaste com velocidade de 200 m/min.

A inexisténcia do desgaste de cratera em todos os ensaios realizados confirma o efeito benéfico dos
revestimentos com relagdo ao desgaste da ferramenta. Portanto, a variagdo ocorrida no sinal de
emissdo acustica se deve, basicamente, ao crescimento do desgaste de flanco da ferramenta, o qual é o
responsével pelo fim de vida da ferramenta para as condigdes de usinagem deste trabalho. O sinal de
EA (VRMp) altera-se substancialmente quando o fim de vida da ferramenta estd proximo. Ele sempre
cresce em operagdes de acabamento e para operagdes de desbaste diminui se ndo houver corregio na
profundidade de usinagem efetiva ¢ aumenta se a mesma for corrigida. Portanto, é possivel a
determinagdo do momento de troca da ferramenta através da implementagio de algum algoritmo
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matemdtico que possa identificar o momento de alteragdo na inclinagao da curva Vgpg x Le indicando
que o fim de vida da ferramenta est4 préximo e a operagio deve ser interrompida. Neste trabalho,
estabeleceu-se que a operagdo de usinagem deve ser interrompida quando o percurso de corte Lc for
300 m maior que o ponto onde ocorreu a mudanga brusca na inclinagio da curva de Vpyg X Le para
operagdes de acabamento.

Em operagdes de desbaste o sinal de EA diminui devido ao desgaste de flanco pronunciado,
provocando o afastamento da aresta de corte em relagdo & pega, o que causa um aumento no didmetro
usinado. Quando isto acontece a ferramenta ainda estd em condigdes de uso. Entdo ¢ possivel a
implementagdo de um sistema para corregdo da profundidade de usinagem, para que a dimensdo da
pega ndo fuja da faixa de tolerfincia prevista, e a ferramenta pode ser utilizada por mais algum tempo.
Com isto, o sinal deve crescer. Entdo o sistema implementado podera prever o fim de vida da
ferramenta considerando a inclinagdo ascendente da curva VRag x Le.
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Abstract

In this paper a two phase method is presented for selection of machines to be kept on the shop floor and
assignment of parts to be manufactured to these machines. In the first phase a set of feasible solutions to a
knapsack problem is identified by dynamic programming or a heuristic procedure. In the second phase an
assignment problem is solved by implicit enumeration technique or a greedy algoritm. The proposed method is
written in Turbo-Pascal and runs on a micro-computer.

Keywords: Job Shop Production, Planning, Optimization, Assignment of Machines

Resumo

Neste artigo ¢ apresentado um método composto de duas fases para efetuar a seleglo de miquinas ¢ o
carregamento dos lotes de produtos a fabricar sobre as maquinas escolhidas. Na primeira fase, ¢ identificado um
conjunto de solugdes factiveis de um problema da mochila através de programagdo dindmica ou de um
procedimento heuristico. Na segunda fase, resolve-se um problema de atribuiglo usando o algoritmo de
enumeragdo implicita ou o algoritmo guloso. O método proposto foi programado em linguagem Turbo-Pascal ¢
esta implantado em um microcomputador.

Palavras-chave: Produgfio Descontinua, Planejamento, Otimizaglo, Carregamento de Méaquinas

Introducgéo

Neste artigo ¢ apresentado um método composto de duas fases e um programa computacional,
descrito através dos passos fundamentais do algoritmo correspondente, para efetuar o carregamento
das operagbes a executar em uma fabrica sobre as maquinas disponiveis. As duas fases que compdem o
método s3o as seguintes :

1*) Fase de escolha das maquinas, onde € resolvido um problema da mochila por programagio
dinfimica ou através de um procedimento heuristico para gerar e classificar combinagbes de
maquinas capazes de cobrir a totalidade da carga de trabalho existente sobre os tipos de
maquinas

2%) Fase de carregamento dos lotes sobre as méquinas, onde ¢ resolvido um modelo matematico
em vari4veis bivalentes através de busca por enumeragdo implicita ou através do algoritmo
guloso ("greedy™), para uma ou algumas combinagdes de maquinas propostas pela etapa
precedente, até que um carregamento factivel seja encontrado.

O programa computacional correspondente ao método propesto foi escrito em linguagem Turbo-
Pascal e estd implantado em um micro-computador IBM-PC compativel. Os resultados obtidos com a
aplicagdo deste programa sobre exemplos da literatura sdo de boa qualidade apesar do cardter ndo
polinomial do problema tratado.

Revisdo Bibliografica

Numerosos estudos tém sido realizados nos Gitimos anos com o objetivo de se resolver de maneira
eficiente as versdes especificas de modelamento propostas para o problema de selegdo e carregamento
de méquinas. Amini e Racer (1994), por exemplo, propdem o algoritmo aproximado VDSH (Variable-

Manuscript received March 1996. Technical Editor: Paulo Eigl Miyagi



J. F_F. Ribeiro et al.- Selecéio e Carregamewnto de Maguinas 240

Depth Search Heuristic) para a resolugdo do problema da mochila multidimensional ¢ fazem uma
comparagdo de performance entre este ¢ outros algoritmos aproximados descritos na literatura. A
heuristica VDSH ¢ um método de busca local.

Ao contrério de Amini ¢ Racer (1994), que resolve globalmente o problema da mochila
multidimensional, Logendran et al. (1994) decompdem a resolugdo do problema de atribuigiio de pegas
a maquinas em 2 fases : Na |2 fase determina-se, para cada tipo de méquina, o nimero de maquinas
efetivas necessirias 4 fabrica¢do das pegas e, para cada pega, um Gnico roteiro de fabricagdo entre os
diferentes roteiros disponiveis. Na 2® fase ¢ realizada a atribui¢do. A busca proposta em Logendran et
al. (1994) trata apenas a 1* fase da metodologia, A 2 fase nio foi objeto de estudo,

Em Liao (1994), a selegdo de um roteiro de fabricagio para cada pega ndo ¢ determinada por meio
de uma heuristica como € feito por Logendran et al, (1994). Liao (1994) faz a formulagio matematica
do probiema correspondente com o auxilio de varidveis inteiras. levando em conta o volume de
produgdo ¢ a capacidade das maquinas. A resolugdo do modelo formulado € realizada pelo pacote
computacional LINDO, que nao permite, evidentemente, o tratamento de problemas de médio ou
grande porte. Sankaran e Kasilingam (1993) utilizam igualmente o pacote computacional LINDO
associado a uma heuristica para resolver 0 modelo de programagao inteira proposto em seus estudos.
Este modelo permite a determinagdo simultinea das maquinas que executardo as operagdes sobre as
pegas e das células de fabricagio para um sistema flexivel de manufatura,

Lashkari et al. (1987) utilizam o pacote computacional SAS/OR para resolver um modelo
matematico em varidveis 0/1 com o objetivo de atribuir produtos a maquinas. Este modelo contempla o
custo de depreciaglio das maquinas e a disponibilidade limitada das mesmas. A utilizagdo do pacote
SAS/OR foi possivel, pois as duas fungdes-objetivo propostas no modelo foram linearizadas,

Outras formulagdes em variaveis inteiras sdo estudadas em Wilhelm e Shin (1985), Shtub (1989) ¢
Nasr e Elsayed (1990). Wilhelm e Shin (1985) propdem um modelo para efetuar a escolha entre
diferentes maquinas, daquela que executard uma determinada operagio. A resolugdo do modelo é feita
relaxando-sec as restrigdes de integralidade e arredondando-se o resultado de modo a manter a
factibilidade. Nasr ¢ Elsayed (1990) propdem um modelo global para atribuigio de produtos as
maquinas ¢ sequenciamento de operagdes. O algoritmo de resolugdio proposto pelos autores faz uso da
soluglio obtida para sucessivos problemas da designagio (Gondran e Minoux, 1985).

Sule (1991) trabalha com uma tabela, onde é fornecida a porcentagem de capacidade disponivel
em cada tipo de maquina que ¢ consumida pelas diferentes pegas a fabricar. O nimero de maquinas
necessarias em cada tipo de maquina para a fabricagfio das pegas ¢ igual 4 soma das porcentagens
arredondada para o valor inteiro superior mais proximo da quantia obtida. Quando um namero de
maquinas calculado desta forma ¢ capaz de fabricar globalmente as pegas, mas ndo existe uma
atribuiglo factivel, avalia-se, por exemplo, o custo de se comprar uma nova méquina.

Descrigdao do Problema

Dados os lotes de produtos a fabricar, os roteiros de fabricagdo (sequéncias ordenadas de
operagdes a executar sobre os lotes), as maquinas disponiveis e as duragdes operatorias dos lotes de
produtos sobre as miquinas, trata-se de: 12) escolher as maquinas para fabricar 0s lotes de produtos
entre aquelas do parque disponivel e 2*) carregar os lotes de produtos sobre as maquinas escolhidas,
respeitando-se as capacidades de fabricagio das mesmas.

Para a apresentagdo do método proposto, a seguinte notagio serd utilizada : a) nm_It = nimero de
lotes de produtos a fabricar; b) nm_pd[i] = nimero de produtos a fabricar no lote i; ¢) per_tr = periodo
de trabalho; d) nm_op[i] = nimero de operagdes executadas sobre o lote i; €) tipoi, k = | a nm_op[i]]
= tipo de maquina utilizada para execugio da k**™ operagdo sobre o lote i; f) nm_mq[j] = nimero de
méquinas disponiveis no tipo de maquina j; g) rv[j, m = 1 a nm_mq[j]] = relagdo de velocidade da
m*™ méquina de tipo j, observando-se que as maquinas de referéncia dentro de cada tipo tém rv[j, m]
fixados iguais a 1; h) duragdoli, k = 1 a nm_op[i]] = duragio da k"™ operagfio executada sobre o lote
i, com relagfio A maquina de referéncia do tipo. Desta forma, uma duragdo igual a 1,2 sobre a maquina
de referéncia corresponde a uma duragio de 0,6 em uma maquina cuja relagdio de velocidade € igual a
Z;

Exemplo : As Tabelas | e 2 fornecem os dados do exemplo tratado para ilustrar o procedimento.
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Tabela 1 Lotes, Namero de Produtos/Lote, Roteiros de Fabricagdo, Duragédo das

Operagdes

Lote nm_pdfi] Rotsiro Duragio

1 1 2 & 5§ 2 20 25 10 05
2 1 1 -2 3 5 05 20 25 25
3 1 4 5 05 25

4 1 2 5 45 1,0

5 1 ! & & 50 35 1,0
6 1 -3 3 i5 05 05

7 1 Y 2 3 8 15 25 05 20

Tabela2 Tipos _dedlgiquinas. Ne. de Maquinas Disponiveis no Tipo, Relagdo de

Velocida
-Tipo de Maquina nm_mqj] Relagiio de Velocidade
1 2 1.0 1.3
2 3 1.0 1,0 1,2
3 3 1.0 1.2 15
4 2 1,0 1.3
5 2 1.0 1.0

Obtencao da Matriz de Cargas

Para realizar o carregamento das méquinas, avalia-se em um primeiro tempo, a carga global de
trabalho em relagdo a cada tipo de operagfio, A partir dos roteiros de fabricagiio dos lotes de produtos,
do nimero de produtos a fabricar em cada lote e das duragdes das operagdes, calcula-se a matriz de
cargas de trabalho [lotes de produtos x tipos de maquinas]. Exemplo : Tabela 3. Esta matriz traduz a
carga de trabalho demandada pelos lotes de produtos sobre cada tipo de maquina. Os elementos desta
matriz séo dados por :

cargafi,j] = nm_pd[i] *Z duragéoli, k]

k | tipo[i, k] = j

Tabela 3 Matriz de Cargas [Lotes de Produtos x Tipos de Maquinas)

Lote Tipo 1 Tipo 2 Tipo 3 Tipo 4 Tipo §
1 0.0 25 0.0 2.5 1.0
2 05 2,0 25 0,0 25
3 0.0 0.0 0.0 0.5 25
4 0.0 45 0,0 1.0 0,0
5 50 0,0 35 0.0 1,0
6 0.0 1,5 0,5 05 0,0
7 1,5 25 05 0,0 2,0

Um lote de produtos cujo roteiro de fabricag#o utiliza o trabalho de um mesmo tipo de maquina
mais de uma vez tem sua carga de trabalho sobre o tipo de méquina em questéio igual 4 soma das
duragdes destas operagdes multiplicadas pelo nimero de produtos a fabricar nos respectivos lotes. Isto
significa que estas operagdes sdo concentradas, em um primeiro tratamento, em um pacote como uma
operagio Unica e entdo atribuidas para execugdo em uma mesma miquina. Em um segundo
tratamento, estas operagdes podem retomar suas individualidades e serem eventualmente executadas
em maquinas diferentes, na medida em que os tipos ¢ as maquinas disponiveis em cada tipo sdo
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conhecidos. Esta possibilidade deve ser considerada se, por exemplo, uma diminuig¢do do tempo total
de fabricagdio puder ser obtida através da execugdo de uma das operagBes em uma outra maquina
disponivel do mesmo tipo (Ferreira Ribeiro ¢ Pradin, 1993; Oliveira et al,, 1994),

Formulagdao Matematica

Cada coluna da matriz [lotes de produtos x tipos de méaquinas], ou seja, cada tipo de méquina j, gera
um problema especifico a resolver : Dadas as maquinas disponiveis no tipo em questdo, trata-se de
encontrar uma combinaglo de maquinas capaz de efetuar as operagdes sobre os lotes que exigem sua
intervengdo e atribuir estas operagdes as maquinas desta combinagio.

O programa matematico em variaveis 0/1 (PM01') fornecido abaixo, permite a resolugdo do
problema proposto.

PMO1!

nm_mq[j] nm_lt
minimizar 0 @ (E xim)“clj, m]

m=] i=1l

nm_Jt
sujeito a 2 cargalij]* xjm < caplm] (m=1anm_mq[j]) ()

i=1

nm_mq[j]

¥ g e (i=1 anm_lt) (10

m=1

Xim= 0/1 (i=1 anm_It, m =1 a nm_mq[j]) (1

nm_lIt nm_|t
onde: §])] (E "im) = 1 se 2 Xigm >0
i=1 i=1
0 €aso contrario
2) caplj,m]}=rv[j,m]*per_tr=capacidade de producgdo da maquina de tipo |
3) c[i,m] = critério de otimizagdo: a) niimero de maquinas
b) capacidade total das maquinas
¢) custo de utilizagdo das maquinas

Estratégia de Resolugao

PM0 1] ¢ NP-completo (Garey e Johnson, 1979) e o nimero de problemas PMOV a resolver ¢ ignal
ao nimero de tipos de maquinas utilizadas. Sejam: @ o ndmero de elementos carga(i, j] # 0 (para um
jfixado, i=1anm_lt)e B o namero de maquinas de tipo j. O namero de restricdes de PMOU sera
igual a o+ (desconsiderando-sc xjm= 0/1) ¢ 0 nimero de varidveis do referido problema serd igual
a a * [ Se, para um certo tipo de maquina j, dispde-se de 5 méquinas para executar 30 lotes de
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produtos, PMOV apresentaria 35 restrigdes e 150 varidveis 0/1 a calcular, A determinagdo de um
nimero tdo grande de varidveis exige um tempo de célculo enorme. Os algoritmos de enumeragio
implicita (Balas, 1967), por exemplo, "permitem em geral a resolugdo de problemas apresentando em
torne de 50 varidveis bivalentes; além deste limite o tempo de célculo torna-se rapidamente proibitivo
..." (Sakarovitch, 1984).

Propde-se, entio, a resolugdo de PMO1 ¢m duas fases : Na primeira fase, efetua-se uma escolha de
maquinas para o tipo considerado, ¢ que permite assegurar o atendimento da carga global de trabalho.
Isto permite reduzir o nimero P de méquinas a considerar ¢, por conseguinte, do nimero de variaveis
« * [}, Na segunda fase, atribui-se os lotes de produtos as maquinas, resolvendo-se o problema por
enumeragdo implicita ou heuristicas,

Escolha das Maquinas

A escolha das méquinas responséveis pela fabricagio dos produtos ¢ realizada separadamente para
cada tipo de méquina j ¢ independentemente do processo de atribuigdo dos lotes de produtos as
maquinas. Uma vez escolhidas as méquinas, tem-se um problema de atribuig@o de dimensio menor ou
igual & dimensdo do problema a resolver considerando-se todas as maquinas inicialmente propostas. A
resolugdo do problema da mochila (Sakarovitch, 1984) abaixo (MCHY), permite a realizagdo desta
escolha. No modelo apresentado, a varidvel bivalente y, designa a escolha (yp = 1) ou a niio-escolha
(Ym=0) da méguina m. A fun¢@io-objetivo de MCH) minimiza o critério escolhido pelo operador (a, b
ou ¢). A restrigdo principal (I'V) assegura que a capacidade das maquinas disponiveis ¢ suficiente para
realizar a carga de trabalho globalmente demandada pelos lotes de produtos.

nm_mgq(j]
MCH! minimizar ¥ cfim]*yq
m=1
nm_mq[j] nm_ll
sujeito a Z caplim*yy = ¥ cargalij] v
m=1 =1
Ym= 01 (m=1 a nm_mg([j]) (V)

A diminuigdo do ndmero de miquinas inicialmente propostas leva a uma diminuigdio do
coeficiente b e por conseguinte a uma diminuigdo do nimero de varidveis @ * B a determinar no
problema de carregamento. No exemplo considerado de 5 méquinas ¢ 30 lotes, ter-se-ia § varidveis 0/1
a determinar em MCH'. Um método qualquer de programagio inteira {mesmo a busca exaustiva) pode
ser utilizado para obtengio da solugfio 6tima deste problema. Tal 6timo, entretanto, nfio é de muita
utilidade, pois a existéncia de uma atribui¢#io dos lotes s maquinas de uma combinagio 6tima ndo esta
cvidentemente assegurada; somente estd assegurado que as maquinas desta combinagdo sdo capazes de
executar a carga global de trabalho sobre o tipo de miquina analisado.

Diante disto e da dimensdo dos problemas a resolver, propde-se a resolugdo de MCH! de duas
diferentes maneiras : 1) através da programagdo dinimica (Nemhauser, 1967, Larson, 1968), que
permite a enumeragdo de todas as solugdes factiveis para o problema tratado, inclusive a solugdo
Otima; 2°) através de um procedimento heuristico composto de trés etapas : a) geragio de combinagdes
de maquinas; b) submissao das combinagdes geradas a restrigdo principal de MCH?; c) classificagfo de
algumas combinagdes factiveis em uma lista segundo seu valor de fungdo-objetivo.

Como resultado deste procedimento, obtém-se algumas ou todas as combinagdes de maquinas para
as quais, na ordem do critério a otimizar, ¢ verificada a existéncia de uma atribuig#o factivel dos lotes
de produtos. O nimero de combinagdes estocadas no procedimento heuristico é um pardmetro definido
pelo operador e, decidimos fixd-lo igual a 10 nos testes computacionais realizados.
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Carregamento dos Lotes de Produtos Sobre as Maquinas Escolhidas

A resolugdo de MCHY na fase precedente fornece as combinag®es de méaquinas para as quais testa-
se, nesta etapa, a existéncia de uma atribuigdo factivel. Este teste € realizado primeiro para a
combinagdo que apresenta o melhor valor de fungfio-objetivo; em seguida - s¢ a atribuigdo ndo é
possivel - para o segundo valor de fungio-objetivo, etc.

A simples resolugdo do sistema linear em vari4veis bivalentes formado pelas restrigdes de PM0 1
por enumeragdo implicita (ou heuristicas) € uma solugfo possivel para o problema de atribuigdo. Uma
outra alternativa consiste em definir um novo objetivo a atingir quando da resolugdo deste sistema,
buscando-se assim uma atribuigdo otimizada dos lotes s maquinas e ndo uma atribuigdo qualquer. A
fungdo-objetivo de PMOU apés a resolugiio de MCH! nfio ¢ mais otimizavel pois ¢ igual a constante. A
seguinte fungio-objetivo para o novo problema de carregamenio (PMMO1i) com as resirigdes de
PMOV, ¢, entio, proposta:

nm_lIt nm_mgql[j]
minimizar 2, pH pl.m] * Xim (VD)
i=1 m=1

onde pfj, m] ¢ a penalidade atribuida pelo operador & utilizagdo de cada méquina da combinago
testada. Desta maneira, pode-se dirigir a atribuigdo dos lotes sobre certas maquinas {as mais rapidas ou
as menos caras, etc.), 4 escolha do operador. Se o niimero de varidveis (/1 a determinar for menor que
100, PMMOU € resolvido pelo algoritmo de enumeragdo implicita. Caso contrdrio, aplica-se o
algoritmo guloso (Aho et al, 1983). Tal procedimento permite a obtengo de uma solugdo 6tima ou
realizdvel em um tempo de calculo razodvel,

O resultado obtido para o exemplo proposto ¢ apresentado na Tabela 4. As penalidades para
utilizagdo das maquinas foram todas fixadas iguais a | e o periodo de trabalho igual a 10. O critério de
otimizagao considerado foi a capacidade total das méquinas na fabricagdo.

Tabela 4 Matriz [Lotes de Produtos x Maquinas]

Maquina 1 2 3 4 5 L

Tipo 1 2 2 3 4 3

Nimero 1 1 F s 1 1 1
Lote 1 0.0 25 0,0 0,0 2,5 1.0
Lote 2 0.5 20 . DD 25 0,0 25
Lote 3 0.0 0.0 0,0 0.0 0,5 2.5
Lote 4 0.0 45 0,0 0,0 1.0 0,0
Lote 5 5.0 0.0 0.0 a5 0.0 1,0
Lote 6 0.0 0,0 1.5 05 05 0.0
Lote 7 1.5 0.0 25 0,5 0.0 2,0
Carga 7.0 9,0 4.0 7.0 45 9.0

Algoritmo Para Selegdo e Carregamento

Os passos fundamentais do algoritmo desenvolvido para efetuar a selegio e o carregamento das
méquinas estdio resumidos no algoritmo s&c abaixo. Neste algoritmo esta prevista a interferéncia do
operador de modo a contemplar o conhecimento especifico do mesmo sobre as particularidades do
problema tratado em detrimento das técnicas mateméticas de otimizagdo. No caso do operador do
programa desejar promover alteragdes na sele¢lo e carregamento de méquina obtidos, o programa
apenas verifica a factibilidade das modificagdes indicadas, ou seja, s¢ a capacidade das maquinas ndo é
excedida, e apresenta o resultado desta verificagdo. Em vista desta informagdo, o operador pode
desistir da alteragio ou implementé-la mesmo no caso de capacidade insuficiente.
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O problema da mochila MCH' e o problema de atribuigdo PMMOV sdo gerados automaticamente
pelo programa a partir dos dados iniciais e resolvidos por meio de uma das duas versdes algoritmicas
disponiveis para cada caso, levando-se em conta o nimero de variaveis bivalentes a calcular : se o
numero destas € inferior a 100, utiliza-se a programagfo dinimica e a enumeragdo implicita,
respectivamente. Caso contrério, utiliza-se os procedimentos heuristicos,

Algoritmo s&c

Dados : roteiros e tempos de fabricag@io, penalidades das maquinas ¢ critério de otimizacio
1) obtengdo da matriz de cargas [ lotes de produtos x maquinas]

2) resolugido do problema da mochila MCH!

3) resolugdo do problema de atribuigio PMMOL!

4) apresentacdo do resultado obtido ao operador

5) possibilidade de efetuar modificagdes sobre a solugao apresentada

fim algoritmo s&c

Resultados Computacionais

A Tabela 5, abaixo, exibe o resultado dos testes computacionais realizados sobre exemplos da
literatura. Na primeira coluna desta tabela é fornecida a referéncia do problema escolhido : [CM-81},
por exemplo, significa (Chan ¢ Milner, 1981); na segunda é dado o par [r x s], onde r € o nimero de
produtos ¢ s € 0 nimero de tipos de méquinas; na terceira e quarta colunas sfo fornecidos,
respectivamente, o nimero de méquinas disponiveis para o plancjamento (u) € o nimero de operagdes
a executar (v). Nas colunas seguintes, T, € o tempo de célculo em segundos que o programa despende
para efetuar a escolha das méquina com a ajuda da programagdo dindmica ¢ T, com o algoritmo de
enumeraglo heuristica, T,, ¢ o tempo de célculo para o algoritmo de enumeragio implicitae T, para o
algoritmo guloso. Na Tabela 5, o caracter (-) indica que o tempo computacional foi inferior a 0.1
segundo e o caracter (>) indica um tempo superior a 30 minutos.

Tabela § I‘E.xhitrplm e Tempos de Calculo em Segundos (Processador INTEL 386 - 40

Exemplo [rxs] u v T Tan Ta Tou
[FR95] 7x5 12 21 r : 2.0 ;
[ME-88] 9x7 14 45 : 4 224 .
[ME-88] Ox7 21 45 ’ 3 154.9 .
[CM81] 10x15 15 46 = . . -
[SR-80] 20x 10 10 49 ; . " :
[HA-90) 20x20 20 79 . ' ! .
[GA-85] 30x 12 24 131 ; ; > x
[KV-87] 41x30 30 128 - k - .
(BU-7S]  43x 16 16 127 : ; . :
[BU-75) 43x 16 48 127 - - > -

Conclusiao e Comentarios

O procedimento de resolugdo em duas ctapas do programa matemético em varidveis bivalentes
PMO1! (busca de solugdes factiveis por programagio dindmica ou enumeragéo de um conjunto de
solugdes factiveis, seguida de enumeragdo implicita ou algoritmo guloso) explora as particularidades
do problema tratado (escolha de maquinas, carregamento dos lotes de produtos sobre as méquinas)
para obter uma soluglio 6tima ou realizével em tempo de célculo aceitdvel ou irrelevante sobre micro-
computador (processador INTEL 386, 40 MHz), mesmo no caso de problemas de razodvel dimensio,
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A Tabela 5 apresenta a resolugdo de 10 exemplos extraidos da literatura. Os resultados obtidos
foram os mesmos pelos 4 algoritmos disponiveis, O tempo computacional exigido pelo algoritmo de
enumeragdo implicita ¢ o mais elevado, conforme esperado. Deve-se observar na Tabela 5 que quando
o nimero de maquinas disponiveis para o planejamento € igual ao nlimero de tipos de méquinas, o
tempao de calculo do algoritmo de inumeragdo implicita ¢ irrelevante, isto perque o programa dispde de
uma heuristica para verificagdo da existéncia de atribuigdo factivel, quando existe apenas uma méquina
no tipo. Caso a heuristica encontre uma resposta afirmativa, a atribuigde encontrada ¢ confirmada
como solugdo.

A programagio dinimica mostrou-se tio rdpida quanto a enumeragdo heuristica de 10 solugdes
factiveis. O inconveniente da programago dinimica, todavia, encontra-se na ocupagio de memoria da
méquina, uma vez que ¢ necessario armazenar as diferentes solugdes Gtimas em cada estagio para se
efetuar a recuperago da trajet6ria na etapa subsequente. [sto limita a sua utilizagio para resolugéio de
problemas de grande porte.

O programa correspondente ao método propasto foi escrito em linguagem Turbo-Pascal e testado
utilizando-se um microcomputador IBM-PC compativel, Ele gera automaticamente os programas
matematicos a resolver e apresenta ao operador a selegfio e o carregamento obtido. Tendo em vista a
vista a facilidade com que tal ferramenta de calculo gera alternativas de decis3o e sua proximidade
com a realidade industrial (maquinas de velocidade varidvel, duragdes operatérias varidveis,
capacidades das maquinas, etc.) pode-se imaginar sua utilizagdo em tempo real.

O modelo adotado para caracterizar as maquinas foi o da relagfio de velocidade, na linha definida
pelos trabalhos de Garcia et al. (1985), Meguelati (1988), etc. Um outro modelo (peor exemplo.
utilizago de duragdes diferentes para cada operag@o segunde 8 maquina utilizada para executa-la)
pode, entretanto, ser introduzido neste método sem nenhum inconveniente. Por outro lado, alguns
aperfeigoamentos poderiam ser implementados no algoritmo de enumeragio implicita utilizado para
resolver PMMO I/, tais como a realizagio de testes suplementares (Sakarovitch, 1984) ou a adogio das
restrigdes "surrogates” (Salkin, 1975), de modo a utilizar-se o algoritmo guloso com menor frequéncia
e resolver-se de maneira 6tima e em tempo de célculo aceitdvel problemas reais de grande porte.
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Abstract

Numerical prediction of an external turbulent flow along a backward-facing step is obtained by means of large
eddy simulation together with the use of Smagorinsky's subgrid-scale turbulence model. A very simple and fast
finite volume scheme which incorporates a 3-stage, second order Runge-Kutta time-stepping and a simplified
artificial dissipation method is applied. The results for a two-dimensional, incompressible flow will be reported
herein. The main topological features of the flow at the beginning and along the subsequent movement of the
fluid for a representative interval of time are presented and properly commented.

Keywords: Step Flow, Turbulence, Large Eddy Simulation

Introduction

The study of turbulent flows over obstacles is of great interest in various fields of engineering such
as wind research and automobile design (Hucho, 1987, Han, Hammond and Sagi, 1992, He and Song,
1992, Murakami, Mochida and Hibi, 1987). In this latter case, prediction of the topology, as well as of
the statistics of the flow, may help considerably in the desing of both the vehicle and the related wind
tunnel experiments. The work to be described in this article is the first step in the detailed study of the
flow field in the rear region of a terrestrial vehicle. The unsteady turbulent shear flow behind a
backward-facing step is obtained by means of the large eddy simulation technique (LES), The ultimate
objective of this research effort is to assess and understand the complicated flow mechanism in the
wake region of rearwarded bluff vehicles such as buses and trucks. After this, one could possibly
develop ideas about how to introduce modifications in the geometry of the body, in such way as to
diminish the high pressure drag that resists the movement. We are evidently aware that the most
representative geometry for a flow such as this is three-dimensional, but, to begin with we propose 1o
tackle a simplified two-dimensional case, The reason for this is simplicity.

The mathematical model corresponds to the compressible Navier-Stokes equations. It is important
to stress that what we are calling here Navier-Stokes equations should be undestood as the system of
conservation equations of Fluid Mechanics, i.¢., continuity, momentum and energy equations, plus all
the constitutive relations necessary to properly describe the flowing medium. Integration of the filtered
Navier Stokes equations in conservation-law form is accomplished though the use of an explicit finite
volume method. The method incorporates a three-stage Runge-Kutta scheme and a simplified version
of Pulliam's artificial dissipation approach (Ortega and Azevedo, 1995). In order to facilitate the
- calculation of derivatives at the boundaries of the computational domain an extra layer of ghost
volumes is created. The Mach number range for the problem in hand is low - the current at the entrace
plane has a Mach number of 0.05 - but this poses no difficulties due to the level of refining of the grid
- (Volpe, 1993).

The evolution of the flow behind the step with the formation and subsequent shedding of the large
turbulent structures is perfectly reproduced. The topological results are compared with similar
available data (Silveira Neto, Grand and Lesieur, 1991, Silveira Neto et al., 1993), and the agreement
obtained confirms the reliability of the present calculation. In the following, the problem is firstly
- stated. Then, the mathematical and numerical formulations are presented. Finally, results for the flow
~ along the step are presented and discussed.

| Manuseript received. March 1995, Technical Editor: Carlos Alberto Carrasco Altemani
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Problem Statement and Basic Formulations

Problem Statement

The proposed problem is clearly stated in Fig. 1, where both the physical situation and the
geometry of the computational domain are defined. An external current of air approaches a backward-
facing step from left to right. For the definition of the grid all the geometrical parameters are
nondimensionalized by the base height h. The main objective of this work is to investigate the flow in
the wake of the step,

Mathematical Modelling

The two-dimensional Navier-Stokes equations written in Cartesian coordinates and in
conservation-law form, are:

8Q  dE_ 8F _ ,
ot ox dy O

u
lﬁ—p — > —— > —
‘i—I
y =

X Xa

Fig. 1 Physical Problem and Main Geometrical Parameters.
where Q is the so called flux vector of conserved variables, given by
p
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The components of the viscous stress tensor are given by

du. du, 2 6u
== i k
W p[ 5;: : 5)::) ¥ 3“:’5?]‘ ij? )

where ;. is the Kronecker delta. The fluid is air, considered as a thermal and caloric perfect gas and
as an isotropic medium. Further, the Stokes' hypothesis and Fourier's law of heat conduction are
incorporated into the model. The symbols that appear in the above set of equations are standard, so
there is no need to describle them here.

In LES, the Navier-Stokes equations are not solved straight as they appear above, Before
numerical simulation is attempted, the equations are initially filtered. In a filtering process, a variable
fis separated into two parts: f, related to the large scale field, and f" related to the subgrid-scale field,

f=F4f, (6)
The large scale field component is obtained by means of a convolution filter:

i) = Ja@-2rdyd. @)

In the present work, the adopted filtering function G is the classical box filter used by Deardorff
(1970). The box filter introduces a characteristic length - the width of the filter. This typical length is
in general associated to the size of the grid because, usually, the size of the grid is taken as the
boundary between eddies which are going to be directly simulated (large field) and the ones that are
going to be modeled (small fieid). It is important to stress, however, that the width of the filter (A)
need not necessarily be related to the size of the grid (for details, the reader is referred to the work of
Ferziger, 1983).

The mathematical operations of filtering and partial differentiation are commutative (Moin,
Reynolds and Ferziger, 1978). This assures that one can obtain the filtered Navier-Stokes equations in
conservation-law form by applyng the decomposition, Eq. (6), and the filtering operation, Eq. (7), to
the original Navier-Stokes equations. The resulting filtered equations read

2Q , OE , OF _
3 Bn. B @)
where
p
i =1 B3, (9)
pv
]
pu
E - pun+p-t. ’ (10)
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The components of the filtered stress tensor are given by:

A
=
I
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are, respectively, the Leonard, cross, and Reynolds stress tensors. Further, the new components of the
filtered heat flux vector are

Eli - 'K%“" (Eli)L+ (‘ii)c+ (‘:I:J R (13)

where

(Eli)L = Cp(ﬁ‘ = p_l.ll'i')

(@) ¢ cp( (pu)'T - p_uif‘).

(@) = ¢, (Py)'T,

and ¢, stands for the specific heat at constant pressure. The terms (), (@) -, and (;) p can as well
be carled Leonard, cross and Reynolds heat fluxes, respectively (Erlebacher et al., 1987), Silveira Neto
et al. (1993). have shown that L;; and C;; are, in fact, negligible when compared to the Reynolds'
stresses. Relying on this argument, those terms will be also neglected in our calculations. However,
care must be exercised here. These authors were involved with incompressible flows. As the test case
1o be treated here is also incompressible the assumption is consistent. On the other hand, for a truly
compressible problem, the relative values of L and C;; would have to be checked again. By analogy,
and having in mind the well established idea that the mechanisms of 1 ;omentum and heat transfer, if
not identical, are at least very similar, we will also neglect the Leonard and cross heat fluxes. Another
important point to make is that we have started from the general form of the compressible Navier-
Stokes equations. Hence, albeit the results to be presented below correspond to an incompressible case,
this is a characteristic of the physical situation and not a restriction of the formulation.
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Basically, the use of the Smagorinsky's model corresponds to the application of the eddy viscosity
concept to the sub-grid scale (SGS) turbulence modelling. In the context of an eddy viscosity
representation one has to specify two typical scales, namely, a length scale and a velocity scale. The
natural choice for the length scale of the SGS eddies is evidently the characteristic length of the filter,
i.e., A. Then, one is left simply with the task of specifying a velocity scale. Thus, the model in its
incompressible form can be represented by (Ferziger, 1990)

V1 = 659, (14)
where

bigs9 =Ly (15)

q = lggsalSl, (16)
and

Is| = {gijgij)”z- (17)

i = ;[2—:%:] - (18)

The symbol Cg is known in the literature as Smagorinsky's contant. Through a proper calibration of
the constant. this model can yield good simulation results in spite of its deficiency in representing
some details as, for instance, it does not predict accurately the pointwise SGS Reynolds stress tensor
(Ferziger, 1990),

In the following paragraphs we briefly comment about the boundary conditions. Reference is made
to Fig. 1. At the entrance section of the computational domain, three variables are fixed and one is
extrapolated from the interior, The fixed variables are a mean (turbulent) longitudinal velocity profile,
the vertical component of velocity which is set equal to zero, and an uniform temperature distribution.
The extrapolated variable is the pressure. The rationale here is related to the direction of the
characteristic signals in a subsonic flow. For the problem at hand, there is no need to superimpose a
white noise to the mean entrace profile, because the flow along the square comer is unstable ( Silveira
Neto et al., 1993). At the exit section we extrapolate all four variables from the interior; in other words,
the longitudinal gradients are all set to zero. The same rationale of the entrace section should evidently
apply here. However, this approach was motivated by the requirement of having a completely
developed flow at the exit section. For this, the outlet of the computation domain is placed far away
from the body, and a value of x,/h equal to 30 is adopted. At the upper boundary freestream conditions
are established. We are aware that this is not the best choice since freestream conditions are reflexive.
Nevertheless, such an approach was adopted here for the sake of simplicity.

Establishing boundary conditions for a solid wall is a very difficult task. In order to guarantee a
true no-slip condition at the wall, one has to have sufficient grid resolution. Otherwise, an alternative
scheme has to be applied and, in general, a slip condition is adopted using some kind of wall function,
Despite not having a sufficient fine grid at the wall, the numerical experimentation was performed
considering the no-slip condition. Two arguments can be forwarded in order to support this procedure.
First, at this stage of this research program, we are mostly interested in the topological aspects of the
flow, because this will certainly ensure the initial validation of the complete numerical
implementation. The appropriate accuracy at the wall region can be reached in a second validation
stage. After all, we are not interested in calculating any friction coefficients as yet. Secondly, enforcing
no-slip conditions at the wall is a simplifying action.
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The calculation is started by setting freestream conditions along all the computational domain,
including the supporting two layers of ghost volumes (see details in the next section). The only
exceplion to this is the velocity profile at the entrace section.

The Numerical Method

The filtered Navier-Stokes equations are discretized in space by means of a cell centered, finite
volume algorithm. The scheme is explicit and a three-stage Runge-Kutta procedure is applied to
advance the solution in time. Fluxes at the faces of control volumes are defined as the arithmetic mean
between the values of fluxes calculated using the conserved properties at the adjacent cells. This gives

the scheme a central difference character and so, artificial dissipation terms have to be added. We
discuss now the main aspects of this new algorithm.

The two-dimensional filtered Navier-Stokes equations can be written in integral form as

2 = 5

== av = -] \P- ﬁ) ds -

BIJ. IVQ L[ (19}

Here, V is a fixed area with boundary S and A is the outward-ariented unit vector normal to S. l‘; isa
generalized flux vector defined by

P = ED+F0. (20)

Discretization of Eq. (19) in space and addition of artificial dissipation terms lead to the following
system of coupled ordinary differential equations

d =
a(vi,jOi.j) +C(Qi,j} —D(Qi.j) =0, (21)

where Q, is the average of Q inside cell i, j). C (Q*i} is the discrete approximation to the flux integral
in Eq. (19) and D (Q;)) represents the artificial dissipation fluxes. The need for artificial digsipation
stems from the way fluxes are defined at faces between volumes. For example, the value of P at face
(i+ 1/2, j) between cells (i, j) and (3 + 1, j} is assumed to be given by

3 > Y
Pitlrsz,j= %(Pi,j+Pi+l,j) - (22)

On a smooth grid, this averaging approach reduces to central differencing and is second order accurate
in space.

The advancement of Eq. (21) in time is accomplished through the use of a 3-stage Runge-Kutta
scheme:

Q) = Qim,
QN = QM —a, (At/V) [C(Q!?) -D(Q(M)],
Q@ = Q™ —qg,(A/V) [C(QN) -D(Q!M)],

QM = Q9 g, (A/V) [C(QD) ~D(Q)],

Qe+l = 93,
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where the cell area V is constant. The reader should observe that, for reasons of computation time
economy, the dissipation terms are calculated only at the first step. The @ coefficients are:

@, = La;=1.a;=1, (24)

and it is important to stress that the 3-stage Runge-Kutta scheme still keeps second-order accuracy in
time (Kroll and Jain, 1987).

The artificial dissipation strategy here considered corresponds to a simplified version of Pulliam's
nonlinear model (Pulliam, 1986). The defining expression for the artificial dissipation operator reads

D(Q,;) = (o, 7V, ) [eDdD (Q ) —£Nd¥ (Q, )] - (24)
Here,

d® = VA +V A, 40 = (V,a,) 2+ (V, 4% (2%)
and

E.I-fi-” = kymax (Y, Tj). aif‘}} = max (0, xd—eif]ﬁ} . (26)

The difference operators that appear in Egs. (25) are defined in the usual way, ie.,
VE(Qi.j) - Qi‘j_Qi-l.j' ﬁg’(Qi'j) =~ Qi-‘- |_J"Qi.j‘! 2N
and similar expressions for ¥V, and A, . The coefficient to the second-difference dissipation T is
defined by
v = Pieny=2Pii* P
bRt 2Pt Ry
and a similar expression for Tj . The term ©; ; is a spectral radius scaling given by

o . = Jui+vi+a, (29)

L)

(28)

where a is the local speed of sound. The amount of artificial dissipation intruduced in the numerical

calculation is controled by parameters ¥, and K, . Proper values for these quantities will be presented
later,

A thorough comparison between the artificial dissipation model just described and that of Pulliam
(Pulliam, 1986) will reveal the following apparent differences. (i) The spectral radius and the cell
volume are not acted upon by the difference operators; in other words, they are always reffered to cell
@i, j). (ii) The time scaling is different. (jii) The coefficients t‘-;{.}) and €% are not acted upon by the
difference operators; this means that there is no pressure gradient probing around cell (i, j). As a result
of these definitions the model is basically constituted of a "second difference cross” (with a "stencil” of
three cells in each direction) and a "fourth difference cross” (with a "stencil” of five cells in each
direction), both centered at cell (i, j). Time economy is the main reason behind all those modifications.
In fact, our scheme could be perceived as a quasi-linear model with additional damping capabilities to
prevent oscillations at regions of large gradients.

The enforcement of boundary conditions usually requires the adoption of a row of ghost volumes.
[n our case, instead of one, we have adopted two rows. This simple procedure facilitates the
implementation of the fourth-order dissipation terms and numerical derivatives along the boundaries of
the computational domain. All those simplifying features render the algorithm very fast, while still
maintaining its characteristics of robustness and accuracy, For more details on the numerical method,
the reader should refer to Ortega and Azevedo (1995).
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For the evaluation of Eq. (21) values of viscous fluxes crossing cell's surface edges are needed. For
predicting those fluxes one is faced with the problem of determining derivatives of properties (u, v, e)
on those edges. The approach here employed corresponds to approximating cell-edge values of
derivatives as the arithmetic mean of the corresponding vertices values. If for example face f is limited
by vertices fand f | then

CRCRERE

o
(o]

(1))
Fig. 2 Auxiliary Cell for Viscous Flux Computation

Derivatives at cell vertices can be determined by considering auxiliary cells surrounding each

vertex - see Fig. 2. A discrete application of the divengence theorem lo the auxiliary cell surrounding
vertex a results in

4
cuy _ 1
(ﬁ)u - V_“E. gAYy
4
duy _ 1
(é;)u N v“kz‘:] uAxy,

where V. is the area of the auxiliary cell, The summation is over the four edges of the cell, Fig. 2, and
Ax| = Xy —X,,
sz = X=Xy,
mr.3 = X— X,

Axy = X, X4

Ay, to Ay, being defined in a similar manner. Variables at the faces of the auxiliary cell are
approximated by the relevant cell-centre values, as for example

Uy =5 (31
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Values of x and y were attributed 1o the first line of ghost vertices, considering then as specular
images relative to the closest boundary. This expedient allows the application of the above formulas
also for the case of boundary nodes. The only exception to this is the corner point, which is, in effect. a
singular point of the computation domain. In this case, we simply discretized properly the original
mathematical derivatives, taking into account the plysical scenario at the comer vicinity.

Results and Discussion

Figure 1 defines both the physical situation and the geometry of the problem. Freestream
conditions are set to pg, = 10° N/m?, ug, = 20 m/s, T, = 293 K. The height of the step is h =3 cm and the
Reynolds number based on this length is equal to 40.000. The results to be presented here were
abtained for the following geometry: h; = 3h, x, = 3h and x, = 30h. The grid is Cartesian and uniform.
At the entrance region, ie.. before the step, there are 32 X 64 cells (32 partitions along x and 64 along
y) including the ghost volumes. The region after the step is divided in 302 X 84 volumes. The valuc of
Cs used in the present work is 0.2; X was set to zero, whilst K4 was set to 0.05.

The flow along the step is two-dimensional and incompressible. However, as it was stressed
before, these are not restrictions to the calculation method here presented, because the whole
development was done starting from the compressible form of the equations and the extension to three
dimensions is really strainghtforward. As previously discussed, we are at the present stage mostly
interested in topological results. Since we have not found in the literature topological studies of open
flows, pertinent qualitative comparisons will be done with similar channel flows.

The most important fluid-mechanical mechanism involved in this physical situation is undoubtely
the rolling of the free shear layer that emanates from the upper step corner point. This free shear layer
is the result of the separation of the boundary layer that grows along the entrance region wall. This
kind of Kelvin-Helmholtz instability is the prime "source” of vorticity that feeds the large vortical
structure that grows just after the step. These assertives are apparent from Figs. 3, 4, 5, 6, 7. These
figures are plots of the spanwise vorticity ©, for the region after the step and for five instants of time
at the very beginning of the fluid movement. It is important to remember that, as a consequence of the
way that the initial conditions are set, everything passes as if the fluid were suddenly set in motion with
velocity ug, (except for certain points of the entrance section in the neighborhood of the wall).
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Figure 8 reveals the basic features of the flow development. The figure is a plot of the spanwise
vorticity @, for the region after the step and for certain instants of time. As time passes, the vortical
structure that results from the rolling of the free shear layer in the near wake of the step gains more and
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more energy, up o a point when it is shed into the main stream. Immediately after that, another vortical
structure starts to grow at the corner, and. after a certain period of time, this is also shed in the main
current. This periodic phenomenon imparts a non-stationary character to the flow downstream of the
step.

The associated Strouhal number. S=fh/u,,, where f is the frequency, is approximately 0.15. This
value 15 1n good agreement with the work os Silveira Neto et al. (1993). They have determined
S = 0, 09. The fact that the Strouhal is larger for the present case can be explained by the physical
difference between both situations. The absence of the upper wall allows these coherent structures to
be raised further away from the surface, and consequently they do not interfere too much with the
boundary layer in their dowstream movement. Interference with the boundary layer is a reason for
slowing down the convection of the structures, The reader should observe that the first structure shed is
being retarded in comparison with the second,

i

Fig8 Evolution of the Flowfield Over a Backward-Facing Step. From Top to Bottom the
Dimensionless Time, { = 1ur'/ h . Corresponds to 15, 25, 35, 45, 65, 65,75
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The upward motion of the large vortices is due to a component of vertical velocity induced by
counter-rotating elements that are also shed together with the large coherent structures. The fact that
the vortices are raised into the main stream allows for larger convection velocities, because the
structure get immersed in regions of flow where the mean velocity is larger. One should remember that
our upper boundary condition corresponds to free stream.

In fact, each shedding corresponds to a large amount of negative vorticity together with a
corresponding smaller amount of positive vorticity. This is apparent from Fig 8, in which the regions
of negative vorticity can be seen as the large, well-defined vortices. The positive vorticity originates at
the region between the free rolling shear layer and the comer walls, and its appearance is related to the
boundary condition satisfaction at the wall. After the shear layer rolls and forms the vortex, the
resulting structure is too big to fit in the corner. Hence, a gap remains, which is filled by a positive-
vorticity region of flow. This region grows with time is also finally shed into the main stream, It is
interesting to observe that the positive-vorticity elements are also raised into the main stream, due to
the inducive action of the negative-vorticity structures (see Fig.8, for { = tu,. /h=63). Figures 9 and
10 illustrate conclusively the origin of the positive vorticity at the small scale ?egion of he corner. The
rolling of the main shear layer creates just downstream of the corner and along the horizontal wall,
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Fig. 9 Fjow in the Small Scale Reglon of the Corner, The Nondimensional Instant of Time,
t = tu. /h,Is Equal to 0.2. Observe the Separation of the Counter Current With the
Conseqlient Formation of a Secondary, but Positive, Vortical Structure.
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f= mfs",h , Is Equal to 15.0. Observe the Growth of the Poslitive-Vorticity Structure
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a counter current, i.c., a current that moves from right to left. Due to the presence of the vertical wall
this flow cannot proceed further in a horizontal dircction; it separates, giving rise, therefore. to a
positive-vorticity structure. Besides, we believe that this mechanism is also, and to a great extent,
responsible for the shedding of the negative-vorticity structures - and therefore responsible for the
overall shedding mechanism. Observe in Fig. 10 the huge growth of the positive-vorticity region -
when compared to Fig. 9. This is a result of mass conservation, because, part of the mass that is
"pumped"” from the main stream through the negative-vorticity action returns along the horizontal wall.
This means that the positive vortex, which borns as a very small entity just at the corner, grows
dramatically in size as the ime goes by, and pushes up the big negative-vorticity billow above it in a
destabilizing fashion.

An overall picture of the pressure ficld can be seen in Fig. 11. Depressions (dark gray) correspond
to the coherent structures, while high pressure regions (light gray) appear in between. It is instructive
Lo observe how the pressure oscillates in the wake according to the shedding régime. In Fig. 11,
together with the pressure distributions (lower figure), we present also the vorticity distribution (upper
figure) with the basic aim of "marking" the position of the great vortices. One can also observe in Fig 8
the appearance of an artificial boundary layer along the upper boundary of the computational domain.
This is the result of the reflexive nature of the boundary conditions at this frontier, as we have already
pointed out. At present, the method is being corrected in order to aveid this problem.
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Fig. 11 Vorticity and Pressure Fhl_dl in the Wake the Step. The Nondimensional Instant of Time,
L= tukfh . Is Equal to B85

Finally, we stress that an overall comparison of the results here presented with similar results of
Silverra Neto, Grand and Lesieur (1991) and Silveira Neto et al. (1993) shows that the topology of the
present flow is well represented. Moreover, it is also apparent from Fig, 8 that the reattachment length,
x/h, fluctuates around 7. a value that agrees well with the literature.
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Abstract

The conditions for the occurrence of self-excited vibrations in active tilting-pad journal bearings are
investigated,. A mechanical model is created to explain such phenomenon. Theoretical and experimental results
show that these vibrations are directly related to the non-linearities of hydrodynamic forces and to the reduction
of the damping reserve of oil film.

Keywords: Self-Excited Vibrations, Hydrodynamic Bearings, Oil Whip, Hydraulic Control

Introduction

The problem of self-excited vibrations in hydrodynamic bearings is called oil-whip or oil-whirl, or
simply rotor instabilities (Muszynska, 1988). When these self-excited vibrations happen in slow
rotations, the rotor-bearing system oscillates as a rigid body at a frequency that is nearly half of the
rotation frequency. This is called oil-whirl phenomenon. On the other hand, if these self-excited
vibrations happen also at very high speeds, the system vibrates normally at its first natural frequency,
what characterizes the oil-whip phenomenon, Self-excited vibrations of the system at its second natural
frequency is also mentioned in the literature, since this phenomenon is directly related to the reduction
of the damping level of the bearing.

The tilting-pad journal bearing is a particular kind of hydrodynamic bearing which presents
excellent dynamic characteristics. The first works focusing on the occurrence of self-excited vibrations
in these bearings date from 1988, operating passively (Flack, 1988), (Lie, 1989). Self-excited
vibrations have also been detected recently, when operating in their active constructive form, that is,
with pads mounted on active elements (Santos, 1993). These self-excited vibrations are characterized
by the shock of the pads against the bearing box or, more precisely, against the active elements,

The kind of self-excited vibration in study only occurs when the resulting force from the oil film
plus the inertia forces of the segment are less than the control force, the segment weight and the
membrane spring force of the hydraulic actuator. Since the segment is uncoupled to the actuator and it
begins 1o vibrate, the possibility of shocks against the membrane must be considered (Fig. 1).

This phenomenon, observed experimentally, has the cyclical characteristic of vibration amplitude
increasing, shocking, and decreasing of amplitude, and then a new increasing of vibration amplitude
until a new shock, as it can be seen in Fig. 1. The energy source for the occurrence of the self-excited
vibration comes from the unbalance of the rotor, and the shock is the mechanism of vibrating-energy
dissipation, operating in a cyclical way, regulating the vibration amplitude of the segment.

The objective of this work is to create a theoretical model capable of explaining this phenomenon
of self-excited vibrations in active tilting-pad journal bearings, which has been experimentally detected
during the operation of such bearings under loading (Santos, 1993). This model is based on the
dynamics of rigid bodies and on the theory of elastic and inelastic shock. Excitations on the bearing
segments and on the rotor arise from hydrodynamic forces, calculated using the Reynolds equation.
The control forces are calculated with the help of Hydraulics and the non-linear relations between
pressure-flow. With this theoretical model, the physical and mathematical conditions, from which
these vibrations arise, are defined.

Presented at the 13th ABCM Mechanical Engineering Conference - COBEM 85, Belo Horizonte, December 12-15, 1885,
Technical Editorship: COBEM Editorial Committes
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Fig.1 Mechanism of the Self-Excited Vibrations in Active Hydrodynamic Bearings

Mathematical Model

The first step to the calculation of the hydrodynamic bearing properties (behavior of oil film) is the
solution of the Reynolds equation:

a( biap), a( hdp 5 oh
Lol o Lol e = 6UL (ph) + 12p28 (H
Bx[pnax) az(pn az) o o Hl2em

where: h(x,t) is the function thickness of oil film; n is the dynamic oil viscosity; p is the oil density; U
is the peripheral speed of the rotor and p(x, z, t} is the hydrodynamic pressure.

Considering a flow to be incompressible ( p = constant) and the oil temperature variation, as a
function of its viscosity, negligible, the solution of this equation is obtained by approximating the
pressure distribution of the oil film by Tschebyscheff Series (Springer, 1978, 1980).

In the case of bearings with moving pads, the pressure distribution function is integrated along the
area of each segment in an iterative way with the rotation and translation movements of the segments,
and therefore the force acting on the segments is obtained. By linearizing the hydrodynamic forces
resulting between the rotor and the j-th segment, one can state that they follow to the matrix equation
below:

i
fj = szj +Djzj where f) =5 {FaPﬂpﬁMﬂ-}J {2)

where: F, is the force in the £ direction on the rotor; F_ is the force in the M direction on the rotor;
P, is the Torce in the £ direction on the segment; M, is the resulting momentum on the segment (see
Fig. 2); f; is the vector of the hydrodynamic force between the rotor and the j-th segment; z; is the
displacement vector; z; is the speed vector, composed by rotor translation movements and translation
and rotation movements of the j-th segment.

The stiffness and damping matrixes, K; and D;, are given by (Santos, 1995):
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In the equations above, r, is the sum of the segment radius plus the segment thickness; K, is the
coefficient of linear stiffness of the hydraulic actuator membrane; k, ., dl'. are the stiffness and
damping coefficients of the oil film related to the translation movement of the g'egmcnl; Ko Qg 2T€
the stiffness and damping coefficients of the oil film related to the angular movements of the segment;

kr_w e Kger dgz are the stiffness and damping coefficients for linear and angular coupled
movements of the segment.

Fig.2 Reference Systems Adopted - Inertial and Auxillar

The theoretical-experimental investigation of this work is conducted with the help of a test rig

composed by a rotor-lever system operating in an active tilting-pad journal bearing at one end, as
shown in Fig. 3.
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Fig. 3 Moadel of the Test Rig where Active Bearings are Tested

The active tilting pad journal bearing shown possesses only two active pads arranged in the vertical
direction. These pads are attached to the chamber system without hindering the tilting motion. The
chamber system is constructed with one membrane per chamber and connected 1o a servo valve and a
proportional valve. Displacement sensors mounted in the pads allow the measurement of the relative
displacement between the center of the rotor and the pads.

For the tilting pad journal bearing under discussion the cross coupling coefficients of damping and
stiffness can be neglected (Glienicke. 1987). [n the design of the test rig, this information was taken in
account and, for this reason the experimental analysis can be carried out only in one direction. The
motions of the center of the rotor is constrained in the horizontal direction by means of the lever
system. With this lever system one permits rotor motions only in the vertical direction. The rotor-lever
system is excited with help of a piezoactuator and its movements in the vertical direction are controlled
through the active tilting pad journal bearing.

The mode] adopted for the hydrodynamic bearing of four segments, being two segments passive
and two active, can be seen in Fig. 3, where Yy, Yg,, Yy, arc the absolute displacements of the rotor,
segment |, and segment 2 positioned in the vertical direction. Psy» P52 and are the absolute angular
displacements of segments 1 and 2, measured in the inertial system,

Thus, by defining:
" B ] T
= {ERWR&'SGS} = { YpXgYougl (5)
| !
one can obtain a system of equations for the rotor-bearing system as follows:

x(1) = Ax(t) +1(1) (6)

where x is the state vector, defined by:

. T
x(t) = {YRYSIYsz‘?s|¢52YRY‘S|?53£PS|¢SJOQQVP|P2} N
f is the excitation vector, defined by:
T
f(l:)={OOOGOfP(tJOOGOOKvm%l}O} (8)

and A is the state matrix of the system, given by:
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When the rotor, due to a static loading (F,), is impelled in the opposite direction of segment 2 in
such a way that the oil film thickness between the rotor and this segment becomes larger. the
hydrodynamic pressure is reduced. When this loading is excessivelly high for the operating conditions
of the bearing, the hydrodynamic pressure between de segment 2 and the rotor achieve values near to
zero, see pressure distribution over pad number 2 (Fig. 4).

Prizssure Pid 2 - Unloagdod — Prossure Pud | - Unlombod  —
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Fig. 4 Pressure Profile over the Vertical Pads for Three Different Static Loadings:
(a} Unloaded; (b) Loaded; (c) Excessive Loading

Thus, the resulting hydrodynamic force that acts on the segment decreases to such an extent that
this force cannot balance the other forces acting on the segment. If this happens, the segment is no
longer pressured against its support and then supports itself only on the oil film (case of vertical
segmenis). [n this situation, the segment-oil film system can be considered a mass-spring system,
being excited by external sine-shaped force, originated from the rotor rotation (unbalance).
Consequently, the segment starts to vibrate (see Fig. 1).

Based on the affirmative that the self-excited vibrations in rotor-systems using tilting pad journal
bearings have a direct relation to the non-linearities of the hydrodynamic forces and to the reduction of
the oil film damping (Santos, 1993), the stiffness and damping coefficients are important factors in



269 J. of the Braz. Soc. Mechanical Sciences - Vol 18, September 1996

such kind of analysis. The stiffness (k,y) and damping (d,,) oil film coefficients, that depends on the
pressure profile over the pads, are directly related to the bearing operating conditions: initial radial gap
(hy); static loading over the rotor (F.) and rotor rotation ( Q).

Therefore, with the objective of predicting the occurrence of the self-excited vibrations, the
Damping Factor 5; for the i-th pad-oil film system is defined. This adimensional factor is a function of
the bearing operating conditions, § = f(hy, F . Q), and is given by:

E = L8

i 10
Fmg o

where mg; is the mass of the i-th pad; kgg.‘- dgg; are the stiffness and damping coefficients of the oil
film under the i-th pad.

Theoretical Results

Recent investigations indicale that the self-excited vibrations are able to appear in bearings whose
operating conditions leads to a low damping factor (under 0,1). Thus, it is possible to predict the
appearance of the phenomenon if the bearing operating conditions are known. Considering these facts,
and searching for an easier way of preventing such self-excited vibrations, the Behavior Diagrams
were created.

The behavior diagrams are three-dimensional graphics showing the relations among the radial gap
(hg), static loading over the rotor (F,) and the damping factor (£) at a given rotor speed (€2), in such a
way that the self-excited vibration occurrence can be predicted.

Using a segment radius Rg = 0,04987 m and a hydraulic control pressure of 1.10° Pa, and
considering the static loadings in the direction of the segment 1, it was possible to construct the
behavior diagrams for detecting vibrations of the pad 2 (Fig. 5).
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Fig. 5 Behavior Diagrams for the Segment 2 of the Active Hydrodynamic Bearing
- Speed Frequencies of 10, 50 and 100 Hz
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Taking to account that the self-excited vibrations occur for damping factors £ lower than 0,1, the
flat arcas in the behavior diagrams are the bearing operating conditions susceptible to this
phenomenon.

Choosing a bearing operating condition inside one of these flat areas in the behavior diagrams, it
was possible to simulate the vibration of the pads of the bearing in time domain. Transforming to the
frequency domain one can built a waterfall diagram, as is illustrated in Fig. 6 for the pad 2.

One can see that the main vibrational frequency shown in Fig. 6 is nearly half of the rotational
frequency, a characteristic of the phenomenon of self-excited vibrations in active hydrodynamic tilting
pad journal bearings.
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Fig. 8 Waterfall Diagram for the Theoretical Self-Excited Vibrations of the Segment 2

Experimental Resuits

Figure 7 displays some experimental results showing the self-excited vibration phenomenon in

-~ active tilting-pad journal bearings both in time and frequency domains (see waterfall diagrams). These

results have been obtained with sensors mounted directly on the bearing pads, that is, measuring the
relative displacements between the segments and the rotor. While the vibration amplitudes of the
inferior segment (pressured by the rotor) keeps low, case (b), the superior segment increases its
vibration until t = 1,5 approximately, when it shocks against the hydraulic actuator membrane and
reduces its vibration amplitude from the shock, t > 2 s in case (a). Curves (¢} e (d) show the same for
different rotation speeds Q.

If the oil film pressure is recovered, because of the reduction of the static loading and a new

positioning of the rotor or because of the raising of the control pressure of the hydraulic actuators, it is
possible to reduce or even dismiss these self-excited vibrations in the bearing pads. Figure 8 shows the

- disappearing of these vibrations when the hydraulic control pressure is altered from 4 bar to 12 bar.

- Conclusions

These self-excited vibrations are directly related to the non-linearities of the hydrodynamic forces

and to the reduction of the damping reserve of oil film. These two items occur simultancously when
 there is a very large loading acting on the rotor and a relatively large radial gap arising from elastic

deformation of the membranes which build the hidraulic actuator. An increase in the bearing damping
through the use of active elements adapted to its pads can result in the reduction or elimination of thesc
self-excited vibrations, as shown in this work, theoretically and experimentally.
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Fig.7 BSelf-Excited Vibrations in Active Tilting-Pad Journal Bearings - Experimental Measurements in Time
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Fig. 8 Disappearance of Self-Excited Vibrations when Radial Gap Is Reduced, with the Increase in Hydraulic
Pressures in the Chambers: (a) P1 = P2 = 4 bar. (b) P1 = P2 = 12 bar - Experimental Results
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Abstract

Reheat crackings occur, in general, in the heat affected zone of welded joints of high strength low alloy structural
steel during post welding stress relief heat treatment (PWHT). The modified implant test showed to be an
effective form of evaluating susceptibility to Reheat Cracking. The present work focus on the design and
construction of a modified implant test equipment. The equipment is used to test the reheat cracking
susceptibility of a high strength low alloy steel. The results showed that the proposed equipment presents good
reliability. The tested steel is highly susceptible to reheat cracking.

Keywords; Welding, Reheat Cracking, Modified Implant Test

Resumo

Trincas de reaquecimento podem ocorrer em juntas soldadas de certos metais submetidas a temperaturas
elevadas apds a soldagem. Um dos métodos de determinagdo da suscetibilidade a trinca de reaquecimento ¢ o
teste de implante modificado. Este trabalho consiste do projeto, construgdo e aferigio de um equipamento para o
teste de implante modificado, bem como do teste da suscetibilidade a trinca de reaquecimento de um ago do tipo
alta resisténcia e baixa liga (ARBL). Os resultados obtidos permitem afirmar que o equipamento tem boa
confiabilidade ¢ que o ago testado ¢ altamente suscetivel 4 trinca de reaquecimento.

Palavras-chave: Soldagem, Trincas de Reaquecimento, Teste de Implante Modificado

Introducgéo

Trinca de Reaquecimento é o nome que se da ao fendmeno do surgimento de falhas intergranulares
nas regides de granulagdo grosseira da zona afetada pelo calor (ZAC) ou, mais raramente, do metal de
solda de unides soldadas sujeitas 4 tensdes de tragdo e temperaturas elevadas apds a soldagem. A faixa
de temperatura na qual costuma ocorrer este problema ainda ndo € consenso entre scus pesquisadores,
porém a maioria admite que existe maior probabilidade de ocorréncia entre 500 e 700 °C (Balaguer et
al.,1989). Estas temperaturas elevadas podem ser decorrentes de um tratamento térmico de alivio de
tensdes (TTAT) aplicado apés a soldagem ou simplesmente da faixa de temperatura de trabalho do
equipamento. As tensdes de trag#o atuantes na junta podem ser devidas aos esforgos inerentes 3
utilizagdo do equipamento ou as tensdes residuais decorrentes do processo de soldagem, ou entdo &
associa¢do destes dois tipos de tensfio. Este problema atinge determinadas ligas metalicas tais como
agos estruturais de alta resisténcia e baixa liga, agos inoxidaveis austeniticos e superligas a base de
Niquel. O fendmeno da trinca de reaquecimento € citado na literatura com vérios outros nomes, tais
como “stress relief cracking”, “creep embrittlement” e “Strain age cracking”. (Balaguer et al.,1989;
Martins, 1995)

De uma maneira geral, pode-se dizer que a trinca de reaquecimento ocorre quando as tensdes
atuantes na junta durante o tratamento térmico excedem a ductilidade local do material ( Dhooge e
Vinckier, 1986). A inabilidade do metal na absorgao das tensdes ¢ explicada por uma teoria defendida
pela maioria dos pesquisadores deste fendmeno (Balaguer et al., 1989; Tamaki ¢ Suzuki, 1983).
Segundo ¢les, esta inabilidade se deve a dois mecanismos independentes que, na maioria das vezes,
agem conjuntamente: endurecimenio secundério ¢ segregagdo nos contornos de grilo.

Manuscript received: March 1886. Technical Editor: Leonardo Goldstein Jr.
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O endurecimento secundério, fenémeno também conhecido como endurecimento por solubilizagao
€ precipitagdo, ocorre quando, devido aos rdpidos aquecimento ¢ resfriamento localizados
caracteristicos do ciclo térmico da soldagem, os carbonetos presentes na matriz metélica se dissociam e
ficam presos na matriz em solugdo supersaturada. Com o pds-aquecimento, os elementos formadares
de carbonetos (C, Cr, Mo, V, etc.) se libertam ¢ se recombinam na forma de plaquetas microscépicas,
da ordem de alguns dngstrons, precipitando no interior dos grios e aumentando-lhes grandemente a
dureza. Esse aumento de dureza faz com que os grios tenham diminuida sua capacidade de
deformagdo e, consequentemente, a habilidade de absorver tensdes,

A segrega¢do nos contornos de grao ¢ um fendmeno termicamente ativado, cuja cinética €
incentivada pela a¢do de tensdo {Misra e Rama Rao, 1992). As impurezas presentes nos metais,
principalmente o aluminio e o enxofre, sdo segregadas do interior para os contornos dos grios, onde se
concentram ¢ tem como efeito a diminuigdo da resisténcia mecénica destas regides.

Resumindo, pode-se dizer que os fatores que levam ao aparecimento das trincas de reaquecimento
sa0:

« Composigio quimica, que permita a formagdo de carbetos ¢ a segregagio de impurezas nos
contornos de grio.

«  Temperatura, que permita o endurecimento secundério ¢ auxilie a segregagio nos contomos de
grio.

* Tensdes de tragio atuantes na junta soldada, que favorecerdo a segregagido nos contornos de
grao e ocasionarfio a nuclea¢dio ¢ a propagagao das trincas,

Para se determinar a suscetibilidade de um metal a trinca de reaquecimento a literatura cita um
grande nimero de ensaios de laboratério. No entanto, cada usuério procura o tipo de ensaio que mais
se adeque as condigdes de seu laboratério, pois ndio existe um teste considerado como padrio. O ensaio
utilizado neste trabalho foi o Teste de Implante Modificado, que é uma derivagio do Teste de
Implante, aplicado aos agos para a determinagiio da suscetibilidade a trinca de hidrogénio. O Teste de
Implante Modificado € um método pratico de ensaio para a determinagfio da suscetibilidade dos metais
a trinca de reaquecimento. ¢ apresenta os seguintes méritos em rela¢@o aos outros ensaios citados em
literatura (Tamaki ¢ Suzuki, 1983):

* A zona afetada pelo calor é obtida por condigdes de soldagem real, o que permite a
aproximagdo do caso em estudo com a realidade. A ZAC apresenta variagdes graduais de
tamanho de grao ¢ microestrutura.

* Virios valores de tensfio de tragio podem ser simulados pela aplicagdo de carga externa.

* O relaxamento de tensdio durante o teste pode ser monitorado em tempo real,

» O ensaio € representativo, utilizando-se poucos corpos de prova, de dimensdes reduzidas.

Este trabalho tem comeo principais objetivos o projeto, a construgdo e a aferi¢gdo de um
equipamento semi-automatizado para o teste de implante modificado, bem como a determinagio da
suscetibilidade a trinca de reaquecimento de um ago nacional do tipo alta resisténcia ¢ baixa liga,
(ARBL), 0 SAR 80 T.

Projeto e Construgdo do Equipamento

O Teste de Implante Modificado necessita de um equipamento especializado para que possa ser
satisfatoriamente realizado. O equipamento projetado e construido neste trabalho consiste de 3
sistemas interativos, mostrados de maneira esquematica na Fig. 1:
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Fig.1 Equipamento para o Teste de Implante Modificado.

= Sistema de tragdo, composto por um cilindro hidraulico alimentado por uma homba hidraulica
manual e pela estrutura metélica do equipamento, com a fungdo de tracionar o corpo de prova,
simulando um estado de tensdes analogo ao verificado em soldas reais.

» Sistema de aquecimento, composto por um forno para tratamento térmico com sistema de
contrale programavel de temperatura, com a fun¢io de implementar ciclos térmicos variados
de tratamentos térmicos.

* Sistema de monitoramento, composto por uma célula de carga, dois termopares, um indicador
de pesagem, uma placa A/D e um microcomputador, com a fun¢do de monitorar e adquirir os
dados do ensaio (tensdo de tragio ¢ temperatura) em tempo real,

() sisterna de tragdo foi dimensionado de modo a suportar com folga as solicitagdes do ensaio, de
maneira a se ter uma boa flexibilidade em relagdo aos niveis de tensdo impostos ao corpo de prova.
Outra preocupagio foi garantir, através de dispositivos, que a carga imposta ao corpo de prova atuasse
unicamente no sentido vertical, de modo a ter uma Gnica componente, de tragfo.

O sistema de aquecimento foi projetado como um sistema de alta eficiéncia, de modo a garantir
grande acuracidade e precisdo no tratamento térmico, inclusive permitindo a programagéo de ciclos
térmicos com taxa de aquecimento, tempo de tratamento e taxa de resfriamento. Além disso, outro
fator que praticamente obrigou a construgdo de um forno foi o fato de ndo existir no mercado um
forno aberto e mével, que pudesse ser colocado sobre o equipamento no momento propicio.

O sistema de monitoramento utilizou uma célula de carga acoplada a um indicador digital, de
modo a permitir ¢ monitoramento visual € em tempo real do esforgo de tragio. Utilizou-se também
um termopar com o objetivo de monitorar a temperatura independentemente do controlador do forno,
como pode ser observado na Fig. 1. Os dois subsistemas de monitoramento, carga e temperatura,
foram ligados a um conversor analégico/digital acoplado a um microcomputador de modo a se fazer a
aquisi¢do e processamento dos dados de temperatura e de tensio.

Ap0s o projeto, procedeu-se & montagem do equipamento, A estrutura metélica foi construida de
ago carbono, devido ao seu baixo custo, boa soldabilidade, usinabilidade e propriedades mecénicas. O
forno de tratamento térmico foi montado a partir de uma estrutura metélica em forma de cubo, no qual
foram instalados painéis rigidos de material termicamente isolante. A resisténcia elétrica foi enrolada
no didmetro mais conveniente, de maneira a se obter a poténcia neessana, fixada no interior do forno
e em seguida conectada ao sistema de controle de temperatura.

Procedimento Experimental

Materiais

O material testado neste trabalho foi um ago de alta resisténcia ¢ baixa liga (ARBL), muito
utilizado como ago estrutural para a construgfio de plataformas maritimas, chassis de caminhdes,
implementos agricolas € maquinas de terraplanagem, sendo intensamente submetido 4 soldagem
durante sua utilizagdo. Este ago ¢ denominado pelo fabricante como SAR 80 T, que significa Soldavel



F. Martins et al.: Use of the Modified Implant Test as a Manner of Determining... 276

de Alta Resisténcia, com limite de resisténcia de 80 Kgf!mmz, A letra T no final de sua denominagio
significa temperado, porém o ago utilizado neste trabalho foi temperado e revenido. A Tabela 1 mostra
a composigéo quimica do ago, em porcentagem em massa, € suas principais propriedades mecénicas.

Tabela1 Composi¢io Quimica e Propriedades Mecénicas do Ago SARS80T

(USIMINAS S.A.)
Composigio Quimica % Massa
Cc 0,13
Mn 0,99
Si 0,22
S 0,0063
P 0,029
Ni 0,027
Cu 0,27
Cr 0,55
Mo 0,33
Al 0,058
Nb <0,005
v 0,028
Ti 0,016
Propriedades Mecéanicas

Limite de Escoamento 736 MPa (75,1 Kgfimm?)
Limite de Resisténcia 797 MPa (81,3 Kgf/imm?)

O material foi usinado na forma de corpos de prova, também chamados de implante, obedecendo a
uma geometria bem definida, conforme pode-se ver na Fig. 2. inspirado no corpo de prova utilizado no
teste de implante. Conforme se pode ver na figura, os pontos mais importantes do corpo de prova sio o
didmetro, que define a segdo transversal submetida ao esforgo de tragfio, € o entalhe, que determina a
concentragdio de tenslo na regifo que se deseja estudar, no caso a zona afetada pelo calor da soldagem.
Pela importdncia destes pontos para a repetibilidade dos ensaios e para a confiabilidade do
equipamento, adotou-se uma faixa de tolerfincia para suas dimensdes.

ap | Unidades: mm

Fig.2 Corpo de Prova Utllizado no Teste de Implante Modificado (Martins, 1988).
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Ensaios

O procedimento de teste de implante modificado consiste de uma rotina de procedimentos bem
definida: em primeiro lugar executa-se a limpeza do corpo de prova ¢ da placa de teste, Os corpos de
prova eram limpos primeiramente com #gua e detergente, sendo em seguida submetidos a limpeza por
ultra-som em banho de acetona por 3 minutos. As placas de teste eram também lavadas com 4gua ¢
sabdo sendo em seguida submetidas a jateamento de areia ao metal quase branco. Este procedimento
teve como objetivo garantir que a regifio a ser soldada estivesse limpa e livre de substéncias
contaminantes, principalmente o hidrogénio, que poderiam vir a mascarar os resultados dos testes, por
exemplo, causando o aparecimento de trincas de hidrogénio.

Com o objetivo de se obter uma boa repetibilidade no processo de soldagem, utilizou-se o processo
MAG automatizado, acoplando-se a tocha 4 um dispositivo controlador de velocidade, que propiciava
uma velocidade constante. Os pardmetros de soldagem foram otimizados de modo a se obter um
corddo razoavelmente largo ¢ de boa penetragdio. Para estes pardmetros foi utilizado o arame AWS E
70 $-6 (1,2 mm). Os parfimetros utilizados estdo expressos na Tabela 2.

Tabela2 Parimetros de Soldagem Utilizados neste Trabalho

Voltagem 2V
Corrente 220 A
Velocidade de Soldagem 150 mm/min
Insumo de Calor 1,94 KJ/mm

Apbs realizados os procedimentos de limpeza do corpo de prova e da placa de teste o corpo de
prova era fixado ao sistema de tragfio do equipamento e em seguida a placa de teste era colocada sobre
o corpo de prova, de maneira que o furo da placa se ajustasse ao corpo de prova, conforme pode ser
visto com maiores detalhes na Fig. 3. O cilindro hidraulico era entdie acionado de modo a se induzir
uma lensdo de trag8o no sistema entre a barra inferior ¢ os bragos da alavanca (vide Fig. 1). Durante o
acionamento do cilindro hidraulico o corpo de prova subia ¢ entrava na placa até alcangar o nivel de
tensdo desejado. Este procedimento era repetido vérias vezes até que se encontrasse um ponto de ajuste
entre o nivel de tensdo ¢ a altura da extremidade superior do corpe de prova, que deveria ser a mesma
da face superior da placa de teste. Este ajuste era feito por meio de uma porca situada na parte inferior
do equipamento, conforme pode ser visto na Fig. 1. Uma vez que este ponto de ajuste fosse alcangado,
o corddo de solda era depositado sobre a placa de teste, de maneira que o corpo de prova ficasse
soldado & placa.
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Apds a deposigdo do corddo, os termopares eram ajustados nos furos correspondentes da placa,
sendo um termopar ligado ao controlador do forno e o outro ligado & placa A/D. Quando a temperatura,
monitorada pelos termopares, chegava a 150 °C, o cilindro hidraulico era vagarosamente aliviado de
modo que a tensdo de tragdo fosse gradualmente transmitida ao corpo de prova. Devido 4 acomodagio
dos componentes moéveis do equipamento, sobretudo das pastilhas de cermica utilizadas como apoio
da placa de teste, ocorria uma queda no valor da tensfo de tragdo quando da transmissdo da carga ao
corpo de prova. Esta queda era entfo corrigida pelo ajuste da porca, conforme mostrada na Fig. 1.
Quando a temperatura do conjunto placa de teste mais corpo de prova alcangava a lemperatura
ambiente, o forno era ajustado sobre o equipamento e dava-se inicio ao tratamento térmico de alivio de
tensdo, Este tratamento térmico consistiu, neste trabalho, de um aquecimento & razdo de 200 °C por
hora até que se alcangasse a temperatura de 600 °C, temperatura esta mantida por 20 horas ou até o
rompimento do corpo de prova, seguido de um resfriamento a razdo também de 200 °C/hora. Este
procedimento tem sido adotado pela maioria dos pesquisadores do fendbmeno trinca de reaquecimento
(Tamaki e Suzuki, 1983; Ferraresi et al., 1983), razdo pela qual foi o procedimento adotado neste
trabalho, visto ndo existirem normas sobre o assunto,

Nos testes realizados o pardmetro variado foi a tensdo de tragdo inicial aplicada imediatamente
antes do inicio do tratamento térmico, chamado neste trabalho de o AS . e o pardmetro medido foi a
tensdo de tra¢do atuante no corpo de prova ao final do tratamento térmico, chamado o PTT. Estes
valores permitiram o calculo do pardmetro R, que mede a relaxagio do material durante o tratamento
térmico (Tamaki e Suzuki, 1983). O parimetro R tem a seguinte expressdo:

O, 0O
— _AS PTT
RI‘.-DG"C—ZUh i o (N
AS

Baseado na teoria da trinca de reaquecimento, pode-se dizer que quanto maior for o valor de R que
um material apresentar menor sera a sua suscetibilidade a trinca de reaquecimento, pois um maior R
representa uma maior capacidade de absor¢do de tensdes ¢ uma menor possibilidade de ocorréncia de
trincamento.

Resultados e Discussobes

Nos testes realizados o maior valor obtido para o pardmetro R foi de aproximadamente 21%, o que
caracteriza o material como tendo uma baixa relaxagdio, o que ¢ provavelmente uma indicagio de
suscetibilidade a trinca de reaquecimento (Martins,F. et all, 1995). A tabela 3 lista os testes realizados,
assim como os respectivos valores de tensdio de cada teste e seu resultado.

Tabela 3 Ensaios Realizados com o Ago SARB0T

Teste N° Carga (Mpa) Resultado

1 495 Rompeu

2 4125 Rompeu

3 330 Rompeu

4 2475 Rompeu

5 1856 Rompeu

6 165 Rompeu

7 165 Rompeu

8 165 Rompeu

9 144 4 Nao Rompeu
10 144 .4 Nao Rompeu
1 152,6 Nao Rompeu
12 156,7 Nao Rompeu Continua
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Teste N° Carga (Mpa) Resultado
13 160,9 Néo Rompeu
14 162,9 N&o Rompeu
16 165 Rompeu
16 1629 Né&o Rompeu
17 162,9 Rompeu
18 1609 Rompeu
19 156.7 Rompeu
20 152,6 Nao Rompeu
21 1485 Rompeu
22 144 4 Rompeu
23 1237 N&o Rompeu
24 1361 Rompeu
25 1279 N&o Rompeu
26 132 Né&o Rompeu
27 132 N&o Rompeu
28 132 Néo Rompeu

Como se pode ver na Tabela 3, os ensaios realizados cobriram uma faixa de valores de tenséo entre
495 e 132 Mpa (o AS), partindo-se do valor mais alto, de aproximadamente 60% do limite de
resisténcia do material, para 0 mais baixo, com 0 objetivo de se determinar o valor méximo admissivel
de tensdo de tragdo para o qual 0 ago ndo apresenta Irinca de reaquecimento para o ciclo térmico de
alivio de tens@io empregado. Alguns ensaios foram repetidos, tais como os de nimero 6, 7, 8 e 15, a
165 MPa, 26, 27 e 28, a 132 MPa, 14, 16, ¢ 17, a 162,9 MPa, de modo a se assegurar a confiabilidade
do equipamento ¢ garantir a repetibilidade dos ensaios.

Para os ensaios realizados a valores maiores ou iguais a 165 MPa sempre houve o rompimento dos
corpos de prova, enquanto que para os ensaios realizados a valores menores ou iguais a 132 MPa o
rompimento dos corpos de prova nunca ocorreu,

A Fig. 4 mostra de maneira grifica alguns dos resultados obtidos em ensaio, onde pode-se vera
curva de temperatura por tempo, referente ao ciclo térmico de alivio de tensdio, com as rampas de
aguecimento e resfriamento e o patamar de tratamento térmico, ¢ as curvas de tensdo por tempo para
valores variados de tens3o. Também pode-se verificar que, conforme vai se diminuindo os valores de
carga de tragdo imposta ao corpo de prova (o AS), mais a trinca demora para se manifestar, até que
para um determinado valor nio mais ocorre o trincamento.
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Fig.4 Curvas de Carga e Temperatura Versus Tempo
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Estes valores de tensio maiores que 165 e menores que 132 Mpa revelaram-se valores limites para
0s quais 0 comportamento do ago se¢ manteve constante. Entre estes dois valores, verificou-se a
existéncia de uma faixa para os quais o comportamento do ago mostrou-se incerto, ora apresentando
rompimento ora néo, caracterizando-se como uma faixa de incerteza do material, no que se refere a
suscetibilidade a trinca de reaquecimento para as condi¢des de ensaio utilizadas. A Fig. § ilustra
graficamente o comportamento ambiguo do ago nesta faixa de tenséo.
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Fig.5 Curvas Obtidas Dentro da Faixa de Incerteza

Este comportamento do ago na faixa de incerteza pode ser verificado na Tabela 2 pelos ensaios 9,
10e22;,12e19: 13 ¢ 18; 14, 16 e 17. Considerando-se que foram mantidos fixos tanto quanto possivel
a geometria do corpo de prova, as condigdes de soldagem e do ensaio, a Gnica variavel a que pode ser
atribuido o comportamento do ago dentro da faixa de incerteza € a composi¢lo quimica do ago, que por
ser um ago comercial pode ter pequenas heterogeneidades localizadas em sua composigdo, de maneira
que 0 mesmo ago, em pontos localizados, apresente caracteristicas e comportamentos distintos.
Posteriores anélises metalogréficas revelaram que mesmo os corpos de prova que nfio apresentaram
trincamento ao serem ensaiados dentro da faixa de incerteza apresentaram trincas, razio pela qual
considerou-se, para efeitos de resultados, o valor de 132 MPa como o valor maximo admissivel para
evitar trincas de reaquecimento, nas condigdes de ensaio adotadas.

Com o objetivo de assegurar a repetibilidade do ensaio e a confiabilidade do equipamento foram
feitas novas repetigdes dos testes, agora com determinados valores de carga para os quais o
comportamento do ago fosse conhecido. Foram feitos, portanto, 4 testes a 165 MPa, que é uma faixa de
tensfio para a qudl sempre se verifica o rompimento do corpo de prova, ¢ 3 testes a 132 MPa, que é um
valor de carga para o qual nunca ocorre o rompimento do corpo de prova. A Fig. 6 mostra, de maneira
representativa, duas das curvas obtidas a 165 Mpa.
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A Fig. 6 nos permite avaliar, pelo aspecto coerente das curvas, que nio apresentam variagdo
significativa, o grau de repetibilidade do teste ¢ a confiabilidade do equipamento, que alcangou niveis
razodveis, mostrando, portanto, que o equipamento projetado ¢ construido neste trabalho caracteriza-se
como um instrumento eficaz ¢ confidvel na determinagdo da suscetibilidade  trinca de reaquecimento,

Conclusdes

O equipamento projetado e construido neste trabalho revelou-se eficaz na determinagao da
suscetibilidade & trinca de reaquecimento, principalmente por fornecer valores numéricos de tensdes

admissiveis e de relaxagdo que o material suportaria durante um tratamento térmico de alivio de
tensdes.

Pela versaulidade e facilidade de operagdio dos ensaios realizados, este equipamento de teste
representa uma alternativa que pode ser facilmente implementada por usuérios que necessitem
trabalhar com materiais soldados e posteriormente reaquecidos.

O ago SAR 80 T testado neste trabalho mostrou ter alta suscetibilidade A trinca de reaquecimento,
sendo suscetivel a partir de niveis de tensio superiores 4 132 MPa para o ciclo térmico de alivio de
tensdes adotado. Houve, contudo. um comportamento ambiguo quando testado em uma faixa de
solicitag@io entre 165 ¢ 132 MPa, apresentando ou nfio o rompimento do corpo de prova. Esta faixa de
solicitagdo foi chamada, neste trabalho, de faixa de incerteza do material.
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Abstract

The energy transfer in a newtonian flow through a saturated rigid porous medium is numerically simulated
employing finite element and finite difference methodologies. The mechanical model is based on a mixture
theory approach, which generates a system of coupled partial equations, Taking advantage of appropriated
upwind strategies, the numerical methods employed have generated stable and accurate approximations for both
solid and fluid constituent temperatures even for very high Péclet flows. Some two-dimensional computations
have been performed simulating the incompressible flow of a fluid through a flat porous channel. Different
values for the channel lenght (1< L < 100) and a wide range of Péclet number (1 < Pe < 107) were considered.
Keywords: Flow Through a Porous Medium, Continuum Mixture Theory Model, Finite Element and Finite
Difference Methods.

Introduction

Porous media play an important role in many fields of engineering science, e.g., in soil mechanics
and general geomechanics, in the mining industry, in the petroleum industry , in sintering technologies,
in biomechanics, etc.

The main subject of the present work is to simulate numerically - via finite element and finite
difference methods - the energy transfer in a saturated flow through a rigid porous medium employing
a local model. This model was constructed using the continuum mixture theory (Brezzi and Douglas,
1988) in which the mixture is considered as a superposition of continuous constituents each of them
occupying its whole volume. Herein a binary mixture is considered. whose constituents stand for the
fluid and the porous medium (Martins-Costa et alii, 1991 and 1992); the fluid is assumed newtonian
and incompressible; while the porous medium rigid, homogeneous, isotropic and at rest.

Most of the works dealing with heat transfer in porous media describe quantities such as
temperature, pressure, concentration and the velocity components as volumetric averages, in order that
the heat transfer phenomenon may be described by the classical continuum mechanics approach. These
models substitute the balance of linear momentum by Darcy’s law with the addition of empirically
determined terms - Brinkmann and Forchheimer extensions - to account for inertia and viscous effects
and to satisfy the no-slip condition (Bejan, 1987; Vafay and Tien, 1981). Other non-Darcian effects
such as variable porosity have deserved attention (Vafay, 1984). Except for a few authours such as
(Vafai and Sozen, 1990), the thermal equilibrium hypothesis is assumed so that the balance of energy
may be expressed as a single equation, requiring the determination of an effective thermal
conductivity.

A difference approach is used in this work, the continuum theory of mixtures - supported by a local
theory with thermodynamic consistency - which generalizes the classical continuum mechanics. Since
both constituents are continuous, there exist, simultaneously, at each spacial point, two temperatures
and two velocities giving rise to energy and momentum generations, providing thermal and dynamical
interactions. The model employed generates a differential system of two energy equations (one for
each constituent) coupled by an energy generation term - absent in a classical continuum mechanics
description,
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Numerical Approximation

Numerical simulations of incompressible flows suffers from two major difficulties (Johnson, 1987
Pironneau, 1980). First, finite elements need to compatibilize velocity and pressure subspaces
satisfying the Babuska-Brezzi mathematical condition (Babuska, 1973;Brezzi, 1974). The second one,
the instability inherent to central discretization schemes, either by Galerkin formulation or by central
difference stencil, to approximate high advective dominated flows (Brooks and Hughes, 1982; Hughes
and Brooks, 1982; Patankar, 1989).

Simple strategies have been proposed that may overcome most of the limitations found in the
Galerkin method when applied to fluid problems (Brezzi and Douglas, 1988; Brezzi and Pitkitranta,
1984, Brooks and Hughes 1982; Hughes and Brooks, 1982; Hughes and Franca, 1987, Hughes et alii,
1986, Hughes ¢t al.,1989). The methodology we are concerned with, recently called stabilized
methods, consists of adding mesh-dependent terms to the usual Galerkin formulation, which are
functions of the residuals of the Euler-Lagrange equations evaluated elementwise. Since these
residuals are satisfied by the exact solutions, consistency is preserved in these methods. The
perturbation terms are designed to enhance stability of the original Galerkin formulation without
upsectting consistency. Convergence results my derived for a wide family of simple finite element

interpolations (see e.g. Franca and Carmo, 1989; Franca and Frey, 1992; Hughes and Franca, 1987;
Hughes et alii, 1989).

In this paper, in order to perform the numerical simulations, to difterent methodologies are
employed - the finite element and finite difference ones. A high-advective stable finite element method
for forced convection is used, which is built in to inherit the good stability features shown by the
stabilized methods introduced for the Stokes problem (Douglas and Wang, 1989, Hughes and Franca,
1987); therehy, there is no need to satisfy the above mentioned Babuska-Brezzi condition. In addition,
taking advantage of an improved design of the stability parameter v Franca et alii, 1992, the
employed method remains stable even for very high advective flows Franca and Frey, 1992

Plus, a finite difference approch with a central difference discretization for the diffusive terms and
an upwind scheme for the advective one has been employed (Euvrard, 1987; Patankar, 1989). Some
two-dimensional simulations for the forced convection heating of a fluid flowing through a porous
channel bounded by two impermeable isothermal flat plates were performed. The numerical results
show a very good agreement with the above mentioned finite element simulations employing
lagrangean biquadratic elements.

Preliminaries and Some Notation

The problems considered herein are defined on a bounded domain Q< RN, N = 2,3 witha
polygonal or polyhedral boundary I'. A partition C, of ¢ into elements consisting of triangles
(tetrahedrons in R*) or convex quadrilaterals (hexaedrons) is performed in the usual way (Johnson,
1987), (i.e., no overlapping is allowed between any two elements of the partition; the union of all

element domains K reproduces () and a combination of triangles and quadrilaterals for the two-
dimensional case can be accommodated.

In what follows C, denotes a positive constant independent of physical properties (diffusivity,
viscosity, etc...) and independent of any element diameter h,, K € C, . As usual, L3 £2) is the space
of square-integrable functions in Q ; (...) denotes the L2-inner product in € and || . ||, the L? (Q)-
norm, We also employ (...} and || . [lg to denote the L?-inner product and norm in the element domain
K. respectively. Also, Hé (Q) is the Sobolev space of functions with square-integrable value and
derivatives in @ with zero value on the boundary .

For convenience we adopt the following notation

P (K) ifKisatriangle or tetrahedron,
R, (K) = N
Qu(K) ifKisa quadrilateral or hexahedron

where for each integer m > 0, P, and Q,, have the usual meaning Pironneau, 1980.
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The Mechanical Model

Let us consider a solid-fluid mixture. Assuming a rigid porous matrix, at rest, the mass and
momentum balance equations need to be considered only for the fluid constituent (Atkin and Craine,
1976; Williams, 1978).

Opg

—_—tV. (vaF) =0
i (1)
P = @p

dvg 2
mp[a—l” (VvF)vF] = —9Vp+ 222V Dy~ £ve + porh 2)

in which the fluid constituent parameters are: P the mass density, vg the velocity and Dy the
symmetrical part of the velocity gradient tensor. The classical parameters are p and 7 the actual
fluid density and viscosity, ¢ the porosity, K the specific permeability, p is the pressure and ), the
gravitational force. The positive parameter A accounts for the porous matrix microstructure
(Williams, 1978). (It is to be noticed that, since the flow is assumed saturated and the porous matrix
isotropic, ¢ is coincdent with the fluid fraction and K is a scalar field).

Energy Equations
The energy balance must be satisfield by each constituent of the mixture (Atking and Craine,

1976),

ol K
pici["gl'EJ'"i‘VT.] =-V.q+fi+ty+o,-D (3)

where T, is the i-th constituent temperature, p; its mass density, ¢; the specific heat, v, the advective
velocity, D, the symmetrical part of the velocity gradient tensor, o, is the partial stress tensor, f; and
. are external and internal heat supplies (per unit time and unit volume), respectively, and g; is the
partial heat flux (per unit time and unit area) associated to the i-th constituent.

Remark

The field y,, called energy generation function, is an internal heat source representing the
amount of energy supplied to the i-th constituent, due to its thermal interaction with the remaining
constituents of the mixture,

Constitutive laws

The partial heat fluxes associated to both constituents are analogous to the heat flux vector in
continuum mechanics (Martins-Costa et alii, 1992):

9 ‘Aqu’WF 4)

qg = —Akg(1-9) VT

where kg and kg are the newtonian fluid and porous matrix thermal conductivities, respectively, and
A represents a positive scalar parameter, which depends on the internal structure and the Kinematics
of the mixture.



285 J. of the Braz. Soc. Mechanical Sciences - Vol. 18, September 1896

The internal generation function, represented by the internal sources Wy and W, takes into account
the heat exchanges between the constituents and their relative movements. For a binary solid-fluid
mixture, the following relation holds Martins-Costa et alii, 1992:

Vg = ~Wg = R(Tg-Tp) (5)

where R depends on the thermal properties and velocity fields, R > 0, in order that the convective heat
transfer is taken into account. The following constitutive hypothesis is assumed (Costa-Mattos et alii,
1993; Martins-Costa et alii, 1992):

(1+ 5|\"F—— VSlp)

R =
(1 + 8V~ Vel )

(6)

where R* and 8 factors take into account the mixture internal structure and thermal properties, the m-
index represents average values and ||, is the p-norm on R", ( In this work, without loss of generality,
the solid constituent profile v is assumed to be zero.)

Substituting the constituvive Egs. (4)«(5) into Eq.(3), considering steady-state and neglecting the
term G . Dg, the following differential system is obtained:

Vi VT kAT + B(Tp-Tg) =

K (7
—kgATg+ (Tg-Tg) = f
with the parameters
PECe
e = 9
_ Akg(1-9)
5 (10)
and heat sources redefined as
fF=-rL (1n
PrCF
f
f.=3 12
e (12)

Numerical Modelling

Consider the (homogeneous-Dirichlet) boundary value problem formed by Egs. {7)-(12): Given
functions fi: {2 - R and f5: 0 — R, find the unknown fields Ty: {2 — R and Tg: ) — R, such that

Ve VT~ kAT + B[TF—TS] = f]_- in Q
_kFéTF+ (TS_TF) = fs inQ (13)

TF=U Ol'lr
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where v (x) is the given advective velocity, the thermal porous diffusivities kr and kg are defined by
Eqs. (8), (10), the coefficient B by Eq.(9) and the prescribed energy supplies f; and fg by Egs. (11)-
{12). The results introduced in this section can be extended without any conceptual difficulty to
accommodate more general boundary conditions, following e.g. (Hughes et alii, 1989).

A Stabilized Formulation
The Ty and Ty scalar fields are approximated by the following standard finite subspace,

W s {wng(Q)|w|KePk(K),Kech} (14)

_The finite element method we wish to consider can be written as: Given functions f;: Q- R and
fs: Q> R, find (TR, TF) € Whx Wh such that

B(TP, Thiw, 0) = F(w,w) (w, ) & Whx wh (15)
with
B(Tg Tgiw, @) = (vp- VT, w) + (kpgVTg, Vw) + (B((Tp—Tg), w) +kgVTg, Vo)

+ (Tg-Tp ) + 2 (vp- VT —kpATg +B(Tp—Tg), t(vp- Vw—kpaw) X

KeC, (16)
and
F(w,0) = (fp,w) +Kzé1l (fF,'r(vF-Vw—anw))x+ (fg, ) (7
E
where the stability parameter t is defined by the following formula set,
¥ h AR
‘("- Pex] F mﬁ( Pex(")) (18)
p
e m, |v.(x)| h
Peg () = —L"Izi (xi : (19)
F
The Pe, (x), 0<Pey(x) <1 (20)
£ (Pey) = -
1 ¢ Peg (x) 21
(Z f"=l|u=:(x)||’)“l’ , l<p<w
Ve (™), = 21

|

, max Iuli-‘(l)l @
1=

N P
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m, = min{%' 1Ck} (22)
Cy Z h%ﬂﬁwﬂg‘u <[vwld we Wh (23)
KeC,

with C, denoting a positive constant independent of diffusivity and of any element diameter hy,
K€ Gy

Remarks

«  We are modifying the usual definition of the element Péclet number, by including m,, which
takes into account the effect of the degree of the interpolation used. Its new definition, Eq.(19),
may be viewed as a rescaling of the usual element Péclet number, such that, for all
interpolations employed, the locally advective dominated flows are given by ch (x) > 1 and
the locally diffusive dominated flows are given by PcK(x} <l.

* Besides, it must be noticed that the expression of kg, Eq. (8), bestow on modified Péclet
number definition Eq.(19) a porous connotation since kp represents the fluid constituent
thermal diffusivity taking into account the porous medium.

» The existence of the constant Cy follows from standard inverse estimates (see e.g. Hughes et
alii, 1986) and references therein) with hg being the usual element diameter, As defined the
method needs the specific value of such constants. Recently , Harari and Hughes (1992)
suggested to modify the usual definition of hy to

- 2 Area (k) 24
¥ Diagonal (k) 24

for rectangular elements, so that for h:quadmuc elements, C,., = 1/24 is obtained independent
of the relative size and shape of all rectangles in the partition,

*  We may establish error results for the method for proposed in Eqgs. (15)-(23) extending the
analysis introduced in Franca et alii (1992) for the advection-diffusion model.

The Finite Difference Discretization

The finite difference scheme employed to discretize the system (7)-(12) utilizes a central
difference stencil to approximate the diffusive terms kAT, and an upwind scheme (Euvrard, 1987,
Patankar, 1989) for the advective one. v - VT, . The discretized form of (7)~(12) may be expressed
as.

BTy = by Wb o T Wi+ dpTpd* e Ty 1+ g TY + bef

| K - (25)
agTy = bgTy* 1o+ e T M+ dgTyd* V4 eg Ty =1+ g TP + hofy
where
_( 1)m +{ l]l’; 2&54-..2&4-
Ay Ax? Ay?

(26)
k —uf k ~uE
bF=—F+mEE i ::F=—F—nu—F
Ax?  Ax Ax?  Ax
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k i k -
dF=_F+p._¥ x eF=_F_q-.£

Ay? Ay Ay? Ay
g =B he = 1 (26)
as = ﬂ+ﬁ+ﬂ

Ax?  Ay?

k k
. 5 |» _ 5

bs = Cs = Zx—l ds - Bs A_yi
gs =B ; hg = 1

inwhich m = 1 and n
vi<Oand p =0 and q

0 for v§<0m =0and n=1 for LE>0;p = 1and q =0 for
I for vg>0.

Numerical Results

In this section we compute the differential system defined by Eqgs. (7)-(12) employing the finite
element and finite difference methods discussed in the previons section. For the finite element
approximations, it has been employed the lagrangean biquadratic (Q2) interpolations while a linear
molecule with upwind strategy was used for the finite difference methodology. The numerical tests
performed, in order to simulate engineering situtations, are subjected to a wide range of Péclet number,

Flow Through a Flat Porous Channel

Consider a rectangular domain standing for a flat porous channel of aspect ratios L/H = 2, 20 and
200, with L and H denoting, respectively, its lenght and width. The thermal porous diffusivities are, for
the fluid constituent, kg = 1, 10°* and 107 and, for the solid one, kg = 10. for the B-coeficient is
assumed the value B = 10-2. The boundary conditions for both solid fluid temperatures are
Ti=1 forO<x<L,y=1%H/2

T.=0 for x=0,-H/2<y<H/2 @n

T,=1or VT,-n=0 for x="L,~-H/2<y<H/2

where n is the external normal vector (see Fig, 1).

y »
7 =1
H/2 ;
Porous
T=0 o |,
f Medium [ X
-Hf¢

T=1

i

Fig. 1 Flow Into & Porous Channel: Problem Statement
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Assuming parallel steady-state flow and classical no-slip conditions on the impermeable channel
surfaces, the advective velocity profile v = ( v, vf) intoduced by Saldanha da Gama, (1985) may
be expressed as:

. B wp cosh (P,y) 0
vf =u(y) =P _—PIH , uf= (28)
cosh(—)
2
with P, and P,-parameters defined in (Martins Costa et alii, 1992) and -H/2 < y < H/2. Taking the

centerline velocity as the characteristic flow velocity and fixing the channel width as H = 0.5, we have
the folowing porous Péclet numbers:

. forkp=1, Pe' = vp (0)H/kp = 5x 107 ;

. forks=102 Pe" = §x10%

« forke=107Pe" = 5x10°,

We have construted uniform meshes for both finite difference and element methods consisting of
13 x 13 and 21 x 21 nodal points, respectively. Employing Q2 finite element interpolations, adopting
Harari's suggestion Eq. (24) for the element diameter,

h = 42 Area(K) _ 5
v oy = 63246x10%

and since m,_, =1/12 (Harari and Hughes, 1992), we have the following element porous Péclet
numbers (Eq. (19)):

* Pel = 26353 x 107 (Pey <1, diffusive dominated flow);
* Pell = 26353 (Pey > . advective dominated flow);
* Pelll = 26353 x 10t (Pe, > > 1 very high advective dominated flow),

from numerical viewpoint, according 1o £ -definition (Eq. (20)).

In Figs. 2 to 7, Ty and Tg-curves represent the finite difference approximations of fluid and solid
constituent for different channel geometries and ky = 10°%. Figures 2, 4 and 6 show transverse profiles
at x = L/2 for aspect ratios L/H = 2, 20 and 200 while in Figs. 3, 5 and 7 logitudinal profiles at y = 0 for
the same ratios are shown. Since very distinct Tg and Ty profiles may be obserrved in these figures, the
classical thermal equilibrium hypothesis (see Martins Costa et alii, 1992) and references therein)
would not hold. Increasing the aspect ratio of the channel, both T; and Tg longitudinal profiles tend to
common values at the channel exit, as may be observed by comparing Figs. 3, 5 and 7. Figure 2 also
presents a comparison between the two numerical methodologies employed in this work, as it may be
seen, the Tg and Te-curves are almost coincident, even in the boundary-layer regions. The excellent
matching among all curves in this figure prooves the robustness of the upwind stabilization strategy
since the number of nodal points in the finite difference mesh is significantly inferior to that used in the
finite element discretization.
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Fig. 5 Flow Into a Large Porous Channel: Longitudinal Profile
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0"
0 X L
Fig.7 Flow Into a Very Porous Channel: Longitudinal Profile

Figures 8 to 13 illustrate the finite element approximations the stabilized method defined by
Eqs.(15)-(23) for a large range of Péclet situations considering a fixed channel geometry, namely L/H
= 2. The first flow, Figs. 8 and 9, has a porous thermal diffusivity kg = | providing a diffusive
dominated flow; in Figs. 10 and 11, we have a high advective dominated one, kg = 10°* while in Figs.
12 and 13 a very high advective flow is shown. since kg = 10”7, In all situations the finite element has
computed stable Ty and Tg-surfaces even for the sharpest ones. namely, the Tg-surface for ky = 107
and kg = 10”7. In the former, Figs. 10 and 11, we have a global smooth patiern with small oscilation
localized in the interior of the boundary layers at channel walls; in the latter, Figs. 12 and 13, an
excelent resolution is achieved without oscilations even in the thermal boundary layers.

Fluid Constituent Solid Constituent

Fig.8 Temperature Distributions for Low Péclet Flow: Elevation Plots.

Fluid Constituent Solid Constituent

“'.I ARRRE -..
‘I ' | l B I /
| | T A

' ! Vi d

Fig.9 Temperature Distributions for Low Péclet Flow: Gontours.
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Fluid Constituent Solid Constituent

Fig. 10 Temperature Distributions for High Péclet Flow: Elevation Plots.

Solid Constituent

Fig. 11 Temperature Distributions for High Péclet Flow: Contours.

Fluid Constituent Solid Constituent
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Fig. 12 Temperature Distributions for Very High Péclet Flow: Elevation Plots.
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Flhasd Constitusat Solid Constituent

Fig. 13 Temperature Distributions for Very High Péclet Flow: Contours.

In Figs. 14 and 15 elevation plots for kp = 10°? are shown employing the Galerkin and the
stabilized method described in this paper with Dirichlet outflow boundary condition. Since the flow is
parallel to the mesh one might conjecture that the Galerkin formulation might work, which was not
confirmed here, while the stabilized one points out an excellent pattern with only small oscilations near
the channel exit. The poor performance of Galerkin is due to the outflow condition employed that
creates an outflow boundary layer which contaminates the Galerkin solution.

Fluid Constituent Yolid Constituent

!
a.h#" M
]'Itgyll'l?."lr."'"' s

il
il

Fig. 14 Galerkin Method with Dirichlet Conditions at the Outiet: Elevation Piots.

Fluid Constituent Solid Constituent

Fig. 15 Stabilized Method with Dirichlet Condlitions at the Outlet: Elevation Plots.
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Eventually, it is worthy to be marked that all Tp and Tg-distributions shown are plainly smooth
indicating that the numerical methods employed were capable to generate stable and accurate
temperature approximations even for high Péclet flows, 103 < Pey < 107.

Final Remarks

In this work a mechanical modelling for a non classical approach of the energy transfer phemenon
in a flow through a porous channel has been presented. This model, which is basead on the continuum
theory of mixtures, generates a boudary value problem consisting of two coupled partial equations, one
describing the fluid constituent energy balance and the other the solid one. This system was simulated
by two numerical methodologies, i.e. finite element and finite difference methods. Both incorporate
stabilization strategies in order to simulate advective flows: the latter employs an usual upwind
discretization for the advective term while the former uses a stabilized formulation instead of the
classical Galerkin method to approximate the variational equations.

The performed tests indicate that both schemes have produced stable approximations for fluid and
solid temperature fields. In finite difference figures, it can be observed similar results to the finite
element ones for high Péclet flows and short channel geometry. The difference results have shown that
as the aspect ratio increases both fluid and solid temperatures tend to thermal equilibium. For low
Péclet regimes, the finite element figures have pointed out thermal equilibium between both
constituents, an expected behavior since the energy source term [ (Ty - T) is not overwhelmed by the
advective one in the fluid balance equation. For high and very high Péclet flows, stabilization
strategies prooved to be essential. The upwind difference and the stabilized finite element formulation
were capable to capture accurately smooth thermal boundary-layers near the channel walls (for high
Péclet flows) and, for very high Péclet flows, the stabilized formulation simulated a quasi-hyperbolic
exaclt solution. At length, when classical Galerkin and stabilized formulations are subjected to
Dirichlet outflow boundary conditions, it can be clearly noted the Galerkin-or-central-difference
failures to simulate advective-dominated regime flows.

As a further development of the present work, the influence of the zeroth-order terms  B(Ty - Tg)
and (Tg - Tg) of Eq.(13) in the stability of numerical procedures may be investigated. As these source
terms dominate the diffusive and advective ones in system (13), spurious oscilations at boundary-layer
regions are 1o be expected - while outside them temperature approximations will remain stable. This
oscilations pattern is based upon the fact that a Galerkin-least-squares formulation enhances stability
only on the L*-norm, allowing a lack of stability on the H'-seminorm. A remedy for this type of
shortcoming would be the employment of a Gradient-Galerkin-least-squares method, proposed by
Franca and Dutra do Carmo, 1989, to approximate the system (13). This kind of formulation will
suplly the necessary stability on both L2 and H'- norms.
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Abstract

This paper considers the problem of optimal rendezvous mancuvers between two space vehicles. The rendezvous
is a space maneuver where a spacecraft, called the chaser, has to be transferred from its initial orbit to a final
orbit where it has to reach and follow a second spacecrafl, called the target. In the present research those two
spacecrafts are supposed to be in Keplerian orbits around the Earth. Those two orbits can be coplanar or fully
three-dimensional. The control available to perform this maneuver is the application of two impulses
(instantaneous change in the velocity of the spacecraft) to the chaser vehicle.

Keywords: Astrodynamics, Orbital Maneuvers, Rendezvous, Space Dynamics.

Introduction

To solve the problem of optimal rendezvous maneuvers described above, two types of maneuvers
are simulated: the planar ones, where the chaser and the target vehicles are in orbits that belong to the
same plane, and the three-dimensional ones, where the chaser and the target vehicles are in orbits that
belong to different planes.

The initial conditions to solve this problem are: the orbits of the target and the chaser, including the
information required to specify their positions in the orbits (the true anomaly or any other equivalent
quantity) and the maximum time of flight for the maneuver. The solution that is searched is the transfer
orbit that satisfy all the initial conditions and that require the minimum total impulse (the addition of
the magnitudes of the two impulses applied). To obtain the solution of this problem, the Lambert
Problem associated with each particular transfer is formulated and solved. The Lambert Problem can
be defined as the problem of finding a Keplerian orbit that passes by two given points and that requires
a specified time of flight for a spacecraft to travel between those two given points. This problem is
solved using the algorithm developed by Gooding (1990). With the solutions given by this routine, it is
possible to calculate the magnitude of both impulses that have to be applied. Several test cases (planar
and non-planar) are solved to verify the algorithm developed. The total impulse required is then plotted
as a function of the time specified for the transfer, Single and multi-revolution maneuvers are
simulated. With those plots it is possible to choose transfer orbits that can satisfy both requirements of
minimization of fuel expenditure and constraints on the time for the duration of the maneuver. This
problem can be used also to solve the problem of optimal transfers between two given orbits. All that
we have to do is to allow the time to increase with no upper limit. Then, after some time, the transfer
orbit with minimum fuel consumnption in this situation will also be the optimal transfer orbit between
the two given orbits.

—— Nomenclature
a = semt-major axis A t= duration of the transfer 2 = final point
e = eccentricity AV = impulse for the transfer c = “chaser’
i = inclination @ = argument of the f = final time, position or
K = integer number of orbits periapse velocity
P = point in the orbit Q = argument of the i = initial velocity or position
r = position ascending node t = “target”
T = time of the passage by Subscripts _ = vector
the periapse 0 = initial time
= time

Manuscript received: September 1995. Technical Editor: Agenor de Toledo Fleury
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Review of the Literature

There are many papers in the literature that study the Rendezvous problem. Usually they work on
particular cases of this problem, involving circular or almost circular orbits. The control to be applicd
to the spacecrafl is usually a fixed number of impulses. The time for the maneuver is usually fixed in
advance, to reduce the flexibility of the maneuver. Some of the most important papers are: McCue
(1963) that obtained some results for the two-impulse maneuver between elliptic and inclined orbits;
Prussing (1969) that studied the four-impulse time-fixed maneuvers between almost circular orbits;
Prussing (1970) that extended this previous work to the two- and three-impulses time-fixed maneuver
between almost circular orbits; Gross and Prussing (1974) that studied the multi-impulse time-fixed
maneuver and then Prussing & Chiu (1986) that also studied the multi-impulse time-fixed between
circular orbits.

Definition of the Problem

In this section, the problem and the method of solution used is clearly defined. Fig. | shows a
sketch of the mancuver. A spacecraft called chaser is in an initial Keplerian orbit, The objective of the
mancuver is to move this spacecraft from its initial orbit to a transfer orbit that intercepts a second
spacecrafl, called the target, that is in a second (final) Keplerian orbit. From the moment of the
interception the chaser has to follow the same trajectory of the target. That is the maneuver called
"Rendezvous."”

AY
P2

r

Final
Orbit ! d

=¥

Fig.1 Scheme of the Transfer

There are many alternatives to solve this problem, as shown in the previous section. For the present
research, the model assumed for the control of the chaser is a bi-impulsive thrust, where the first
impulse is applied at a time t,, in a such way that the chaser and the target will meet at the time tg and
the second impulse is applied at the time t;, to put the chaser in the same orbit of the target. Fig. |
shows an example of a direct single revolution transfer, where the chaser meets the target before
making a complete revolution around the attracting body. Transfers where one or more revolutions are
completed by the chaser before meeting with the target are also possible and are considered in the
present paper. The question that is considered here is how (magnitude and direction) and when to
perform those two impulses to obtain the maneuver that has the minimum fuel consumption (minimum
total AV). To answer this question, the following procedure was developed. The initial and final orbits
are given, as an input of the procedure. The information on the position of the spacecrafts in their orbits
(the true anomaly or some equivalent quantity) is also required and given. Then, the following
parameters are specified: the initial time t, of the maneuver, a value for the lower limit for the transfer
time (t¢ - ty), a value for the upper limit for the transfer time, a value for the increment of the transfer
time, the number of revolutions of the chaser before meeting the target. With those parameters, an
algorithm with the following steps is applied:
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i) The lower limit for the transfer time is taken as the transfer time At;

ii) The Cartesian elements of the chaser at the initial time of the maneuver t, are calculated, using
two-body celestial mechanics. This position is called rj and this velocity vj;

iii} The Cartesian elements of the target at the final time of the maneuver t; =t, + At is calculated,
using two-body celestial mechanics. This position is called ryand this velocity vg

iv) A value for the integer number of revolutions K of the chaser (number of complete orbits that
the chaser makes during the maneuver) is assumed. Then, with 1, ¥;, I, ¥, At and K all the
input data to solve the Lambert Problem is available. The original Lambert Problem is one of
the most important and popular topics in celestial mechanics. Several important authors
worked on it, trying to find better ways to solve the numerical difficulties involved (Breakwell
et al. 1961; Battin, 1965 and 1968; Lancaster et al. 1966; Lancaster and Blanchard, 1969,
Herrick, 1971; Prussing, 1979; Sun and Vinh, 1983; Taff and Randall, 1985; Gooding, 1990).
It can be defined as: "A Keplerian orbit, about a given gravitational center of force is to be
found connecting two given points (P, and P,) in a given time At." The solution of the
Lambert Problemn gives the transfer orbit, the transfer time and the AV required. The Lambert
Problem may have none, one or two solutions;

v} Then, a step of time is added to the transfer time and the algorithm goes back to the step ii,
with the new transfer time At.

This procedure is repeated until the upper limit for the transfer time is reached. It is also assumed
several values for the number K of revolutions of the chaser.

Results

To study the optimal Rendezvous maneuvers several simulations were performed, using the
algorithm described in the last section. All the values are expressed in canonical units, except for the
angles, that are expressed in degrees. The canonical units are dimensionless. In the first case it is
simulated a very simple example, where the maneuver is planar and the two orbits are circular. Then,
the input data are:

ac=1.0;e.=0.0;ic=0.0; Qc=0.0; 0=0.0; Tc=0.0;

a;=3.0; ¢, =0.0; = 0.0; Q¢=0.0; w¢=0.0; Ty=0.0;

The nomenclature used here and in the rest of this paper is: a = semi-major axis, € = eccentricity,
1= inclination of the orbit, 0 = argument of the ascending node, = argument of the periapse, T is

the time of the passage by the periapse. The subscript "c" stands for the orbit of the chaser and the
subscript "t" stands for the orbit of the target.

The transfer time is consirained to the interval 0.1 < At < 120 and the step of time is 1.0. It is
assumed the following values for the number of integer orbits K to be completed by the chaser before
the encounter with the target: 0, 1,2, 3, 7. Figure 2 shows the results obtained for this case: total AV
vs. transfer time for each value of K.
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Fig. 2 AV vs. Transfer Time for the First Maneuver
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For the second maneuver, a more generic case of a planar maneuver is used. The two orbits are:

2= 1.0; =02 ic=0.0; Qc=0.0; wc=00; To=

ar=3.0; ¢ =04, it=0.0; Q;=0.0; ©y=30.0° T;=0.0;

The transfer time is also constrained to the interval 0.1 < At < 120 and the step of time is 1.0. It is
assumed the following values for the integer number of orbits K to be completed by the chaser before

the encounter with the target: 0, 1, 2, 3. Figure 3 shows the results obtained for this case: total AV vs.
transfer time for each value of K.
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Fig.3 AV vs. Transfer Time for the Second Maneuver,

For the third maneuver two non-coplanar orbits are used. The two orbits are:

.= 1.0,e.=00:;i:=0.0; Qc=00; =00, Tc=0.0;

ap=3.0; ;= 0.0; i¢=30.0° Q¢=0.0; 0y =45.0% Ty=0.0;

The transfer time is also constrained to the interval 0.1 < At < 120 and the step of time is 1.0. Tt is

assumed the following values for the integer number of orbits K to be completed by the chaser before

the encounter with the target: 0, 1, 2, 3. Figure 4 shows the results obtained for this case: total A V vs.
transfer time for each value of K.
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Fig. 4 AV vs. Transfer Time for the Third Maneuver,

There are several conclusions that come from those simulations. First of all, it is possible to see that
the solutions appear in pairs (two values of A V for a given transfer time). There is one pair for the
maneuvers where K = 0 and two pairs for the maneuvers where K > 1. The values for the AV for a
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given family of transfer orbits oscillate with the increase of the transfer time. The first minimum of
each family 15 usually the global minimum, what means that, after the best geometry for the maneuver
is achieved, any extra time added for the maneuver does not generate a reduction in the fuel consumed.
Another characteristic visible in those plots is that when K increases, the beginning of the curve shift to
the right. This result is expected, because when revolutions are added to the maneuver, the minimum
ume required to get a solution has to increase.

Conclusions

An algorithm to solve the optimal Rendezvous maneuver (in terms of minimum consumption of
fuel) with two impulses was derived and used for several maneuvers. This algorithm was explained in
details and it includes single and multi-revolution transfers. Then, several cases using planar and non-
planar maneuvers were solved. Several figures showed the fuel consumed vs. time for the transfer.
Those results are important to mission designers, because they can find the optimal solution for a
maneuver with a given pair of orbits for the chaser and for the target and a given transfer time.
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